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CLEANLINESS AND SAFETY 
 
Cleanliness 
 
There are certain rules that the user of the laboratory should be aware of and abide by. 
Equipment in the lab is delicate and each piece is used extensively for 2 or 3 weeks 
per semester. During the remaining time, each apparatus just sits there, literally 
collecting dust. University housekeeping staff is not required to clean and maintain 
the equipment. Instead, there is a technician who will work on the equipment when it 
needs repair, and when he is notified that a piece of equipment needs attention. It is 
important, however, that the equipment stay clean, so that dust will not accumulate 
too badly. The Heat Transfer Laboratory contains equipment that uses water or air as 
the working fluid. In some cases, performing an experiment will inevitably allow 
water to get on the equipment and/or the floor. If no one cleaned up his working area 
after performing an experiment, the lab would not be a comfortable or safe place to 
work in. No student appreciates walking up to and working with a piece of equipment 
that another student or group of students has left in a mess. Consequently, students are 
required to clean up their area at the conclusion of the performance of an experiment. 
Cleanup will include removal of spilled water (or any liquid), and wiping the tabletop 
on which the equipment is mounted (if appropriate). The lab should always be as 
clean or cleaner than it was when you entered. Cleaning the lab is your responsibility 
as a user of the equipment. This is an act of courtesy that students who follow you 
will appreciate, and that you will appreciate when you work with the equipment. 
 
Safety 
 
The layout of the equipment and storage cabinets in the Heat Transfer Laboratory 
involves resolving a variety of conflicting problems. These include traffic flow, 
emergency facilities, environmental safeguards, exit door location, etc. The goal is to 
implement safety requirements without impeding egress, but still allowing adequate 
workspace and necessary informal communication opportunities. Distance between 
adjacent pieces of equipment is determined by locations of water supply valves, 
drains, electrical outlets, and by the need to allow enough space around the apparatus 
of interest. Immediate access to the Safety Cabinet is also considered. Emergency 
facilities such as showers, eye wash fountains, spill kits; fire blankets and the like are 
not available in the lab. We do not work with hazardous materials and such safety 
facilities are not necessary.  
 
Safety Procedures  
 
There is unmistakably only one, clearly marked exit in this laboratory. It has a single 
door and leads directly to the hallway on the ground floor of building # 1. In case of 
fire, exit the lab to the hallway. After closing the door, turn right, and leave the 
building.  There is a safety cabinet attached to the wall of lab adjacent to the door. In 
case of personal injury, the appropriate item should be taken from the supply cabinet 
and used in the recommended fashion. If the injury is serious enough to require 
professional medical attention, the student(s) should contact the University Clinic, 
Extension 3333. Every effort has been made to create a positive, clean, safety 
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conscious atmosphere. Students are encouraged to handle equipment safely and to be 
aware of, and avoid being victims of, hazardous situations. 
 
Safety Clothing  
 
Students should be properly dressed for the laboratory work.  Wearing a shirt, pants 
and shoes is mandatory for attending the laboratory session.  It is important to note 
that students will not be permitted to the lab sessions unless they are properly dressed.   
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THE CODE OF STUDENT CONDUCT 

 
The King Fahd University of Petroleum & Minerals (KFUPM) students are citizens of 
the Kingdom of Saudi Arabia, and of the KFUPM academic community. They are, 
therefore, expected to conduct themselves as law-abiding members of each 
community at all times. Admission to the University carries with it special privileges 
and imposes special responsibilities apart from those rights and duties enjoyed by 
non-students. In recognition of this special relationship that exists between the 
institution and the academic community, which it seeks to serve, the KFUPM 
administration has instructed to take such action as may be necessary to maintain 
campus conditions and to preserve the integrity of the institution and its educational 
environment. The following regulations (known as the Code of Student Conduct) 
have been developed by a committee made up of faculty, students, and staff utilizing 
input from all facets of the University Community in order to provide a secure and 
stimulating atmosphere in which individual and academic pursuits may flourish. 
Students are, however, subject to all Kingdom laws and ordinances. If a student’s 
violation of such laws or ordinances also adversely affects the University’s pursuit of 
its educational objectives, the University may enforce its own regulations regardless 
of any proceeding instituted by other authorities. Additionally, violations of any 
section of the Code may subject a student to disciplinary measures by the University 
whether or not such conduct is simultaneously violation of Kingdom laws. The term 
“academic misconduct” includes, but is not limited to, all acts of cheating and 
plagiarism. The term “cheating” includes, but is not limited to: 
 

• Use of any unauthorized assistance in taking quizzes, tests, or examinations;  
 
• Dependence upon the aid of sources beyond those authorized by the instructor 

in writing papers, repairing reports, solving problems, or carrying out other 
assignments; 

 
• The acquisition, without permission, of tests or other academic material before 

such material is revealed or distributed by the instructor; 
 

• The misrepresentation of papers, reports, assignments or other materials as the 
product of a student’s sole independent effort, for the purpose of affecting the 
student’s grade, credit, or status in the University; 

 
• Failing to abide by the instructions of the proctor concerning test-taking 

procedures; examples include, but are not limited to, talking, laughing, failure 
to take a seat assignment, failing to adhere to starting and stopping times, or 
other disruptive activity; 

 
• Influencing, or attempting to influence, any University official, faculty 

member, graduate student or employee possessing academic grading and/or 
evaluation authority or responsibility for maintenance of academic records, 
through the use of bribery, threats, or any other means or coercion in order to 
affect a student’s grade or evaluation; 
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• Any forgery, alteration, unauthorized possession, or misuse of University 
documents pertaining to academic records, including, but not limited to, late or 
retroactive change of course application forms (otherwise known as “drop 
slips”) and late or retroactive withdrawal application forms. Alteration or 
misuse of University documents pertaining to academic records by means of 
computer resources or other equipment is also included within this definition 
of “cheating.” The term “plagiarism” includes, but is not limited to, the use, 
by paraphrase or direct quotation, of the published or unpublished work of 
another person without full or clear acknowledgment. It also includes the 
unacknowledged use of materials prepared by another person or agency 
engaged in the selling of term papers or other academic materials. 

 
 
Course Policy 
 
Academic misconduct (acts of cheating and of plagiarism) will not be tolerated. The 
University policy is quite specific regarding the course of action to be taken by an 
instructor in cases where academic misconduct may be an issue. 
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REPORT WRITING 

 
All reports in the Thermofluids Laboratory require a formal laboratory report unless 
specified otherwise. The report should be written in such a way that anyone could 
duplicate the experiment and obtain the same results as the originator. The reports 
should be simple and clearly written. Reports are due one week after the experiment 
was performed, unless specified otherwise. The report should communicate several 
ideas to the reader. First the report should be carefully done. The experimenter is in 
effect trying to convince the reader that the experiment was performed in a 
straightforward manner with great care and with full attention to detail. A poorly 
written report might instead lead the reader to think that just as little care went into 
performing the experiment. Second, the report should be well organized. The reader 
should be able to easily follow each step discussed in the text. Third, the report should 
contain accurate results. This will require checking and rechecking the calculations 
until accuracy can be guaranteed. Fourth, the report should be free of spelling and 
grammatical errors. The following format is to be used for formal Laboratory Reports. 
 
   
 

Sample Title Page 
 

Experiment Number 
 
 

TITLE OF THE EXPERIMENT 
 
 

Name of the Author 
 

Name of Partner #1 
Name of Partner #2 

etc. 
 
 

Date the Experiment was Performed 
 

Due date for this Report 
 
 
 

The King Fahd University of Petroleum & Minerals 
Mechanical Engineering Department 

 
 
ABSTRACT 
 
This report was designed to contain the instructions on how to write a report, and to 
serve as an example of the format and style expected in all reports. It was based on the 
style and format of standard engineering reports used in the writing of professional 
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engineering publications. The Title Page and Abstract are the first two components of 
the report. 
 
The Abstract summarizes the information in the report. It provides a brief summary of 
the objective of the experiment, the procedures, the results, conclusions and 
recommendations. It should not reference any tables, figures or appendices. A short 
abstract may appear on the title page as in this example. A longer abstract would 
appear on the sheet following the Title Page.  
 
The Abstract allows the reader to determine whether to read the report. It is written in 
the past tense, except for the recommendations, which may be written in the present 
or future tense. 
 

This report was proofread by 
 
 

(Signature of proofreader) 
 
INTRODUCTION 
 
This section tells the reader what the experiment is about. It begins with a description 
of the problem that is being investigated. It includes the background and refers to 
related experiments and publications. When the work of others is quoted, it is done by 
appropriately referencing their work. For example, the report will contain a list of 
references near the end, and are listed alphabetically by the author’s last name. If the 
reference has two authors, include the last names of each author in the citation. If the 
reference has three or more authors, use the first author’s last name and the 
abbreviation “et al.” 
 
Examples: 
 
Callinan (1992) provides an example of report writing, and has found that it improves 
the writing skills of the students. A detailed report writing method was found to 
improve the writing skills of the students 
 
In 1992, Callinan showed that a detailed report writing method improved the writing 
skills of the students. 
 
Çengel and Boles (1998) provide a derivation of the energy equation. 
 
Paré et al. (1997) investigated the graphical solution method for a number of 
descriptive geometry problems. 
 
Subheadings  
 
The beginning of this section showed how a major heading should appear in a report: 
all capital letters, boldface type, and left justified. It may be necessary to use 
subheadings, and the format for these is shown at the beginning of this paragraph. 
Note also, that the beginning of a paragraph is not indented, but instead is preceded by 
a blank line. 
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Write for the Reader 
 
Consider that the report is written for a technically competent person who is 
unfamiliar with the specific subject matter, but will be after he reads the report. Also 
consider that the reader is not as closely associated with the test as you are. Check 
grammar and spelling. Check continuity of page, figure, and table numbers. Have an 
associate who did not perform the experiment with you, but who has technical 
competency, proofread your report. 
 
Report Preparation 
 
Reports must be composed on a word processor. Use white paper and black text. Use 
only one side of a page. All margins should be 1 in. Do not right justify the text. Each 
section does not need to begin on a new page. Each page is to be numbered with an 
Arabic numeral centered at the bottom of the page. Do not number the title page. 
Begin numbering with page 2. 
 
Figures should be numbered sequentially using Arabic numbers. Each figure is to 
have a descriptive title. Figures should be drawn using a computer and a drawing 
program, or use the figures available with the lab manual. Figures are to be located 
near the place in the text where they are first referred. Figures should be centered left-
to-right either on the page (single column) or within the column (two or more 
columns). The figure number and title should appear centered just below the figure 
itself. 
 
Tables should contain as much information as possible. They are to be enclosed in a 
border. They can be placed in the text or at the end of the section where they are first 
referred. Tables are to be numbered consecutively with Arabic numerals. An 
acceptable table format is as follows: 
 

TABLE 1 Reduced data for heat transferred past a flat plate 
  

Run Velocity (V), in 
m/s 

Heat Transferred (Q), in 
W 

Temperature (T), in 
oC 

1 0.5 13.6 74.6 
2 1.0 16.3 75.5 
3 1.5 17.4 73.4 
4 2.0 18.8 77.8 

 
Note carefully the following features regarding this table: 
 

• The first column is “trial” or “run.” 
• Each column heading is of a parameter, followed by the symbol and the unit. 
• Each column heading is centered within the column. 
• The table is centered left to right within the page or column. 
• A border has been placed around the table, and around each cell. 
• The font size is smaller than that used for the text in the report. 
• “TABLE 1” is in all capital letters, and the actual title is in italics. 
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Graphs In many instances, it is essential to compose a plot in order to graphically 
present the results. Graphs must be drawn carefully following a specific format. 
Figure R.1 shows an acceptable graph prepared using a computer. There are many 
PC-based programs that have graphing capabilities. An acceptable drawn graph has 
several features of note. These features are summarized next to the Figure. Graphs 
especially should have descriptive titles. A graph of temperature versus time, for 
example, should not have a title of: 
 
FIGURE 1. Temperature versus time. 
 
The reader can see by looking at the graph that this is so. A better title would be: 
 
FIGURE 1. Temperature variation with time for a brass sphere cooling in air. 
 
 

   
 
 
FIGURE R.1. Theoretical and actual volume flow rate through a Venturi meter as a 
function of head loss. 
 
Note that “FIGURE 1” is in all capital letters, and the actual title is in italics. 
 
Important features to note 

• Border is drawn about the entire graph. 
• Axis labels defined with symbols and units. 
• A grid is drawn using major axis divisions. 
• Each line is identified using a legend. 
• Data points are identified with a symbol on the  line to denote data points 

obtained by experiment. 
acQ

• The line representing the theoretical results has no data points represented. 
• Nothing is drawn freehand. 
• Title is descriptive, rather than something like Q vs. h. 

 
Writing Style 
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Use simple words with exact meanings. Use technical terms to express a precise 
technical meaning. Do not use a large and unusual term to add false importance to the 
report or to yourself. Do not use slang words or expressions.  
 
Use simple sentences that have a subject and a predicate. Add adjectives as required. 
Avoid extra long sentences. Never use “I” regardless of what you were taught in any 
previous courses. “We” is acceptable. Insert only one space between a period and the 
beginning of the next sentence.  
 
Do not bind the report in a folder. Staple the pages together in the upper left-hand 
corner.  
 
The introduction section should conclude with a brief statement of what the objective 
of the experiment is. 
 
The Introduction is written in the past or present tense. 
 
The report can be written using 1 column or two columns per page. 
 
THEORY AND ANALYSIS 
 
This section explains the theory associated with this experiment. The theory should be 
discussed in much greater detail in this section than in the introduction. It should 
contain an explanation of the theoretical model. For example, if an experiment was 
performed with a fan, then include a brief derivation of the mathematical model of a 
fan. Put the significant portions of the derivation in this section. Cite references using 
the guidelines previously described. Include simple sketches or diagrams to help the 
reader visualize the physical phenomenon being studied. 
 
If there is little or no theory involved in this experiment, include the theory with the 
Introduction section. 
 
All equations in the report should be indented and numbered consecutively with 
Arabic numerals. Each symbol in the equations should be named and its dimensional 
unit given.  
 
An example: 
 
“Newton’s Second Law of Motion (Resnick and Halliday, 1966) is: 
 

F = ma                                                               (1) 
 
where F is the unbalanced external force in N, m is the mass of the block in kg, and a 
is the acceleration in m/s2.” 
 
There are several important details associated with this example, specifically in the 
way equations and units are written. Note that the letters used in the equation are in 
italics. Every reference to force, for instance, is in italics. The units used for each 
variable are in normal type (e.g., non italics). Numerical subscripts and superscripts 
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are in normal type as well. However, subscripts and superscripts that are variables are 
italicized. 
 
When a number is written with a unit, a space should separate the two. For example, 5 
N, or 17.3 kPa. Numbers are written in normal type. 
 
These features are very important in report writing. It is these features that will make 
a well-done technical report appear professional in every way. 
The theory section in its entirety is written in the past or present tense. 
 
PROCEDURE 
 
This section describes the equipment used in the experiment and the test procedures. 
The equipment setup should be shown in a figure. The test equipment and 
instrumentation used should be listed with model and/or serial numbers, and the 
expected instrument precision. Figures of specific components should be provided if 
necessary to help the reader to better understand the test procedure. 
 
Briefly describe the steps of the experimental procedure in the order in which they 
were conducted. Include sufficient detail in this section such that the reader could 
repeat the experiment. 
 
The procedure is written in the past tense. 
 
RESULTS AND DISCUSSION 
 
The section should discuss the results. Summarize your outcome in the topic sentence, 
and then support that summary with the results. Use graphs and tables to concisely 
present the results. Do not draw conclusions in this section, only list and discuss 
results. This is also the section where a comparison of results with referenced values 
should be presented. 
A sample calculation should also be provided. Start with raw data obtained while 
performing the experiment, and show the calculations involved in finding one of the 
numbers in this section. 
 
The Results and Discussion section should be written in the past tense. 
 
CONCLUDING REMARKS 
 
This section is a clear and concise qualitative and quantitative summary of the 
experiment and results. It includes conclusions, observations, trends, and 
recommendations. Recommendations are especially valuable if the experiment failed 
or was impaired. Do not refer to tables or figures in this section. Coordinate the 
material in this section with the Introduction section. If there was a clear objective in 
this experiment, state whether the objective was reached. Make recommendations 
regarding the experiment. 
 
Do not use sentences such as “We learned a lot in this experiment.” Remember that 
your perspective is that of an engineer writing a technical report to others who are 
technically minded. It is not that of a student writing to a lab report grader. 
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The conclusions should be written in the past or present tense, except for the 
recommendations, which are in the future tense. 
 
APPENDICES 
 
The Appendix section contains its own title page, with a list of what the reader will 
find inside.  
 
References.  
 
This portion of the appendix lists references used in the preparation of the report. You 
must cite the source publication for the work of all others, which you include. This 
gives them due credit for their work, and shows the research effort you put into your 
report. Do not list the lab manual as a reference. An example of an alphabetical 
Reference list follows: 
 
Bannister, L. (1991). University Style Manual, Fourth edition, Los Angeles: Loyola 
Marymount University, pp. 36–39 and pp. 58–61. 
Kovarik, M. (1989). “Optimal Heat Exchangers,” Journal of Heat Transfer, 111, pp. 
287–293. 
Main, B. W. and A. C. Ward. (1992). “What do Design Engineers Really Know 
About 
Safety?” Mechanical Engineer, 114(8), pp. 44–51. 
Resnick, R. and D. Halliday. (1966) Physics. New York: John Wiley. 
Jeter, S., and J. Donnell. (2004). Writing Style and Standards in Undergraduate 
Report, Virginia: College Publishing. 
 
 
Original Data Sheet 
 
The data sheet completed when the experiment was conducted is included here. 
 
Calibration Curves 
  
If provided by the instructor or the manufacturer of the lab equipment, calibration 
curves for each meter used should be included in this section. 
 
SHORT FORM REPORT FORMAT 
 
Once in a while the experiment requires not a formal report but an informal report. An 
informal report includes the Title Page, Experiment Objective, Procedure, Results, 
and Conclusions. Other portions may be added at the discretion of the instructor or 
the writer. 
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SUMMARY OF WRITING THE LAB REPORT 
 

TITLE PAGE Experiment Number, Title of the Experiment, Name of the 
Author, Name of Partners, Date the Experiment was 
Performed, Due date for this Report, The University of 
Petroleum & Minerals, Mechanical Engineering 
Department, proofreader’s signature. 

ABSTRACT It’s a brief summary of the objective of the experiment, the 
procedures, the results, conclusions and recommendations. 
Present or future tense. 
 

INTRODUCTION Description of the problem, references, objective. Past tense. 
THEORY AND 
ANALYSIS 

Theory associated with this experiment, equation derivation. 
Past or present tense. 
 

PROCEDURE Describes the equipment used, equipment setup, model 
and/or serial numbers, experimental procedure. Past tense. 

RESULTS AND 
DISCUSSION 

Summarize your outcome, graphs and tables, sample 
calculation. Past tense. 

CONCLUSIONS Conclusions, observations, trends, and recommendations. 
Past or present tense; recommendations in future tense.  

APPENDICES Title page, references, original data sheet, and calibration 
curves. 
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EXPERIMENT 1 

 
Thermocouple Experiment 

 
Objective 
 
To experience and understand, the operation and use of thermocouples for temperature 
measurements. 
 
Background 
 
One of the most important activities in experimental thermo-fluid sciences is the 
measurement of temperature. The temperature of a surface, fluid, or solid body will 
provide much of the information concerning the heat transfer processes for a given 
thermal system. There are many ways to measure temperature. These include, to mention 
only a few, thermocouples, thermometers, resistance temperature detectors (RTDs), and 
thermistors. In this experiment we will work basically with thermocouples. 
. 
A thermocouple consists of two wires of two different materials that are joined at each 
end. When these two junctions are kept at different temperatures a small electric current 
is induced. Due to the flow of current a voltage drop occurs. This voltage drop depends 
on the temperature difference between the two junctions. This phenomenon is called 
Seebeck effect. The measurement of the voltage drop (or Emf) can then be correlated to 
this temperature difference. 
 
It is important to note that a thermocouple does not measure the temperature, but rather 
the temperature difference between the two junctions. In order to use a thermocouple to 
measure temperature directly, one junction must be maintained at a known temperature. 
This junction is commonly called the reference junction having the reference temperature. 
The other junction, which is normally placed in contact with the body of unknown 
temperature, is called the measurement junction. 
 
In experimental heat transfer we often encounter problems in which the temperature in 
the vicinity of a thermocouple is changing continuously. Since a thermocouple has finite 
mass and thus finite heat capacity, it cannot respond instantaneously to a temperature 
change. Considering a lumped capacitance model, the conservation of energy (or the first 
law of thermodynamics) for this process can be represented by the following differential 
equation [1-3], 
 

)( TThA
dt
dTMC osp −=                                              (1.1) 

 
where 
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M is the mass of thermocouple (measurement junction) 
C is the specific heat of thermocouple (measurement junction) 
H is the heat transfer coefficient 
As is the surface area of thermocouple 
T is the measurement junction temperature 
To is the surrounding temperature in the vicinity of the thermocouple. 
 
Introducing dimensionless temperature difference 
 

oi

o

TT
TT

−
−

=θ                                                          (1.2) 

 
where Ti is the initial measurement junction temperature. The solution of Equation (1.1), 
is given by 
 

τθ /te−=                                                             (1.3) 
where 
 

s

p

hA
MC

=τ                                                             (1.4) 

 
 
In the above equation τ is defined as time constant for this process. It is important to note 
that the time-dependent response of a thermocouple can be quantified by this time 
constant, as will be explained later in this handout. 
 
Finally, there are three additional laws dealing with thermocouples. 
 

• Law of Homogeneous Metals: A thermoelectric circuit cannot be sustained in a 
circuit of a single homogeneous material, however varying in cross section, by the 
application of heat alone. That is, two different materials are required for any 
thermocouple circuit. 

• Law of Intermediate Metals: A third homogeneous material can always be added 
in a thermocouple circuit with no effect on the net emf of the circuit provided that 
the extremities of the third material are at the same temperature. 

• Law of Successive or Intermediate Temperatures: If two dissimilar homogeneous 
metals produce a thermal emf of E1, when the junctions are at temperatures T1 and 
T2, and a thermal emf of E2, when the junctions are at T2 and T3, the emf 
generated when the junctions are at T1 and T3, will be E1 + E2. 

 
Experimental Procedure 
 
The experiment you will be conducting in laboratory consists of three parts: 
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(A) Fabrication of thermocouples 
(B) Calibration of thermocouples 
(C) Time response of thermocouples. 
 
(A) Thermocouple Fabrication 
 
Thermocouples can be composed of many different pairs of metals and the junctions can 
be formed in many different ways. For a variety of reasons, different pairs of metal are 
used for different applications. For our experiment we will use the following two types of 
thermocouples: 
 
Copper/Constantan or Type T 
 
It should be noted that copper has blue insulation and is the positive lead, while the 
constantan has red insulation and is the negative lead. 
 
Iron/Constantan or Type J 
 
In this arrangement iron has white insulation and is the positive lead, while the 
constantan has red insulation and is the negative lead. 
 
We will fabricate thermocouples by the following methods 
 

• Mechanical tying 
• Soldering 
• Spot welding 

 
It is expected that each experimental group will construct six thermocouples: 4 - Type J 
(two by mechanical tying, one by soldering, and one by spot welding); 2 - Type T (one 
by mechanical tying and one by soldering). 
 
The step-by-step procedure that you are supposed to follow in the laboratory is given 
below: 
 

(1) Check out thermocouple wire, a pair of pliers, and wire strippers from your 
instructor. 

(2) Strip approximately 1/2 inch of the leads from both ends of the wire. 
(3) For two iron/constantan wire pairs and one copper/constantan pair twist 

together the wires at one end. You have now made your mechanically tied 
thermocouples. 

(4) For the soldered thermocouples form the wires at one end into an oval shape 
so that the two wires nearly touch at a single point. Next, form a small pool of 
solder on the soldering plate. Keeping the pool liquid with the soldering iron, 
dip the thermocouple into the pool so that the solder will form a bridge 
between the two wires. 
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(5) For the spot welded thermocouple, overlap the two wires at one end and 
flatten the wires at their point of crossing. Place this junction on the welding 
plate. Turn the spot welder on and set the power and timing switches. 
Carefully take the electrode end of the welder and press it to the junction until 
the welder fires. You may have to attempt this several times, varying the 
power and time until a good weld is achieved. 

 
(B) Calibration of thermocouples 
 
The thermocouples you have constructed must now be calibrated before it is used in any 
experiment. To calibrate, we measure the thermocouple voltage at various known 
temperatures, so as to develop a correlation between thermocouple voltage and 
thermocouple temperature. This correlation may be represented by a graph similar to that 
shown below. 
 

    
 

Figure 1.1: Sample of thermocouple calibration curve 
 
 
The calibration is achieved with the use of a small block furnace that serves as the 
constant temperature heat reservoir. Your lab instructor will describe the operation of this 
device. 
 

(1) Attach the loose end of each thermocouple to the rotary selection switch. 
When attaching the thermocouples, note the polarity of the poles on the rotary 
selection switch. Since this is the first point in the circuit where the 
thermocouple will "see" dissimilar metals, it will serve as the reference 
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junction. Hence the temperature of the rotary selection switch must be 
measured for each thermocouple reading. To determine this temperature, a 
mechanically tied thermocouple of each type is employed. These 
thermocouples are inserted into an ice point calibration cell which maintains 
the temperature at 0°C, ±0.1°C. Thus, for these two thermocouples (called the 
ice point thermocouples), the reference junction is in the ice point calibration 
cell and the measurement junction is at the rotary selection switch (which is 
the reference junction for the other four thermocouples). 

(2) With the furnace set at approximately 50°C, insert the remaining four 
thermocouples (called the calibration thermocouples) into the core and record 
the readings from the digital multi-meter. You also need to record the readings 
for the ice point thermocouples. Repeat this procedure at approximately 
100°C and 150°C. At 150°C the calibration procedure may be suspended and 
the time response tests are then conducted. After the time response tests, the 
temperature of the furnace is increased to 180°C and the final calibration point 
is taken. 

(3) It will prove useful to record the data on an Excel spreadsheet. Set-up a 
spreadsheet of the form described below. 

 
 

Table 1.1: Thermocouple experiment: raw and calibrated data 
 

 Calibration Thermocouples 
(raw data) 

Ice-Point 
Thermocouples 

Calibration Thermocouples 
(ice-point corrections) 

T(°C) TC # 1 
(mV) 

TC # 2 
(mV) 

TC # 3 
(mV) 

TC # 4 
(mV) 

TC # 5 
(mV) 

TC # 6 
(mV) 

TC # 1 
(mV) 

TC # 2 
(mV) 

TC # 3 
(mV) 

TC # 4 
(mV) 

           
           
           
           
           
           
 
 
The shaded regions on the spreadsheet indicate cells where the students will make entries, 
while blank cells require an equation (or numbers) to be inputted. In this case the 
equation will be the subtraction of the voltage of the appropriate ice point thermocouple, 
either TC # 5 or TC # 6, from the measured voltage of the calibration thermocouple. 
 
You will be comparing your calibration to standard tables, which are determined for a 
reference junction at 0°C. Subtract the voltage reading of the appropriate ice point 
junction thermocouple from the calibration thermocouple reading to compare our 
calibration to the standard tables. Say our ice point thermocouple has a voltage reading of 
-0.935 milli Volts. Let the furnace be set at 150°C and we record a voltage reading for a 
calibration thermocouple in the furnace as 5.134 milli Volts. Then for a reference 
junction at 0°C and a measurement junction at 150°C the corresponding voltage would be 
the difference of these two readings (5.134 - (-0.935)), or 6.069 mV. 
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To obtain an overall perspective of the calibration apparatus a sample simple sketch is 
provided below for your understanding. 
 
 
  

  
 
 

Figure 1.2: Layout of experimental apparatus 
 
 
(B) Calibration of thermocouples 
 
When the environs of a thermocouple change in temperature, the thermocouple reading is 
expected to show a response to this change. The speed of this response can be quantified 
in terms of a time constant. You will determine the time constant for each calibration 
thermocouple using the following procedure. 
 

• Have the calibration thermocouples in the block calibration furnace at a steady 
state temperature of approximately 150°C. 

• Initialise the data acquisition system. Your laboratory instructor will help you 
with this set-up. 

• Start the data acquisition system and remove a calibration thermocouple from the 
furnace core. 

• Allow the data acquisition system to record temperature data as the thermocouple 
cools in still air until the thermocouple approaches ambient temperature. Once a 
steady state is reached the data acquisition may be stopped. 
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• The data acquisition system will provide the temperature-time data, which can be 
brought to an Excel spreadsheet file. To utilize this data for the prediction of a 
time constant, it will probably be necessary to edit the file. We first note that the 
temperature recorded by the data acquisition system is actually the temperature 
difference between the thermocouple and the environs (T-To), which we note as 
the numerator of θ in Equation (1.2). Since the data acquisition system is turned 
on prior to removal of the thermocouple from the furnace, the first few data points 
will be at the constant temperature of the block furnace. We will want to delete all 
of these except for the very last one. Similarly, the same is true at the end of the 
experiment, where we may need to delete some of the steady state temperature 
data. After these deletions, we will also want to correct the time, so that it begins 
at zero for the first data point retained. To calculate q at every time step we will 
need to take our measured temperature, (T-To), and divide it by (Ti-To). Notice 
that (Ti-To) is simply the measured temperature at the first time step. 

• Repeat steps 2 and 3 for the remaining three calibration thermocouples. 
 
 
In order to determine the time constant from experimental measurements of time and 
temperature we can take two approaches. One method is to plot ln(θ) versus t. This 
should be a straight line with slope -1/t. This approach allows us to confirm the lumped 
capacitance model presented in the background. A second approach is a mathematical 
approach. In this method the time is equal to the time constant, we have 
 

37.01 ≈= −eθ  or  1)ln( −=θ                                 (1.5) 
 
We can scan our data and find the experimental temperature that will give this value. The 
corresponding time must be the time constant of the thermocouple. You should use both 
approaches, and compare the results. 
 
Data Analysis 
 

(1) On a single graph plot the calibration curves for the three type J calibration 
thermocouples and compare them to the standard calibration data provided in 
the attached table. On a second graph repeat this plot for the type T calibration 
thermocouple. For discussion purposes, it may also prove useful to graph the 
calibration data for the two soldered thermocouples on a third graph. 

(2) Plot the semi-log temperature history for at least one of the calibration 
thermocouples. Use a linear curve fit of this plot to determine the time 
constant by the first method as described above. Estimate the time constant of 
each calibration thermocouple using the second method (the e-1 method). 
Provide a table of the time constants for the four calibration thermocouples. 

(3) Report, to what precision (in milli Volts) is you reading the temperature? 
 
Suggestions for Discussion 
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(i) What effect does the method of junction have on the thermocouple calibration 
and time constant? What effect does theory tell us it should have? 

(ii) What differences do we see between the iron/constantan and the copper-
constantan thermocouples? Why? 

(iii) Compare the two methods of estimating the time constant. Which one is better, 
and why? 

(iv) What errors may be introduced by measuring temperature with a 
thermocouple? 

(v) You may wish to consider the heat transfer modes acting on the thermocouple. 
(vi)  What role does the reference junction play in thermocouple readings? 
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1 From Omega, Thermocouple Reference Tables, 1993. 
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 2 From Omega, Thermocouple Reference Tables, 1993. 
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EXPERIMENT 2 
 

Conduction Through Copper Bars 
 
Objective 
 
To evaluate the thermal conductivity of copper experimentally using “Thermal 
Conduction System – Model 9051”, and then use the conductivity value to determine the 
conduction through constant and variable area copper bars.  
 
Background 
 
When a temperature gradient exists in a stationary medium, which may be a solid or a 
fluid, we use the term conduction to refer to the heat transfer that will occur across the 
medium. The physical mechanism of conduction involves concepts of atomic and 
molecular activity, which sustains the transfer of energy from the more energetic to the 
less energetic particles of a substance due to interactions between the particles. 
 
Consider a gas occupying the space between two surfaces maintained at different 
temperatures and assume that there is no bulk motion. We associate the temperature at 
any point with the energy of the gas molecule. This energy is related to the random 
translational motion, as well as to the internal rotational and vibrational motions, of the 
molecules.  
 
Higher temperatures are associated with higher molecular energies, and when 
neighbouring molecules collide, as they are constantly doing, a transfer of energy from 
the more energetic to the less energetic molecules must occur. In the presence of a 
temperature gradient, energy transfer by conduction must then occur in the direction of 
decreasing temperature. We may speak of the net transfer of energy by this molecular 
motion as a diffusion of energy. The situation is much the same in liquids, although the 
molecules are more closely spaced and the molecular interactions are stronger and more 
frequent. In a solid, conduction is attributed to atomic activity in the form of lattice 
vibrations and electron migration. We treat the conduction phenomena by Fourier’s law, 
which is defined in terms of an important material property, defined as thermal 
conductivity. 
 
It is important to emphasize that he origin of Fourier’s law is phenomenological. That is, 
it is developed from observed phenomena—the generalization of extensive experimental 
evidence rather than being derived from first principles. Mathematically, it is defined as 
[1-3] 
 

x
TkAqx ∆

∆
−=                                                          (2.1) 
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where 
xq  is defined as the heat transfer rate, in Watts; 

A, is the heat transfer area normal to the direction of heat flow, in m2; 
k, is the material property defined as thermal conductivity, in W/m.K; 

T∆  is the temperature difference, in K; and 
x∆  is the rod length, in m. 

 
The above expression defines the important material property, thermal conductivity, one 
of most important transport properties that you will encounter in performing conduction 
analyses. Tabulated values of the thermo-physical properties required for solution of heat 
transfer problems are provided in your textbook. A typical range of thermal conductivity 
values for various matter are shown in Fig. 2.1. 
 
 
 

 
 

Figure 2.1: Range of thermal conductivity for various phases of matter at normal 
temperatures and pressure [1]. 

 
 
It is thus important to know thermal conductivity of various conducting and insulating 
materials that are used in many industrial processes. In this regard, we will conduct an 
experiment to determine heat transfer rate through constant and variable solid areas. First, we 
will determine thermal conductivity of copper bars and than use simple analysis to calculate heat 
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transfer rates through these bars.  
  
Apparatus 
 
The objectives of this experiment are achieved through the use of Thermal Conduction 
System, Model 9051 (refer to Figures 2.2 and 2.3) available in our laboratory. The system 
consists of two hot plate type heat sources copper bars (unit 3 and unit 4) and 10 
thermocouple junctions on each bar. Unit 3 has a tapered bar and Unit 4 has a cylindrical 
bar as indicated in the figure. 
 
It should be noted that these units provide vertical heat flux paths. Referring to Figure 2.3, 
the one at the left is a cylindrical bar while the one at the right is a tapered bar. Each bar 
is in contact at its lower end with its own hot plate. Contact for the tapered bar is at the 
smaller end. The maximum electrical input through the plate is 750 Watts. The surface 
temperature can be modulated between 5 oF above the room temperature to 400 oF. A 
metal plate attached to the actual heater plate functions as a heat source, concentrating the heat 
flux concentrically into the test bar. 
 
Both bars are of the same diameter at the upper end and in contact with a non-immersion 
type fluid-cooled heat sink. Instrumentation and control of coolant flow through these 
heat sinks is provided to monitor and control the heat flow rates through the bars. 
 

 

 
 

Figure 2.2: Thermal Conduction System Model 9051 
 

 
Conduction Theory 
 
Under steady-state condition, heat flux (in W/m2) through the constant cross-section 
cylindrical bar is constant over the entire length. As a result, the heat transfer rate along 
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the cylindrical bar, since it is insulated on its sides, is given by Equation (3.1), while the 
heat flux by    
 

x
Tk

A
qqx ∆

∆
−=//                                                       (2.2) 

 
The quantity of heat, which is conducted through the rod, is transferred to the cooling water. 
Therefore, the heat transferred to the cooling water can be expressed as 
 

)( ,, inwoutwpx TTCm
x
TkAq −=

∆
∆

−=                                        (2.3) 

 
Now from the above equation, we can express thermal conductivity, k as 
 

( )xTA
TTCm

k inwoutwp

∆∆
−

−=
)( ,,                                                (2.4) 

 
where 
 
m  is defined as the mass flow rate of water, in kg/s; 
Cp, is the specific heat of water, in J/kg.K; 

outwT , , is the outlet temperature of water, in oC; 

inwT , , is the inlet temperature of water, in oC; 
T∆  is the temperature difference, in K; and 
x∆  is the rod length, in m. 

A, is the cross-sectional area of the bar, in m2; 

x
T

∆
∆  is the temperature gradient obtained from T versus x plot. 

 
It is important to recognize that in the tapered bar, the heat flux is not constant along it. In 
fact, it is the heat transfer rate that remains constant, while the flux increases with the 
decrease of cross-sectional area (refer to Equation (2.2). The temperature distribution 
through the bar can be calculated by using Equation 2.1 in the limiting condition; i.e., 
when . This gives after separating the variables [1-3],  0→∆x
 

dT
xkA

dxqx =−
)(

                                                         (2.5) 

 
Integrating, the left hand side from x1 to x, and the right hand side from T1 to T, we have 
 
 

∫∫ =−
T

T

x

x

x

ii

dT
xA

dx
k
q

)(
                                                      (2.5) 
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Notice that A(x) can be expressed in terms of x and d(x). From the geometry of the 
tapered bar, d(x) can be expressed as 
 
 

0
0 )(

)( d
L

ddx
xd L +

−
=                                               (2.6) 

 
where 
 
dL is defined as diameter at x = L, dL = 50.8 mm 
d0 is defined as diameter at x = L, d0 = 25.4 mm 
L is the length of the bar, L = 30 cm 
T1 is the temperature recorded at x = x1
 
The desired temperature distribution can be obtained from Equation (2.5) and using (2.6). 
 
 
Experimental Procedure 
 
The following experimental procedure should be followed while conducting this 
experiment: 

• Establish constant and steady cooling water flow of about 400 mL/min 
• Turn on heaters to Units 3 and 4 - set each one to 500 W. Allow the system to 

reach steady-state conditions.  
• Start recording temperatures using a digital thermometer. Note that two selector 

switches on the apparatus allow you to select whatever thermocouple you wish to 
read.  

• Measure cooling water flow rates using the flow rate-measuring device provided 
by your instructor. 

• Record data at least once every 15 minutes, and continue until steady conditions 
have reached. You may have to wait for about an hour after setting up the 
apparatus to allow the unit to reach the desired state conditions. 

 
Data Analysis 
 
Notice that ten thermocouples, located at the center of each bar and positioned along it, 
enable the student to measure temperature under both dynamic and stable conditions. The 
electrical input is determined by measuring (with laboratory meters) voltage and current. 
The heat flux through the bar as well as the heat loss through the insulation should be 
calculated. In your report, you are required to present the following: 

 
(1) On a single graph plot the temperature versus position along the bar length for 

both the bards. 
(2) Using data for constant cross-sectional area bar, calculate the thermal 

conductivity for the copper bar and compare with the value given in your heat 
transfer text. 
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(3) For the tapered bar, derive an equation that can be used to predict temperature 
distribution as a function of x. 

(4) Plot the temperature distribution from your equation and the one obtained 
from your experiment for the tapered bar. 

(5) Carry out sensitivity analysis of k in terms of input (measured) variables. 
 
Suggestions for Discussion 
 

(i) What effect does the heat input have on the value of thermal conductivity? 
What effect does theory tell us it should have? 

(ii) What differences do we see between the constant cross section and variable 
cross section bars in terms of heat flux? 

(iii) What errors may be introduced by measuring thermal conductivity by this 
method? 

(iv) Is it important to consider heat losses from the insulation? 
(v) What would you recommend to improve the reliability of this experiment? 
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Figure 2.3(b) Schematic of a thermal 
conduction system with a variable cross 
section copper bar. 

Figure 2.3(a) Schematic of a thermal 
conduction system with a constant cross 
section copper bar. 
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Experiment 2

Name :____________________  

 
 
 
 
 
 

Note:  It is important that th
 readings. 
 

Fluid Temperature and
Temp 
(oC) 

Densi
(kg/m

 

Table 2.1 Cylindrical bar (Unit # 4) 
 

TC # x(m) T(o

1 0.0493  

2 0.0739  

3 0.0986  

4 0.1229  

5 0.1476  

6 0.1722  

7 0.1969  

8 0.2215  

9 0.2461  

10 0.2708  

 
Coolant: Water (Unit # 5) 
 

Parameter TC #  

Outlet temperature TC # 4  

Inlet temperature  TC # 5  

Flow rate –  
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: Conduction through Copper Bars 
 

________  Id# :__________ Date:
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 Properties  Useful Information 
ty 
3) 

Sp. Heat 
(J/kg.K) 

 
1 liter = 0.001 m3

1 liter/min = 1.667 x 10-5 m3

 

 D 

C) 
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  4
   

  5
   

  6
   

  7
   

  8
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x
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x

1 
   

2 
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  4
   

  5
   

  6
   

  7
   

  8
   

   
9 

   
 

D1 

D2 Table 2.2 Tapered bar (Unit # 3) 

 

TC # x(m) T(oC) 

1 0.0493  

2 0.0739  

3 0.0986  

4 0.1229  

5 0.1476  

6 0.1722  

7 0.1969  

8 0.2215  

9 0.2461  

10 0.2708  Diameters D1 = 2.54 cm
  D2 = 5.08 cm
Length  L = 30 cm  

Coolant: Water (Unit # 5) 
 

Parameter 
Thermo- 

couple 
 

Outlet temperature TC # 3   oC 

Inlet temperature  TC # 5   oC 

Flow rate – 
  

liter/min
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EXPERIMENT 3 
 

Forced Convection Heat Transfer 
 
Objective 
 
To evaluate the heat transfer coefficient for forced convection turbulent flow in a pipe 
with uniform cross-sectional area. 
 
Background 
 
The term convection refers to heat transfer (refer Figure 3.1) that will occur between a 
surface and a moving or stationary fluid when they are at different temperatures.  
 
This mode of heat transfer comprises of two mechanisms. In addition to energy transfer 
due to random molecular motion (conduction), energy is also transferred by the bulk, or 
macroscopic, motion of the fluid. This fluid motion is associated with the fact that, at any 
instant, large numbers of molecules are moving collectively or as aggregates. Such 
motion, in the presence of a temperature gradient, contributes to heat transfer. Because 
the molecules in the aggregate retain their random motion, the total heat transfer is then 
due to a superposition of energy transport by the random motion of the molecules and by 
the bulk motion of the fluid. It is customary to use the term convection when referring to 
this cumulative transport, and the term advection when referring to transport due to bulk 
fluid motion. 
 

    
Figure 3.1: Convection from a surface to a moving fluid [1]. 

 
You learned in the fluids course that, with fluid flow over a surface, viscous effects are 
important in the hydrodynamic (velocity) boundary layer and, for a Newtonian fluid, the 
frictional shear stresses are proportional to the velocity gradient. In the treatment of 
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convection in the heat transfer course, you have been exposed to the concept of thermal 
boundary layer, the region that experiences a temperature distribution from that of the 
free stream  to the surface  (refer to Figure 3.2). Appreciation of boundary layer 
phenomena is essential to understanding of convection heat transfer. It is for this reason 
that the discipline of fluid mechanics plays a vital role in our analysis of convection 
mechanism [1-3]. 

∞T sT

  
Figure 3.2 Hydrodynamic and thermal boundary development in convection 

heat transfer [1]. 
 
It is important to emphasize that convection heat transfer may be classified according to 
the nature of the flow. We speak of forced convection when the flow is caused by 
external means, such as a fan, a pump, or atmospheric winds. In contrast, for free (or 
natural) convection, the flow is induced by buoyancy forces, which arise from density 
differences caused by temperature variations in the fluid. We speak also of external and 
internal flow. As you learned in fluid mechanics course, external flow is associated with 
immersed bodies for situations such as flow over plates, cylinders and foils. In internal 
flow, the flow is constrained by the tube or duct surface. You saw that the corresponding 
hydrodynamic boundary layer phenomena are quite different, so it is reasonable to expect 
that the convection processes for the two types of flow are distinctive. 
 
Regardless of the particular nature of the convection heat transfer process, the appropriate 
rate equation, known as Newton’s law of cooling, is of the form 
 
 

)(//
∞−== TTh

A
qq s

s

                                            (3.1a) 

 
where , is the convective heat flux (W/m//q 2 ), is proportional to the difference between 
the surface and fluid temperatures, and , respectively, and the proportionality 
constant h (in W/m

sT ∞T
2.K) is termed the convection heat transfer coefficient. When using 

Equation (3.1a), the convection heat flux is presumed to be positive if the heat transfer is 
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from the surface and negative if the heat transfer is to the surface . 
However, if in situations , there is nothing to prevent us from expressing 
Newton’s law of cooling as 

)( ∞> TTs )( sTT >∞

)( sTT >∞

 
)(//

sTThq −= ∞                                                   (3.1a) 
 
 
in this case heat transfer is positive to the surface. The choice of Equation (3.1a) or (3.1b) 
is normally made in the context of a particular problem as appropriate. It is important to 
note that the convection coefficient depends on conditions in the boundary layer, which is 
influenced by surface geometry, the nature of fluid motion, and an assortment of fluid 
thermodynamic and transport properties. Any study of convection ultimately reduces to a 
study of the means by which h may be determined. One of the means to estimate the 
value of h under turbulent flow conditions will be carried out in the present experiment.  

. 
Convection Theory 
 
It is important to that internal flow that we are going to study may be a hydrodynamically 
or thermally developing flow (in the entrance region), or a fully developed flow. For 
instance, when fluid enters the tube at a uniform temperature (less than tube surface 
temperature), convection heat transfer occurs. The thermal boundary layer begins to 
develop (refer to Figure 3.3). If the tube surface condition is fixed by imposing either a 
Uniform Wall Temperature (UWT) or Uniform Heat Flux (UHF), a thermally fully 
developed condition is eventually reached. Notice that fully developed temperature 
profiles differ according to whether the case is UWT or UHF. However, for both cases, 
fluid temperature increases with increasing x, but the relative shape of temperature 
profile no longer changes. So the ratio of heat transfer coefficient to thermal conductivity 
of the fluid, h/k remains constant. Therefore, the local heat transfer coefficient under fully 
developed conditions remains constant with x.  
 

 
                             Figure 3.3: Uniform heat flux heating of a fluid 
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It can be seen from the above figure that, the difference between surface temperature and 
mean temperature is small at the entrance of the pipe because of the large value of "h" 
(small boundary thermal layer thickness). As the value of "h" decreases, the temperature 
difference increases with x until it becomes constant for fully developed flow. 
 
Experimental Apparatus 
 
The objectives of this experiment are achieved through the use of Convection Heat 
Transfer Unit (refer to Figures 3.4) available in our laboratory. The system consists of a 
fan, orifice plate and thermally insulated copper pipe heated over approximately 6 ft. of 
its length and provided with thermocouples, selector switches, Cambridge Potentiometer, 
three manometers, variable transformer (Variac), 0-5 amp ammeter, 0-300 V voltmeter, 
0-50°C mercury in glass thermometer. The pipe is provided with two pressure tapping at 
a pitch of 5 ft., and also 7 thermocouples.. 
 
It should be noted that there are 3 cold junctions for the thermocouples, so that each 
thermocouple can be used in conjunction with anyone of the three cold junctions. The 
cold junctions are fixed to the brass sheath around the bulb of the thermometer in the air 
stream immediately before the entry to the copper pipe. Using this arrangement implies 
that all thermocouple readings are relative to the air temperature at inlet to the pipe. 
 
 

   
 
   Figure 3.4: Convection heat transfer test unit 
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Experimental Procedure 
 
Switch on the fan with the inlet valve fully open. When this has been done the heater 
current can be switched on with the Variac set at zero. Increase the VARIAC voltage to 
give a maximum current of about 4 amps. Allow the flow to reach steady state before 
taking any reading. When the experiment is completed the heater must be switched off 
first and the apparatus is allowed to cool for 2 or 3 minutes before the fan is switched off. 
It is very important that the airflow through the duct reaches stable and steady state 
conditions before recording the following parameters: 
 

1. Air static pressure before the orifice plate; 
2. Pressure drop across the orifice plate; )( P∆
3. Air temperature after the orifice plate (cold junction temperature); 
4. Barometric pressure (refer to the wall barometer); 
5. Pressure drop over the length of test section; 
6. Thermocouple readings on the pipe. These are numbered from 1 to 7. Each should 

be checked against cold junction thermocouples. 
7. Measure current from the ammeter; and  
8. Voltage from the voltmeter. 

 
Data Analysis 
 
Notice that thermocouples, and pressure sensors located along the length of the test 
section as well as the voltage and current readings, enable the student to measure 
temperature, pressure drop, and power input under stable and steady state conditions. The 
electrical input is determined by measuring (with laboratory meters) voltage and current. 
The heat input to the air, for example up to section 3 by an electric heater through the 
pipe wall, is given by equation (3.1a), 
 

)()30(30 ∞−− −= TThAq ss                                                    (3.2) 
 
Where 
 

30−q  is defined as the heat input to the air up to section 3, in watts; 

)30( −sA  is the convection heat transfer area up to section 3, in m2; 
H is the convection heat transfer coefficient, in w/m2.k; 

sT  is the pipe surface temperature, in oc; and 
mT  is the bulk-mean temperature of air, in oc. 

 
From the first law of thermodynamics, the amount of heat energy input to the air can also 
be expressed as 
 

70

30
0,3,30 )(

−

−
− =−=

L
L

VITTCmq mmp                                       (3.3) 

 

Experiment No. 3 



 ME 316: Thermo-Fluids Laboratory 3.6

In the above equation,  and are the lengths of the test section up to section 3 and 
7, respectively. Combining equation (3.2) and (3.3), we get the heat transfer coefficient as  

30−L 70−L

 

)(
)(

)30(

0,3,

mss

mmp

TTA
TTCm

h
−

−
=

−

                                                   (3.4) 

 
Once h is determined, one can easily calculate Nusselt Number (Nu), Reynolds Number 
(Re), Prandtl Number (Pr), and Stanton Number (St) by the following expressions, 
 

k
hDNu =                                                             (3.5) 

µflowA
Dm

=Re                                                          (3.6) 

k
C pµ

=Pr                                                            (3.7) 

PrRe
NuSt =                                                           (3.8) 

It is important to note that equation (3.5) and (3.8) give the experimental values of Nu 
and St that we found from our experiment. These are to be compared with the following 
correlations given in your textbook: 
 
 

44.08.0 10Re,PrRe023.0 ≥=Nu                                     (3.9) 
 

46.02.0 10Re,PrRe023.0 ≥= −−St                                   (3.10) 
 

The friction factor, f that you were earlier introduced in your fluid course can be 
expressed as, 
 

2/
)/(

2
mU

Ddxdpf
ρ

−=                                                      (3.11) 

 
Where the mean fluid velocity, flowm AmU ρ/= , and in the hydro-dynamically fully 
developed flow condition, is constant. Therefore, we can write dxdp /
 

x
p

dx
dp

∆
∆

=                                                        (3.11a) 

 
The mass flow rate of air can be calculated from an orifice meter installed in the test 

section. Therefore the flow through the orifice meter is given by  
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airdo hgCAm ∆= 2ρ                                               (3.12) 
 
And the column of air can be related in terms of column of water by the expression 
 

waterwaterairair hh ∆=∆ ρρ                                           (3.12a) 
 

 
where 
 
Ao is the cross-sectional area of orifice, in m2; and 
Cd is the coefficient of discharge for the orifice. In our case 613.0=dC  
 
It is important to note that equation (3.11) gives an experimental value of f. It should be 
compared with the following value for a hydro-dynamically fully developed turbulent 
flow in pipe, 
 

42.0 10Re,Re184.0 ≥= −f                                         (3.13) 
 

Finally, the relation given below can verify the Reynolds analogy that relates heat 
transfer to momentum transfer, 
 

8
fSt =                                                            (3.14) 

 
From the graph, find out the value of bulk stream temperature at location 3. 

 
(1) From an experimental data, on a single graph plot the surface and bulk mean 

temperature versus position along the duct length. 
(2) Using data for voltage and current, determine the heat input to the pipe, and 

calculate heat transfer coefficient. 
(3) Find the Nusselt number and Stanton number from the experimental data and 

compare it with the empirical equations (3.9) and (3.10). 
(4) Calculate the friction factor f from both the experimental data and compare it 

with empirical equation (3.13). 
 
Suggestions for Discussion 
 

(i) What effect does the heat loss have on the value of heat transfer coefficient? 
(ii) Is it important to consider heat losses from the insulation? 
(iii) What errors may be introduced by measuring heat transfer coefficient by this 

method? 
(iv) Carry out the sensitivity analysis of heat transfer coefficient in terms of 

important variables that you have measured during this experiment. 
(v) What would you recommend to improve the reliability of this experiment? 
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LAB DATA SHEET 
Experiment 3: Forced Convection Heat Transfer 

 
Name :____________________________  Id# :__________ Date :
 

 
 
 
 

Note:  Make sure that the process has reached steady state before recording any readings. 

 
 

      Table 3.1(a): Experimental data         Table 3.1(b): Tube temps, Ts 
 

Heater Voltage, V   TC # x 
mm 

Tube surface 
temps, Ts (in oC) 

Heater Current, amp   1 370  
Cold junction temperature, (in 0,mT
oC) 

 
 

2 767  

Manometer liquid sp. gravity, S 0.784  3 1081  

∆horifice  (in cm)   4 1249  

∆htest section  (in cm)   5 1417  
Coefficient of discharge of orifice 
meter, Cd

0.613  6 1585  

   7 1753  
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Table 3.2: Area calculation 
 

Pipe internal diameter   D 31.75  mm 

Orifice diameter   Do 40  mm 

Length of pipe up to TC # 3  L0-3 1081 mm 

Test section cross section area, m2 A  

Test section surface area, , m2  As,0-3  

Orifice cross-sectional area, , m2 Ao  

 

Table 3.3: Flow rate calculation (properties at Tm,0) 
 

Density of air  ρair (kg/m3)  

Density of water ρwater (kg/m3)  

air

orificewater
air

hS
h

ρ
ρ ∆

=∆
)(

  (m)  

Mass flow rate of air 

airdorificeair hgCAm ∆= 2ρ  (kg/s) 
 

Bulk stream velocity,  
A

mU b ρ
=  (m/s)  

 

Table 3.4: Properties of air at an average of Tm,0 and Tm,3 

 
Density ρ 
(kg/m3) 

Sp. Heat Cp 
(J/kg-C) 

Viscosity µ 
(N-s/m2) 

Thermal 
conductivity k

(W/m-K) 
    

 

 

 

Table 3.5: Heat transfer calculations (for the section L0-3) 

Description Equation Result 

Heat absorbed by air (in Watts) )( 0,3,30 mmp TTCmq −=−  

Heat transfer coefficient, h (in W/m2.K) )()30(

30

bss TTA
q

h
−

=
−

−  

Nusselt number, Nu khDNu /=  

Reynolds number, Re µρ /Re DU m=  
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Prandtl number, Pr kC p /Pr µ=  

Stanton number, St PrRe
NuSt =  

Nusselt number from correlation, Nucorr
4.08.0 PrRe023.0=Nu  

% difference in Nu 100×
−

corr

corr

Nu
NuNu

 

Stanton number from correlation, Stcorr
6.02.0 PrRe023.0 −−=St  

% difference in St 100×
−

corr

corr

St
StSt

 

 
 

Table 3.6: Determination of friction factor 
 

Length of test section,  ∆x (in m) 17 xxx −=∆  

Pressure drop across the test 
section, ∆P (in Pa) tiontestwater hSP sec)( ∆=∆ γ  

Friction factor by experiment, 
fexp

⎟
⎠
⎞

⎜
⎝
⎛
∆
∆

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
=

x
P

U
Df

b
2exp

2
ρ

 

Friction factor by correlation, 
fcorr

2.0Re184.0 −=corrf  

% difference 100exp ×
−

corr

corr

f
ff

 

 
 

Table 3.7: Verification of Reynolds Analogy 
 
Stanton number by experiment 
(refer to Table 3.5) PrRe

NuSt =  

Stanton number by Reynolds 
analogy for turbulent flow of air 
in a pipe 8

expf
St =  

% difference  
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Table 3.8: Summary of Results 

 
 

Parameter Experimental Theoretical % Difference 

Nusselt number, Nu    

Stanton number, St    

Friction factor,  f    

Stanton number, St 
(Reynolds analogy) 
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EXPERIMENT 4 
 

Double-Pipe Heat-Exchanger Characteristics 
 
Objective 
 
To evaluate the performance characteristics of a double-pipe heat exchanger under 
parallel and counter-flow arrangements.  
 
Background 
 
The technology of heating and cooling of systems is one of the most basic areas of 
mechanical engineering.  Wherever steam is used, or wherever hot or cold fluids are 
required we will find a heat exchanger. They are used to heat and cool homes, offices, 
markets, shopping malls, cars, trucks, trailers, aeroplanes, and other transportation 
systems.  They are used to process foods, paper, petroleum, and in many other industrial 
processes.  They are found in superconductors, fusion power labs, spacecrafts, and 
advanced computer systems.  The list of applications, in both low and high tech industries, 
is practically endless.  
 
Heat exchangers are typically classified according to flow arrangement and type of 
construction. In this introductory treatment, we will consider three types that are 
representative of a wide variety of exchangers used in industrial practice. The simplest 
heat exchanger is one for which the hot and cold fluids flow in the same or opposite 
directions in a concentric-tube (or double-pipe) construction. In the parallel-flow 
arrangement of Fig. 4.1a, the hot and cold fluids enter at the same end, flow in the same 
direction, and leave at the same end. In the counter flow arrangement, Fig. 4.1b, the fluids 
enter at opposite ends, flow in opposite directions, and leave at opposite ends. A common 
configuration for power plant and large industrial applications is the shell-and-tube heat 
exchanger, shown in Fig. 4.1c. This exchanger has one shell with multiple tubes, but the 
flow makes one pass through the shell. Baffles are usually installed to increase the 
convection coefficient of the shell side by inducing turbulence and a cross-flow velocity 
component. The cross-flow heat exchanger, Fig. 4.1d, is constructed with a stack of thin 
plates bonded to a series of parallel tubes. The plates function as fins to enhance 
convection heat transfer and to ensure cross-flow over the tubes. Usually it is a gas that 
flows over the fin surfaces and the tubes, while a liquid flows in the tube. Such 
exchangers are used for air-conditioner and refrigeration heat rejection applications. 
 
Heat Exchanger Analysis 
 
The concept of overall heat transfer resistance or coefficient that you were introduced 
earlier in your heat transfer course, if we apply this concept to a, for example, double-
pipe heat exchanger, the total resistance is the sum of the individual components; i.e., 
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resistance of the inside flow, the conduction resistance in the tube material, and the 
outside convective resistance, given by 

ooii
total hAkA

t
hA

R 11

ln

++=                                              (4.1) 

 
 

Tube 
inlet

Shell 
outlet

Shell 
inlet

Tube 
outlet

Cross flow
Tube flow

Baffle

(a) (b)

(c) (d)

 
 
Figure 4.1 Types of Heat Exchangers – concentric tube (a) Parallel flow, and (b) 
counter-flow; (c) Shell-and-tube: one shell pass and one tube pass; (d) Cross-flow. 

 
where subscripts i and o refer to inner and outer heat-transfer surface areas, respectively, t 
is the wall thickness, and  is the logarithmic mean heat transfer area, defined as lnA
 

⎟
⎠
⎞⎜

⎝
⎛

−
=

i

o

io

A
A

AA
A

ln

)(
ln                                                       (4.2) 

 
The total heat transfer resistance can be defined in terms of overall heat transfer 
coefficient based on either outer or inner areas, as long as the basis is clearly spelled out. 
For example, based on outer area, we have 

o

o

ii

o
totalo

o hkA
At

hA
A

RA
U

11

ln

++==                                        (4.3) 

which after simplifying yields the overall heat transfer coefficient based on inner and 
outer areas, respectively as [1] 
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oo

iioi

i

i

hD
D

k
DDD

h

U
++

=

2
)/ln(1

1                                         (4.4) 

o

ioo

ii

o
o

hk
DDD

hD
D

U
1

2
)/ln(

1

++
=                                          (4.5) 

 
where the inner and outer heat-transfer areas, as well as the wall thickness, and the 
logarithmic mean heat transfer area, in terms of tube inner and out diameters and length 
L, are given, respectively, as 

 
LDA ii π=                                                        (4.6a) 

 
LDA oo π=                                                         (4.6b) 

2
io DD

t
−

=                                                       (4.6c) 

 

⎟
⎠
⎞⎜

⎝
⎛

−
=

i

o

io

D
D

LDD
A

ln

)(
ln

π
                                                 (4.6d) 

 
We note from the above equations that if the wall thickness is negligible , for 
example, in thin tube heat exchangers or the thermal conductivity of the tube material is 
very high, the conduction resistance through the tube may be neglected in Equations (4.4) 
and (4.5) to give 

)( io DD ≈

 

oioi hhUU
1111

+=≈                                                   (4.7) 

 
The convection coefficients for the inlet and outlet side of the heat exchanger tube can be 
estimated using empirical correlations appropriate for the flow geometry and conditions. 
During normal heat exchanger operation, surfaces are subjected to fouling by fluid 
impurities, rust formation, and scale depositions, which can markedly increase the 
resistance to heat transfer between the fluids. For such situations, one would add the 
fouling resistance (inside and/or outside-side) to Equations 4.3 to give 

 

oo

of

i

if

ii
total hAA

R
kA

t
A

R
hA

R 11

0

"
,

ln

"
, ++++=                                 (4.8) 

 
where  and  are the inside and outside fouling resistances per unit respective 
heat-transfer areas, in m

"
,ifR "

,ofR
2.K/W. In actual applications, fouling is normally on one-side of 
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the heat-transfer surface. Therefore, if the overall heat transfer coefficient based on the 
clean condition is, Uc, determined typically based on outer tube area (refer to Equation 
4.5), the time-dependent U based on fouled condition can be written as  
 

)(1
)(

1 '' tR
UtU f

cf

+=                                                   (4.9) 

 
Heat Transfer  
 
The general heat exchanger equation is written in terms of the mean-temperature 
difference between the hot and cold fluid, mT∆  as 
 

mTUAq ∆=                                                         (4.10) 
 
This equation, combined with the First Law equations, defines the energy flows for a heat 
exchanger.  It can be expressed in terms of the temperature change of the hot and cold 
fluids, as 
  

cchhhhp TCTCTCmq ∆=∆−=∆−= )(                                  (4.11)      
 
where  and  are the hot and cold fluid capacitance rates, respectively. hC cC
 
Log Mean Temperature Difference (LMTD) 
 
Heat flows between the hot and cold streams due to the temperature difference across the 
tube acting as a driving force.  As seen in Fig. 4.2, the difference will vary with axial 
location so that one must speak in terms of the effective or integrated average 
temperature differences. 
 
The form of the average temperature difference, mT∆ , may be determined by applying an 
energy balance to differential control volumes (elements) in the hot and cold fluids. As 
shown in Fig. 4.2, for the case of parallel flow arrangement, each element is of length dx 
and the heat transfer surface area is dA. It follows for the hot and cold fluid as [1-3] 
 

cchh dTCdTCqd =−=                                            (4.12) 
 
The heat transfer across the surface area dA may be expressed by the convection rate 
equation in the differential form as 
 
 

dTUdAqd =                                                     (4.14) 
 
 
where dT = Th - Tc is the local temperature difference between the hot and cold fluids.  
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x1 2

Th,i

Tc,i

Th,o

Tc,o

∆T1 ∆T2∆T

Th, Ch

Tc, Cc

Parallel Flow

x1 2

Th,i

Tc,o

Th,o

Tc,i

∆T2

∆T
Th, Ch

Tc, Cc

Counter Flow

∆T1

 
    

Figure 4.2:  Temperature differences between hot and cold process streams 
 
To determine the integrated form of Equation 4.14, we begin by substituting Equation 
4.12 into the differential form for the temperature difference, 
 

)()( ch TTdTd −=∆                                              (4.15) 
 
to obtain 
 
 

∫∫ ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+−=

∆
∆ A

ch

dA
CC

U
T
Td

0

2

1

11)(   

 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+−=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
∆
∆

ch CC
UA

T
T 11ln

1

2                                           (4.18) 
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Substituting  and  from the fluid energy balances, Equations 4.12 and integrating, 
we get after some manipulation,  

hC cC

 

⎟
⎠
⎞⎜

⎝
⎛

∆
∆

∆−∆
=

1

2

12

ln

)(

T
T

TTUAQ                                                (4.19) 

Comparing the above expression with Equation 4.10, we conclude that the appropriate 
mean temperature difference is the log mean temperature difference, lmT∆ . Accordingly, 
we have 
 

⎟
⎠
⎞⎜

⎝
⎛

∆
∆

∆−∆
=

⎟
⎠
⎞⎜

⎝
⎛

∆
∆

∆−∆
=∆=∆

2

1

21

1

2

12

ln

(

ln

)(

T
T

TT

T
T

TTTT lmm                               (4.20) 

where 
 

)( ,,1 icih TTT −=∆    and   )( ,,2 ocoh TTT −=∆                              (4.20) 
 
A similar derivation can be shown for counter-flow heat exchangers; however, the 
temperature difference as shown in Figure 4.2, will be  
 
 

)( 0,,1 cih TTT −=∆    and   )( ,,2 icoh TTT −=∆                             (4.21) 
 
As discussed above, the effective mean temperature difference calculated from this 
equation is known as the log mean temperature difference, frequently abbreviated as 
LMTD, based on the type of mathematical average, which it describes.  While the 
equation applies to either parallel or counter flow, it can be shown that ∆Tm will always 
be greater in the counter flow arrangement.                                
 
Effectiveness – NTU Method 
 
In this method first, we define effectiveness of a heat exchanger as an actual over 
maximum possible heat transfer [1-3], 
 

)(
)(

)(
)(

,,min

,,

,,min

,,

max icih

ohihh

icih

icocc

TTC
TTC

TTC
TTC

q
q

−

−
=

−

−
==ε                            (4.22) 

  
where qmax is obtained from an infinitely long pure counter-flow heat exchanger that will 
have maximum possible temperature difference. We choose an infinitely long exchanger 
since that will yield the maximum heat transfer that can take place (i.e., eventually, 
enough heat will be transferred so that the driving force will disappear - the streams will 
reach the same temperature). 
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It can be easily shown by simple analysis that effectiveness of a parallel flow heat 
exchangers can be expressed as  
 

( )[ ]
( )r

r

C
CNTU

+
+−−

=ε
1

1exp1                                           (4.23) 

and for a counter flow, 
 

( )[ ]
[ ])1(exp1

1exp1

rr

r

CNTUC
CNTU
−−−

−−−
=ε      for      1<rC                  (4.24a) 

 

NTU
NTU
+

=ε
1

                       for               (4.24b) 1=rC

 
where NTU is defined as the number of transfer units, and Cr as a ratio of fluid 
capacitance rate ratio. They are dimensionless quantities defined as  
 

minC
UANTU =     and    

max

min

C
CCr =                                     (4.25) 

 
Experimental Apparatus and Procedure 
 
The objectives of the heat exchanger experiments are achieved through the use of a bench 
mounted double-pipe heat-exchanger unit (refer to Fig. 4.3). The unit consists of six 
passes, but only two passes will be used during the experiment. The hot fluid flows in the 
inner tube, while the cold in outer tube. The cold fluid circuit has four valves that are 
used for changing flow arrangement from parallel flow to counter flow. It is important 
that water at constant temperature is provided to both fluid circuits by means of a water 
bath. Three thermocouples are available for the hot fluid temperature measurements and 
seven for the cold fluid temperature measurements. Using two selector switches, fixed on 
the instrument panel, easily makes the temperature readings from these thermocouples. 
The flow rates of hot and cold fluids are measured using rotameters, connected to the 
inner and outer tubes. Notice that the measurements would be taken for temperatures and 
flow rates for both (a) parallel and (b) counter-flow arrangements. It is very important 
that the water flow through the tubes reaches stable and steady state conditions before 
recording the following parameter for both parallel and counter flow conditions: 

1. Set the flow rate at the lowest (stable) reading and then monitor the difference 
between the inlet and outlet temperatures for both hot and cold water ( ) 
until a steady state is established. 

00.1=rC

2. Measure and record the inlet, outlet and temperature difference for both hot and 
cold flows. 

3. Change the cold water flow to give 75.0=rC , then .5 and .25, each time repeating 
(1) and (2) above. 
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4. Repeat the above sequence by raising the hot-side water flow rate.  

Data Analysis 

• Organize your lab data and calculated values in a neat spreadsheet array. Use only 
the SI system of units; 

• Plot the heat transfer to the cold fluid versus the log-mean-temperature difference. 
• Calculate the heat loss by the hot fluid and heat gain by the cold fluid; 
• From the experiments performed, determine the average overall heat transfer 

coefficient, U; 
• On one plot, present the effectiveness,ε , versus NTU and curve fit the data where 

C is a constant by making a plot similar to NTU−ε . Remember effectiveness 
from your data is determined from the four measured temperatures using equation 
(4.22).  

 
 

Figure 4.3:  A bench mounted double-pipe heat-exchanger unit.   
 
 
Suggestions for Discussion 
 

(i) What effect does the heat loss have on the performance of heat exchangers? 
(ii) Is it important to consider heat losses from the counter- or parallel-flow 

arrangement? 
(iii) What errors may be introduced in calculating heat exchanger effectiveness 

from the experimental measurements? 
(iv) What would you recommend to improve the reliability of this experiment? 
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Experiment 4: Do

Name :______________________  

 
Note:  Make sure that the proces
 readings. 
 

Fluid Temperature a
Temp 
(oC) 

De
(kg

 

Dimensions of Heat Exchanger

 

Di  = ____________ mm Do 
 

Surface area As,o = __________
 

 

Table 4.1:

 
Distance x from ho

end (in m) 
0 

0.04 

0.13 

0.22 

0.39 

0.84 

1.61 
Flow rate 
(liter/min) 

 

Experiment No. 4 
LAB DATA SHEET 
uble-pipe heat exchanger characteristics 

 
 

______  Id# :__________ Date :
s has reached steady state conditions before recording any 

nd Properties  Useful Information 
nsity 
/m3) 

Sp. Heat 
(J/kg.K) 

 
1 liter = 0.001 m3 

1 liter/min = 1.667 x 10-5 m3

 

: 

 = ____________ mm L  = _____________ m 

______  m2 

 Parallel flow arrangements 

t Hot fluid 
temperature (oC) 

Cold fluid 
temperature (oC) 

TC # 1 TC # 1 

− – TC # 2 

− – TC # 3 

− – TC # 4 

− – TC # 5 

TC # 2 TC # 6 

TC # 3 TC # 7 
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Table 4.2: Counter flow arrangement 
 

Distance x from hot 
end (cm) 

Hot fluid 
temperature (oC)

Cold fluid 
temperature (oC) 

0 TC # 1 TC # 1 

0.04 − – TC # 2 

0.13 − – TC # 3 

0.22 − – TC # 4 

0.39 − – TC # 5 

0.84 TC # 2 TC # 6 

1.61 TC # 3 TC # 7 

Flow rate  (lit/min)   
 
The following table will help you to report thermal calculations for the two fluid 
arrangements: 

Table 4.3: Experimental and calculated values of temperatures, flow rates, and heat 
transfer rates 

Parameter Parallel-flow Counter-flow 

 Hot fluid Cold fluid Hot fluid Cold fluid 

Inlet temperature (in oC)     

Outlet temperature (in oC)     

Average temperature (in oC)     

Density at avg. temp. (in kg/m3)     

Sp. heat at avg. temp. (in J/kg.K)     

Volume flow rate (in m3/s)     

Mass flow rate  (in kg/s)     

Thermal capacitance rate,  
(in W/K) 

pCm
    

Heat transfer rate  

outinp TTCmq −=  (in W)     

Heat loss from the exchanger, 
transfer,  (in W) chloss qqq −=   
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Table 4.4: Calculated values of temperature differences, LMTD, overall heat 
transfer coefficient, heat exchanger effectiveness and NTUs 

 
Parameter Parallel flow Counter flow 

∆T1 (in C)   

∆T2 (in C)   

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
∆
∆

∆−∆
=

2

1

21

ln
T
T

TT
LMTD  (in C) 

  

Overall heat transfer coefficient  

)(, LMTDA
q

U
os

avg
o =  (in W/m2.K)   

Fluid capacitance ratio, 
( )

p

p

Cm
Cm

R min=    

Maximum possible heat transfer 
)()( ,,minmax icihp TTCmq −=  (in W)   

Heat exchanger effectiveness,  

maxq
q

=ε    

Number of transfer units, 

min)( p

s

Cm
UA

NTU =    
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EXPERIMENT 5 
 

Stefan-Boltzmann Law and Radiation Properties 
 
Objective 
 
The objectives for this experiment are: 
 

(a) To derive the Stefan-Boltzmann law, which states that the emissive power of a 
black or gray body is proportional to the fourth power of its absolute temperature; 
and 

(b) To determine the emissivity, absorptivity, and reflectivity of a plate. 
 
Background 

At temperatures above absolute zero all matter emits radiant energy. Such radiant energy 
is the result of kinetic energy of the atoms or molecules, which is a function of the 
temperature of the substance. Radiant energy is transmitted in the form of 
electromagnetic waves having a wide range of wavelengths. The ability of a substance to 
absorb incident radiant energy is intimately related to its ability to radiate its own energy. 
Radiation phenomena like emission, absorption, reflection and transmission are widely 
affected by material characteristics, surface conditions and geometrical shape.  

An understanding of radiation phenomena is useful to nearly all scientists and engineers. 
The following paragraphs summarize the major physical laws of radiation. No attempt is 
made in this handout to derive these laws; they are merely stated for reference purposes. 
Most of these laws were obtained experimentally from test data and only later were the 
laws theoretically derived. All of these basic laws can be demonstrated and even derived 
using only the Scott Radiation and Temperature Measurement System, Model 9053.  

The Scott Radiation and Temperature Measurement System is a bench-top laboratory for 
studying heat transfer by radiation. The unit is simple to use, yet sophisticated enough for 
advanced work. After describing the equipment, this manual summarizes the basic theory 
of radiation and gives the procedures for conducting experiments to derive the classical 
laws of radiation. The laws are derived experimentally by taking test measurements of 
voltage (emf) from a thermopile receiving radiation from a radiating body in the form of 
a hot plate. These test points are then compared to the theoretical fourth power curve.  

The emissive power E of a radiating blackbody depends only on its temperature T. The 
second law of thermodynamics may be used to prove that the emissive power is also 
proportional to the fourth power of the absolute temperature and to a universal 
constantσ , called the Stefan-Boltzmann constant. For a blackbody [1-3],  
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4TE σ=                                                            (5.1) 
 
where the constant σ  is the Stefan-Boltzman constant.  

The emissivity ε  of a surface is the ratio of the emissive power of the surface to that of a 
blackbody surface, 

blackbody

surface

E
E

=ε                                                         (5.2) 

Therefore, a more general form of the Stefan-Boltzmann law for any type of surface is,  

4TE σε=                                                            (5.3) 

To prove this law, we need some type of sensor that could measure emitted radiation 
from a source of known temperature. As the emitted radiation changes, the resistance of 
the sensor also changes in proportion. The voltage drop across the resistor will allow us 
to quantify the radiation emitted. As a result, Equation (5.3) can be related to the voltage 
drop across the resistor according to, 

4TCEV σε==                                                     (5.4) 

where C is some proportionally constant. By combining all the constants into a "new" C, 
we get, 

4TCV =                                                           (5.5) 

We must first find C and then using this C, we can see if this law holds true. Keep in 
mind sources of error that might influence your results, for example, convection, other 
radiation sources, etc.  

It is important to note that net rate of radiant exchange between two surfaces; in 
particular a plate in a room can be expressed as 
 

VTTq rprp ∝−=− )( 44εσ                                                (5.6) 
where 
 

pT  is the plate temperature, K 

rT  is the room temperature, K 
V is the thermopile voltage, milli Volts  
ε  is the emissivity of the plate 
 
To compare a plate of equal area with the selected standard etched plate coated with 
lampblack, we get 
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where  is the thermopile voltage of the standard etched plate coated with lampblack, 
while   is the voltage of plate under investigation. The emissivity of the reference 
lampblack plate is taken to be 0.95. Therefore, emissivity of the the test plate can be 
calculated from the following equation: 

1V

aV

 

)(
)(

44

44
11

1 ra

ra
a TT

TT
V
V

−
−

=
ε

ε                                                  (5.8) 

 
Notice that under thermal equilibrium condition, the amount of radiation absorption is 
equal to radiation emitted plus reflected and transmitted. Therefore, for a gray surface, 
one can write 

αε =                                                      (5.9) 
  

  
00.1=++ τρα                                                  (5.10) 

where 
  
α  is defined as the absorptivity of a surface 
ρ  is defined as the reflectivity of a surface; and 
τ  is defined as the transmissivity of a surface, ,0=τ for a surface if it is totally 

opaque; i.e., no radiation can pass through the surface. 

 
EXPERIMENTAL APPARATUS  

The Scott Radiation and Temperature Measurement System, Model 9053 (refer to Fig. 
5.1) organizes a number of sources of heat and light radiation, various types of 
instrumentation, a number of fixtures, and certain controls for use in an integrated group 
of experiments designed to give insight into radiation phenomena and common means for 
obtaining temperature measurements. Major components are mounted on a portable 
laboratory table.  

The control panel includes an auto transformer, a voltmeter, an ammeter and appropriate 
switches. Temperature measurements are performed with thermocouples connected to a 
precision potentiometer (optional accessory); or with a two-axis, direction-sensitive, 
thermal-electric pyrometer (thermopile) which may be positioned along either of two 
tracks provided with ruled scales, or hand held. For measuring light intensities in the 
visible band, a photoelectric cell with an integral galvanometer is provided as standard 
equipment. It, too, may be positioned along the two scaled tracks or hand held. In 
addition, several radiation targets with various absorption abilities and geometrical 
shapes are provided.  
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Some accessories that are used in conjunction with the Scott Radiation System are one 
hand held thermocouple meter and a voltmeter. Please ask the instructor for these 
accessories.  

   

Figure 5.1: Scott radiation and temperature measurement system - model 9053 

Experimental Procedure 

Place the thermopile on the short track at the specified mark (note a mark on thermopile 
base), facing the plate heater. Mount the etched stainless steel plate as an emitter in front 
of the plate heater after coating both sides with a layer of lampblack. The side of the plate 
having the thermocouple attached to it faces the thermopile. Connect the thermocouple to 
the thermocouple meter provided. Attach the leads from the thermopile to the voltmeter. 
Ensure that the voltmeter is on the proper setting, mV. Now follow the following test 
procedure to collect the data:  

(a) Start with a setting of 120 on the powerstat. Please do not go above 120 on the 
powerstat because it may cause the fuse to blow. Allow the plate to come to 
steady state (when the temperature of plate no longer changes), then take 
readings of the thermocouple temperature, thermopile voltage (millivolts DC), 
voltmeter and ammeter. Higher voltages, thus higher plate temperatures, 
appear to yield better results. When you are done with the 120 setting, go to 
100 then 80 etc. Take as much data as you have time for, preferably at least 4 
settings of the powerstat. 

(b) Plot the thermopile voltage (Emf) as a function of the plate temperature (K) 
on linear-linear graph paper (refer to sample Figure 5.2). 

(c) Make the same plot as in step (b) above on log-log paper (refer to sample 
Figure 5.3).  
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(d) Take all relevant data for radiation properties at 80 volts. 

 
Data Analysis 
 

The thermopile voltage is proportional to the plate emissive power. Figure 5.3 shows a 
typical curve obtained from actual measurements plus the theoretical curve according to 
the Stefan-Boltzmann Law. Theoretically, thermopile voltage = CT4 where C is a 
constant. To make this plot, determine this constant from your highest temperature data. 
Then use that constant to plot the theoretical relation between thermopile voltage and 
plate temperature according to this equation. Note that this constant is not the Stefan-
Boltzmann constant σ  but is related to σ  since and the thermopile voltage is 
proportional to E. The log-log plot for a fourth power function has a slope of 4.0 (see 
Figure 5.3). (Note that some computer log-log plots are scaled differently, so your slope 
may be different.) Determine the actual slope using your data and compare it to 4.0. 
Discuss each plot qualitatively, commenting on the shape of the curve against what it 
theoretically should be. Try to discuss reasons for the differences, etc. Keep a copy of 
your plot for future reference. For radiation properties, first calculate the emissivity of the 
etched plate, and then determine both absorptivity and reflectivity from equations (5.9) 
and (5.10), respectively. 

4TE σ=

 
References:  
 
[1] Incropera, F. P. and D. P. DeWitt, Fundamentals of Heat and Mass Transfer, 4th 

edition, John Wiley and Sons Inc., New York, 1996. 
[2] Çengel, Yunus A., Heat Transfer: A Practical Approach, 2nd edition, McGraw-

Hill, New York, 2003. 
[3] Thomas, L.C., Heat Transfer – Professional Version, 2nd edition, Capstone 

Publishing Corp, 1999. 
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Figure 5.2: Stefan-Boltzmann law, linear plot 
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Figure 5.3: Stefan-Boltzmann law, logarithmic plot 
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LAB DATA SHEET 
 

Experiment 5: Stefan-Boltzmann Law and Radiation Properties 
 

Name :____________________________  Id# :__________ Date : 

Note:  Make sure that the process has reached steady state before recording any  readings. 

       

Table 5.1: Black body temperature and potentiometer voltage. 

Plate Temperature 
Heater Voltage 

(Volts) (oC) (K) 

Potentiometer 

Reading  

(mV) 

120 V    

100 V    

80 V    

 
1. Plot potentiometer voltage (V, in mV on y-axis) versus plate temperature (T, in Kelvin 

on x-axis) on a log-log graph. Obtain the slope n of the line. 
 

Slope n   = ________________ 

Calculate % error = =×
− 100
4

4n __________________ 

2. Complete the table shown below. (Note: Vref and Tref are the values of V and T at a 
reference heater voltage (say, at 80V)) 

 

T 
(K) ref

n

ref

V
T
TV ⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛
=expt   (mV) ref

ref
theo V

T
TV

4

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
=  (mV) 

0   
100   
200   
300   
400   
500   
600   
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Table 5.2: Emissivity of a gray body 

 

Heating plate voltage (V) 80 V 

Black body temperature  Tb   C K 

Black body emf  Vb (mV)  

Emissivity of black body  εb 0.95 

Gray body temperature  Tg C K 

Gray body emf  Vg (mV)  

Room temperature   TR C K 

 
 
Calculate emissivity, absorptivity (α), reflectivity (ρ) and transmittivity (τ) for the gray 

body from equations (5.8) – (5.10).  
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EXPERIMENT 6 

 
Free Convection over Solid Cylinders 

 
Objective 
 
The objective of this experiment is to study unsteady state heat transfer by the lumped 
capacitance method and to determine free convection heat transfer coefficients. 
 
Background 
 
In view of the fact that the density of most fluids varies with temperature, temperature 
gradients within a fluid medium will give rise to density gradients. If these density 
gradients are such that the fluid is in an unstable situation, heavy fluid on top of light 
fluid, the fluid will begin to move. This motion is termed natural (or free) convection. 
Newton's law of cooling describes the heat transfer in this physical process. It states that 
the heat flux from the surface is directly proportional to the temperature difference 
between the surface and the fluid far away from the surface or 
 

)( fluidsurface TTq −∝′′                                                 (6.1) 
 
Introducing the convective heat transfer coefficient as the constant of proportionality, we 
get  
 

)( fluidsurface
s

TTh
A
qq −==′′                                            (6.2) 

 
It should be noted that the major complication in utilizing equation (6.2) for convective 
heat transfer calculations is the evaluation of the convective heat transfer coefficient, h. 
There are three standard methods used to evaluate h. The first involves a mathematical 
solution to the conservation equations in differential form. For problems where these 
equations are too complicated to be solved analytically, we can employ the second 
method, a computational solution. Finally, for problems so complicated that we cannot 
even write the appropriate conservation equations, we must go into the laboratory and 
make measurements in employing an experimental solution. Before we consider 
employing one of these solution methods, it is useful to use our intuition to determine 
what affects the convective heat transfer coefficient. Our fundamental understanding of 
heat transfer tells us that the three major factors associated with the calculation of h [1-3],  
 

(a) Fluid Mechanics; 
(b) Fluid Transport Properties; and  
(c) System Geometry 

 

Experiment No. 6 



 ME 316: Thermo-Fluids Laboratory 6.2

Considering the fluid mechanics, we recognize that there are a variety of ways to 
characterize the flow. We can anticipate what is driving the flow and classify it as forced 
or natural convection. Next, we consider how many boundaries the fluid flow interacts 
with and classify it as external or internal flow. Recall that the difference between 
internal flows and external flows is often one of viewpoint. A third way to characterize 
the flow is by the presence or absence of turbulence (or instability). 
 
One of the most important considerations in the handling of convective heat transfer 
coefficients is the notion of dynamic similarity. It is found that certain systems in fluid 
mechanics or heat transfer have similar behaviours even though the physical situations 
may be quite different. For example, consider the fluid mechanics of flow in a pipe or 
conduit. What we are able to normally perform is to take data as shown in Fig. 6.1 for 
different fluids and pipe diameters and by appropriately scaling collapse these curves into 
one curve. 
 

 
 

Figure 6.1: Dynamic similarity for a pipe flow problem 
 
In convective heat transfer we may apply dynamics scaling to make a somewhat parallel 
transformation (refer to Fig. 6.2)
 

 
 

Figure 6.2: Dynamic similarity for a convective heat transfer problem 
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In your heat transfer text; dimensionless convective heat transfer coefficient called the 
Nusselt number is defined as 
 

k
hL

Nu c=                                                               (6.3) 

where 
 
h is convective heat transfer coefficient, W/m2.K 

cL  is characteristic length, m 
k is thermal conductivity of the fluid, W/m.K 
 
The characteristic length is chosen as the system length that most affects the fluid flow. 
For flow around a cylinder our characteristic length is the diameter, D, we can write as  
 

k
hDNu =                                                               (6.4) 

 
The Rayleigh number which is defined as a ratio of buoyancy force to viscous force, is an 
indicative of the buoyancy force that is driving the flow is given by 
 

να

β cfluidsurface LTTg
Ra

−
=                                                (6.5) 

where 
 
g is acceleration due to gravity, m/s2

k is thermal conductivity of the fluid, W/m.K 
surfaceT  is surface temperature, oC 

fluidT  is fluid temperature, oC 
β  is fluid thermal expansion coefficient, K-1

ν  is fluid kinematic velocity, m2/s 
α  is fluid thermal diffusivity, m2/s 
 
The dimensionless parameter that characterizes the affect of fluid properties is defined as 
Prandtl number, 

α
ν

=Pr                                                              (6.6) 

 
The influence of geometry may be seen in a couple of ways. First, for those 
configurations that have two length dimensions, such as a cylinder, we introduce a 
dimensionless geometric parameter in terms of diameter and length of cylinder as, 
 

L
DX =                                                             (6.7) 
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The second way in which we may see geometrical influences is through the functional 
form of the Nusselt number correlation. In general, we express as [3]  
 

),,( XPrRafNu =                                                  (6.8) 
 
For example, for simple situations having only one length dimension, we often express 
Nusslet number as  

nn PrRaaNu =                                                     (6.9) 
 
where the constants a, m, and n will change for different geometries. 
 

EXPERIMENTAL APPARATUS  

The apparatus consists of an electric heater to heat solid cylinders (D = 25 mm, L = 25 
mm) to certain specified temperature (300 oC). A string in still air then suspends the 
heated cylinders. The two cylindrical specimens are made of aluminium and brass 
respectfully and both have a thermocouple imbedded within them.  The drop in 
temperature of the cylinder is recorded as a function of time using a temperature recorder 
or a data acquisition system available in the laboratory. A set up of the system is shown 
in Figure 6.1.  

   

   
 
 

Figure 6.1: Test equipment to study natural convection from a cylindrical object 
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Experimental Procedure 

Place the specimens on the electrically heated hot plate and monitor the temperature of 
the specimen until it reaches about 300 oC. The heated specimens are than suspended in 
the still air, and the temperature is recorded as a function of time. Now follow the 
following test procedure to collect the data:  
   

(1) Place the specimen on an electric hot plate;  
(2) Set up the data acquisition system by the supplemental instructions (consult 

your lab instructor); 
(3) Suspend the first cylinder in the air and obtain temperature data as a function 

of time as the cylinder cools down;  
(4) It will not be necessary to make several runs for this experiment; just one for 

each is sufficient. Make sure you always start with the same initial specimen 
temperature during these additional runs, if needed; 

(5) Repeat the above procedures for the second cylinder. 
   
It is very important in this simple experiment to discuss whether assumptions made are 
valid (keep in mind all approximations used, especially in using the equations and finding 
slopes, etc). Comment on the sources of error, and carry out sensitivity analysis using 
EES software. Keep in mind the correlations used are models of a slightly different 
physical situation. Also discuss errors, if any, within the equipment and methodology of 
the experiment.  
 
Theory and Data Analysis 
 
There are many heat transfer application where unsteady heat flow causes temperature 
and other variables to change with time. We will see, however, that in some unsteady 
situations, for which a certain criterion is met, the use of the lumped capacitance theory 
greatly simplifies the analysis. The criterion as we will see is based on the assumption 
that temperature gradients within a solid are negligible compared to the temperature 
gradients between the solid and fluid. To verify whether this assumption is true or not 
depends on calculating the Biot number, Bi, which is defined as the ratio of temperature 
differences across the solid itself, and between the solid and fluid. It can also be defined 
as the ratio of thermal resistance of the solid by conduction and the fluid by convection, 
given as  
 

( )
( ) k

hL
hA
kAL

R
R

TT
TT

Bi c

conv

cond

s

ss ===
−

−
=

∞ /1
/

2,

2,1,                                (6.10) 

 
The value, Lc, is the characteristic length which is defined as the solid's volume over the 
surface area, Lc = V/As. In order to use the Lumped Capacitance Method, the Biot 
number must be calculated and confirmed to be less than 0.1. Unless this requirement is 
satisfied, use of this method would create too much error.  
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To understand the lumped heat capacity theory we must start by considering a hot metal 
cylinder, which is suspended, in a still air environment. The essence of this theory is that 
the temperature within the solid cylinder is assumed to be spatially uniform at any instant 
throughout the unsteady cooling process. This implies that the temperature gradient 
within the solid is negligible compared to that of the gradient across the solid-fluid 
interface. The nice thing about this assumption is that we no longer have to use the 
conduction heat transfer analysis, which becomes very difficult. Instead we simply use 
the first law of thermodynamics on the solid. Writing the first law for unsteady heat flow 
with no work we have heat rejected from the cylinder due to free convection is equal to 
rate of change of temperature of the solid with respect to time. This gives 
 

dt
dTVCq ρ=−                                                        (6.11) 

 
where q is the heat transferred from the system to the surroundings (in Watts), C is the 
specific heat of the metal (in J/kg.K), As is the total surface area (in m2), V is the volume 
(in m3), and ρ  is the density of the cylinder (in m3/kg). Substituting q from equation 
(6.2), we get, 

  

 
dt
dTVCTThA ss ρ−=− ∞ )(                                                 (6.12) 

This equation states that the rate of heat lost by convection from the block surfaces equals 
the negative of the time rate of change of energy stored in the block.  

Now, if we define the time constant, )/( VChAs ρτ = in the above equation as a constant 
value with respect to time, equation (6.12) could be easily integrated to give 

)/exp(
)(

)( τθ t
TT

TtT
t

i

s −=
−
−

=
∞

∞                                         (6.13) 

Simplifying the above equation, we get  

tmt =−= τθ /)ln(                                                     (6.14) 

where Ti is defined as the initial temperature of the cylinder at t = 0, and m is the slope of 
the )ln(θ versus t plot. It can be observed from equation (6.14) that the time constant is 
the negative reciprocal of the slope m. Once we find the time constant from the 
experimental data, gives us the average heat transfer coefficient,  

sA
VCh τρ

=                                                          (6.15) 
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For this experiment we are to compare the h values with expected values from the 
literature. Note that the value of Nu for free convection on a long horizontal cylinder 
vertical surface can be found using equation (9.34) in ref. [1]. It is given by   

12
2

27/816/9

6/1

10
]Pr)/559.0(1[

387.060.0 ≤
⎭
⎬
⎫

⎩
⎨
⎧

+
+= RaRauN                     (6.16) 

where the Prandtl number, Pr can be found from the tables in the back of your textbook, 
and the Rayleigh number, Ra is defined by equation (6.6) . The values of ν  and α that 
are needed in Ra can also be found from the tables in the back of your textbook.  

Room air can be treated as an ideal gas, therefore fluid thermal expansion coefficient, 
filmT/1=β . Note the film temperature is the average temperature between the surface 

and ambient. All properties of air are should be evaluated at the film temperature.  

References:  

[1] Incropera, F. P. and D. P. DeWitt, Fundamentals of Heat and Mass Transfer, 4th 
edition, John Wiley and Sons Inc., New York, 1996. 

[2] Çengel, Yunus A., Heat Transfer: A Practical Approach, 2nd edition, McGraw-
Hill, New York, 2003. 

[3] Bejan, A., Convection Heat Transfer, 2nd edition, John Wiley and Sons Inc., New 
York, 1995. 
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Parameter 
Ambient temperature, Tambient  

Diameter  D  (m)
Length   L (m)
Density,  ρ (kg
Specific heat  Cp (J/k
Thermal conductivity k (W
Total surface area As (m2

Volume               V (m3
 
 
 
 
 

Time t 
(minutes) 

Temperature 
T 

i T
T

=
θ
θ

0   

1   

2   

3   

4   

5   

6   

7   

8   

9   

10   

11   

12   

13   

1. Aluminum 

Experiment 6: 

Name :______________________  

Experiment No. 6 
LAB DATA SHEET 
Free Convection over Solid Cylinders 

 
______ Id# :__________ Date :
Aluminium Brass 
  

 0.02515 0.02520 
 0.02520 0.02510 
/m3) 2705 8530 
g.K) 977 377.5 
/m.K) 237 110 
)   
)   

Fi

F

T
T
−
−

  Time t 
(minutes) 

Temperature 
T 

Fi

F

i TT
TT
−
−

=
θ
θ

 

 0   

 1   

 2   

 3   

 4   

 5   

 6   

 7   

 8   

 9   

 10   

 11   

 12   

 13   

D

2. Brass 

L
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14    14   

15    15   

16    16   

17    17   

18    18   

19    19   

20    20   

 

 
 
 
Some Sample Calculations 
 

Sample 
Time constant 

τ 
(minutes) 

Time constant 
τ 

(seconds) 

Heat transfer 
coefficient 

τ
ρ 1.

s

p

A
VC

h =  

Biot Number

k
AVh

Bi s )/(
=  

Aluminium     

Brass     

 
 
Note: You must compare and discuss your experimentally calculated heat transfer 
coefficient with the theoretical value [refer to equation (6.16)]. 
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EXPERIMENT 7 
 

Numerical Analysis: Counter and Parallel Flow Heat Exchangers  
 
Objective 
 
The objective of this laboratory period is to study design and performance analysis of 
counter- and parallel-flow heat exchangers numerically using EES software.  
 
Background 
 
It should be noted that, standard analytical approaches to the analysis of heat exchangers 
that we discussed in our heat transfer class as well as in heat exchanger experiment hand 
out, are restricted to approximate uniform property conditions and generally involve 
restrictions on the variation in overall coefficient of heat transfer. Furthermore, except for 
cases involving basic parallel- and counter-flow arrangements, the details required in 
developing the underlying analytical relations for the effectiveness – NTU and 
temperature correction factor FT associated with the LMTD methods, are normally quite 
involved. On the other hand, similar to the situation encountered in the analysis of heat 
transfer to fluid flowing in a tubular passage with specified wall temperature, basic 
numerical methods provide the means for developing solutions that account for variation 
in bulk-stream fluid properties and non-uniform distribution in overall coefficient of heat 
transfer. A more realistic finite-difference method patterned after the basic numerical 
approach developed in Thomas [1], is particularly useful for developing solutions for 
various types of heat exchangers.  
 
Numerical Method 
 
To introduce this approach, we consider a simple one-dimensional parallel-flow 
arrangement. As we know from our previous experience, the key relations associated 
with the numerical formulation for energy transfer in heat exchangers include the heat-
exchanger-governing equation [1-3], 
 

( )chsx TTdAUdQ −=                                                     (7.1) 
 
where the heat transfer from the hot to the cold fluid is given by, 
 

( ) ( ) ccphhp dTCmdTCmdQ =−=                                           (7.2) 
 
 
Following the approach discussed in Thomas [1], a shifted finite-difference grid is 
constructed by subdividing the heat exchanger into 11 −= MM  sub-volumes along its 

Experiment No. 7 



 ME 316: Thermo-Fluids Laboratory 7.2

length, as shown in Figure 7.1 in the context of a parallel-flow arrangement. Each sub-
volume is identified by a sub-volume index m , such that 1.,..,2,1 Mm = . It also follows 
that xpMAAMLx ss ∆==∆=∆ 11 /,/ , and ( ) xmx ∆−= 1 . To relate Equation (7.1) and 
(7.2) to sub-volume m, we approximate dQ by ,mQ∆  dTh by mhmhmh TTT ,1,, −=∆ +  and 

 by . Substitution of these approximations in to Equations (7.1) 
and (7.2) gives 

cdT mcmcmc TTT ,1,, −=∆ +

   
( ) ( )mchmmchsmm TTxPUTTAUQ −∆=−∆=∆                               (7.3) 

 
and 
 

( ) ( )mcmcmcmhmhmhm TTCTTCQ ,1,,,1,, −=−−=∆ ++                            (7.4) 
 

1 2 mm-1 m+1 M1

Th,i

Tc,i

Th,o

Tc,o

∆Qm

Insulation

 
 
 

Figure 7.1: A parallel-flow heat exchanger is subdivided into equal sub-volumes 
along its length. 

 
 
For m =1, is set equal to( mch TT − ) )( ,, icih TT − . Equations (7.3) and (7.4) can be 
sequentially solved for ,  and  for mQ∆ 1, +mhT 1, +mcT 1,...,2,1 Mm = . The following steps can 
be used for the solution of the above equations to obtain standard rating (or performance 
evaluation) calculations: 
 
 
Numerical Method – Parallel Flow 
 
In this section, standard rating procedure, wherein  is to be calculated for a 
parallel flow arrangement, is summarized below:  

),,( ,, ocoh TTQ

 
Inputs: 
 

• Specify geometric parameters; 
• Specify process parameters  ;,,, ,, icihch TTmm
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• Specify fluid specific heats  ;, ,, cPhP CC
• Specify heat transfer coefficients (or fluid properties ch hh , chch kk ,,,µµ and 

convection correlations); fouling resistances or factors  wall thermal 
conductivity ; 

;, ,, cfhf RR

wk
 
Calculations 
 

• Set M1 to sub-divide the heat exchanger in to sub-volumes; 
• Set ;,,1 ,1,,1, iccihh TTTTm ===  
• Calculate  from Equation (7.3); mQ∆
• Calculate  and  from Equation (7.4); 1, +mhT 1, +mcT
• Continue the above two steps for ;.,..,3,2 1Mm = and 
• Set  and 1,, += Mhoh TT 1,, += Mcoc TT  and calculate Q by integrating from equation 

(7.2), or . m
M
m QQ ∆Σ= =

1
1

 
These steps are similar to those outlined in Thomas [1] for convection in a passageway 
with specified wall temperature and is featured in the EES program presented in sample 
example 7.1. This simple approach is readily adapted to counter flow heat exchangers by 
employing a simple iteration scheme and can be extended to any heat exchanger 
configuration such as multi-pass shell-and-tube and cross-flow arrangements. In addition, 
this basic numerical approach can be formulated for the purpose of performing rating, 
testing, or design calculations.  
 
Numerical Method – Counter Flow 
 
We will flow exactly the same procedure as discussed above for a parallel flow, with the 
following modifications: 
 
Since the cold fluid is moving opposite to the hot fluid, Equation (7.4) becomes  
 

( ) ( )mcmcmcmhmhmhm TTCTTCQ ,1,,,1,, −−=−−=∆ ++                 (7.4m) 
 
Set  ;,,1 0,1,,1, ccihh TTTTm ===
 
Assume the cold fluid outlet temperature, Tc,o and do the following iterative steps: 
 

• Compare Tc,M  with Tc,i  by calculating DIFF = Tc,M  - Tc,i ; 
• If DIFF is greater than the specified value, adjust Tc,o by setting, for instance, Tc,o 

= Tc,o – 0.50(DIFF) and then re-start the calculations again; 
• If DIFF is less than the specified value, conclude that the convergence has been 

achieved and calculate the total heat transfer, and the outlet fluid temperatures. 
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Example 7.1: Methyl chloride at 20oC and 1.4 atmospheres flowing at a rate of 1.05 
kg/sec to be heated in a double-pipe heat exchanger of 8 m length with tube diameters 
given by di = 3.50 cm, do  = 4.22 cm, and Di,s = 5.25 cm. The heating fluid is water at 
98oC and 1.2 atmospheres flowing in the tube with mass-flow rate of 0.465 kg/sec. The 
tubing is made of a chrome steel alloy with thermal conductivity equal to 65 W/m.K. The 
process engineer has specified the fouling resistances on both the hot and cold sides, 
respectively as Rf,h = 0.0001 m2.K/Watt, and  Rf,c = 0.0002 m2.K/Watt, while the 
convective heat transfer coefficients are:  hh = 3,770 W/m2.K, hc = 3,420 W/m2.K Using 
the numerical approach discussed above, solve for parallel and counter-flow 
arrangements, the temperature distributions in the heat exchanger. 
 
Solution Procedure 
 
Purpose: Use the numerical method to calculate and  for the double-pipe 
heat exchanger for the given conditions 

,, , ohTQ ocT ,

 
Schematic: Double-pipe heat exchanger: parallel and counter flow. The convective heat 
transfer coefficients are:  hh = 3,770 W/m2.K, hc = 3,420 W/m2.K. 
 
 

Hot water

mh = 0.465 kg/s
P1 = 1.2 atm
Th,i = 98 C

Methyl chloride

mc = 1.05 kg/s
Tc,i = 20 C

di = 3.50 cm,      do = 4.22 cm
Di,s = 5.25 cm      L = 8 m
As = As,o = 1.06 m2

rf,d = 0.000321 m2-C/W  
 
Assumptions 
 

• Uniform overall heat transfer coefficient 
• Uniform properties 
• Standard conditions 

 
Properties:  The specific heat of the hot and cold fluids, respectively are: 

 )../(59.1),./(21.4 ,, KkgkJCKkgkJC cPhP ==
 
Analysis: 
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 Following the numerical approach discussed in the handout, the heat-exchanger-solution 
relations are represented in finite-difference form by equations (7.3), (7.4), and (7.4m) 
 

( ) ( )mchmmchsmm TTxPUTTAUQ −∆=−∆=∆  
 

( ) ( )mcmcmcmhmhmhm TTCTTCQ ,1,,,1,, −=−−=∆ ++  
 
for parallel flow, and  

 
( ) ( )mcmcmcmhmhmhm TTCTTCQ ,1,,,1,, −−=−−=∆ ++  

 
for counter-flow arrangement. In the above equations, ,,...,3,2,1 ,1,1 ihh TTMm ==  and 

 for the parallel-flow, while icc TT ,1, = occ TT ,1, =  for the counter-flow arrangement. 
 
The EES computer program given below solves these equations sequentially for 

 following the steps outlined above. In addition to calculating the 
distributions in fluid-stream temperatures  and  and the heat-transfer rate Q the 
program also calculates the distribution in wall temperature at the hot fluid interface 
using the finite-difference form of the general Newton Law of Cooling, 

1,...,3,2,1 Mm =

mhT , mcT ,

 

xPh
Q

TTTTAhQ
h

m
mhmhsmhshshm ∆

∆
−=−∆=∆ ,,,, )(  

 
Counter-Flow EES Program 
 
Note: In this program, we have considered mh = mc = 0.465 kg/sec to get an interesting 
temperature distribution. All other values are same as that specified in problem statement  
 
 
FUNCTION U(h_h,h_c,R_f_h,R_f_c,D_o,D_i,k_w) 
 
R_w:=D_o/(2*k_w)*LN(D_o/D_i) "[C*m^2/W]" 
R_f:=R_f_h+(D_o/D_i)*R_f_c  "[C*m^2/W]" 
U:=1/(1/h_h+R_w+(D_o/D_i)/h_c+R_f) "[(W/C)/m^2]" 
END 
 
PROCEDURE 
OUT(M_1,J_final,L,P,h_h,h_c,R_f_h,R_f_c,D_o,D_i,k_w,C_h,C_c,T_h_i,T_c_i:Q,T_h[1..J_fi
nal],T_c[1..J_final],T_w[1..M_1], Length[1..J_final],T_c_o,DELTAT[1..M_1]) 
 
D_x:=L/M_1 "[m]";T_c_o=90 "[C]" 
T_h[1]:=T_h_i "[C]"; 
1: T_c[1]:=T_c_o "[C]";Q:=0 "[W]";J:=0;Length[1]:=0 "[m]" 
 
REPEAT 
 J:=J+1 
 U:=U(h_h,h_c,R_f_h,R_f_c,D_o,D_i,k_w) "[(W/C)/m^2]" 
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 DELTAQ:=U*P*D_x*(T_h[J]-T_c[J]) "[W]" 
 T_h[J+1]:=T_h[J]-DELTAQ/C_h "[C]" 
 T_c[J+1]:=T_c[J]-DELTAQ/C_c "[C]" 
 DELTAT[J]:=T_h[J]-T_c[J] 
 T_w[J]:=(T_h[J]+T_h[J+1])/2-DELTAQ/(h_h*P*D_x) "[C]" 
 Length[J+1]:=Length[J]+D_x "[m]" 
{ T_w[J]:=T_h[J]-DELTAQ/(h_h*P*D_x) "[C]"} 
 Q:=Q+DELTAQ "[W]" 
UNTIL (J=>M_1) 
 
DIFF:=T_c[J+1]-T_c_i "[C]" 
IF (DIFF>0.01) THEN GOTO 15 
IF (DIFF<-0.01) THEN GOTO 15 
GOTO 20 
15: T_c_o:=T_c_o-0.5*DIFF "[C]" 
GOTO 1 
20: 
END 
 
"INPUTS" 
T_h_i=98 "[C]";T_c_i=20 "[C]" 
m_dot_h=0.465 "[kg/s]";m_dot_c=0.465 "[kg/s]" 
c_p_h=4210 "[J/(kg*C)]";c_p_c=1590 "[J/(kg*C)]" 
C_h=c_p_h*m_dot_h "[W/C]";C_c=c_p_c*m_dot_c "[W/C]"; 
k_w=65 "[W/(m*C)]";h_h=3770 "[(W/C)/m^2]";h_c=3420 "[(W/C)/m^2]" 
R_f_h=0.0001 "[C*m^2/W]";R_f_c=0.0002 "[C*m^2/W]" 
L=8 "[m]";D_o=0.0422 "[m]";D_i=0.035 "[m]" 
P=Pi*D_o "[m]" 
 
"SET NUMBER OF INCREMENTS TO 1" 
M_1=50;J_final=M_1+1 
 
CALL 
OUT(M_1,J_final,L,P,h_h,h_c,R_f_h,R_f_c,D_o,D_i,k_w,C_h,C_c,T_h_i,T_c_i:Q,T_h[1..J_fi
nal],T_c[1..J_final],T_w[1..M_1],Length[1..J_final],T_c_o,DELTAT[1..M_1]) 
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Counter-flow Temperature Distribution 
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Parallel-Flow EES Program 
 
FUNCTION U(h_h,h_c,R_f_h,R_f_c,D_o,D_i,k_w) 
 
R_w:=D_o/(2*k_w)*LN(D_o/D_i) "[C*m^2/W]" 
R_f:=R_f_h+(D_o/D_i)*R_f_c  "[C*m^2/W]" 
U:=1/(1/h_h+R_w+(D_o/D_i)/h_c+R_f) "[(W/C)/m^2]" 
END 
 
PROCEDURE 
OUT(M_1,J_final,L,P,h_h,h_c,R_f_h,R_f_c,D_o,D_i,k_w,C_h,C_c,T_h_i,T_c_i:Q,T_h[1..J_fi
nal],T_c[1..J_final],T_w[1..M_1],Length[1..J_final]) 
 
D_x:=L/M_1 "[m]" 
T_h[1]:=T_h_i "[C]";T_c[1]:=T_c_i "[C]";Q:=0 "[W]";J:=0;Length[1]:=0 "[m]" 
 
REPEAT 
 J:=J+1 
 U:=U(h_h,h_c,R_f_h,R_f_c,D_o,D_i,k_w) "[(W/C)/m^2]" 
 DELTAQ:=U*P*D_x*(T_h[J]-T_c[J]) "[W]" 
 T_h[J+1]:=T_h[J]-DELTAQ/C_h "[C]" 
 T_c[J+1]:=T_c[J]+DELTAQ/C_c "[C]" 
 T_w[J]:=(T_h[J]+T_h[J+1])/2-DELTAQ/(h_h*P*D_x) "[C]" 
 Length[J+1]:=Length[J]+D_x "[m]" 
{ T_w[J]:=T_h[J]-DELTAQ/(h_h*P*D_x) "[C]"} 

Experiment No. 7 



 ME 316: Thermo-Fluids Laboratory 7.8

 Q:=Q+DELTAQ "[W]" 
UNTIL (J=>M_1) 
END 
 
"INPUTS" 
T_h_i=98 "[C]";T_c_i=20 "[C]" 
m_dot_h=0.465 "[kg/s]";m_dot_c=1.05  "[kg/s]" 
c_p_h=4210 "[J/(kg*C)]";c_p_c=1590 "[J/(kg*C)]" 
C_h=c_p_h*m_dot_h "[W/C]";C_c=c_p_c*m_dot_c "[W/C]"; 
k_w=65 "[W/(m*C)]";h_h=3770 "[(W/C)/m^2]";h_c=3420 "[(W/C)/m^2]" 
R_f_h=0.0001 "[C*m^2/W]";R_f_c=0.0002 "[C*m^2/W]" 
L=8 "[m]";D_o=0.0422 "[m]";D_i=0.035 "[m]" 
P=Pi*D_o "[m]" 
 
"SET NUMBER OF INCREMENTS TO 1" 
M_1=50;J_final=M_1+1 
 
CALL 
OUT(M_1,J_final,L,P,h_h,h_c,R_f_h,R_f_c,D_o,D_i,k_w,C_h,C_c,T_h_i,T_c_i:Q,T_h[1..J_fi
nal],T_c[1..J_final],T_w[1..M_1],Length[1..J_final]) 
 

Parallel-flow Temperature Distribution 
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Numerical Experimental Procedure 

The students are expected to carry out the following for both counter- and parallel-flow 
heat exchangers: 
 

(1) Confirm that key heat exchanger equations are satisfied for the problem 
discussed in this handout. 

(2) Calculate the overall heat transfer coefficient both under clean and fouled 
conditions.  

(3) Show the effect of fouling on heat exchanger performance. 
(4) Compare your result with effectiveness-NTU method of analysis. 
(5) Identify input parameters that can vary and then carry out sensitivity analysis 
(6) Convert this problem in to a heat exchanger design problem wherein heat 

transfer area need to be calculated provided heat duty, flow rates, and the exit 
temperatures are known. 

   

References:  

[1] Thomas, L.C., Heat Transfer – Professional Version, 2nd edition, Capstone 
Publishing Corp, 1999. 

[2] Incropera, F. P. and D. P. DeWitt, Fundamentals of Heat and Mass Transfer, 4th 
Edition, John Wiley and Sons Inc., New York, 1996. 

[3] Çengel, Yunus A., Heat Transfer: A Practical Approach, 2nd edition, McGraw-
Hill, New York, 2003. 
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LAB DATA SHEET 
Experiment 7: Numerical Analysis: Counter and Parallel Flow Heat Exchangers  

 
Name:_______________________________ Id# :__________ Date: 

 

Given below is the data for a double-pipe heat exchanger.  
 

 
 

Hot  fluid 
(tube side) 

Cold fluid 
(shell side) 

Flow rate  kg/s 0.465 1.05 

Specific heat  J/kg-C 4210 1590 

Inlet temperature oC 98 20 

Heat transfer coeff.. W/m2-C 3770 3420 

 

Inner tube inside diameter 3.5    cm 

Inner tube outside diameter 4.22  cm 

Outer tube diameter 5.25  cm 

Heat exchanger length 8  m 
Tube wall thermal 
conductivity, k   65 W/m.K 

  
Assume: A clean heat exchanger (rf = 0 W/m2-C) 
 

 
 
Calculations 
 

Inner surface area, Ai    
m2 Ldiπ   

Outer surface area, Ao   
m2 Ld oπ   

Experiment No. 7 



 ME 316: Thermo-Fluids Laboratory 7.11

Total thermal resistance, Rtot

f
oo

io

ii

s
tot

r
AhkL

dd
Ah

UA
R

+++=

=

1
2

)/ln(1
)(

1

π

  

Overall heat transfer 
coefficient based on Ao, Uo otot

o AR
U 1

=   

 
 
 

 

 Parallel flow Counterflow 

 Hot fluid Cold fluid Hot fluid Cold fluid 

Heat capacity rate (in W/K) 
 )( pCmC =

    

Capacity ratio, 

max

min

)(
)(

p

p

Cm
Cm

R =  
  

NTU   

Effectiveness, ε     

maxQ  
  

analyticalQ  
  

Outlet temperatures     

Table 7.1: Use the EES program to complete the following table for both parallel- 
and counter-flow configurations using effectiveness – NTU method 
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Table 7.2: Complete the following tables using the numerical method of solution - 
EES software. 

Parallel flow: 

Nodes ohT ,  (oC) ocT ,  (oC) numericalQ  
(W) 

analyticalQ  

(from table 7.1) 

% error in Q  

100×
−

analytical

analyticalnumerical

Q
QQ

 

5     

20     

80    

 

 

 

Counter flow: 

Nodes ohT ,  (oC) ocT ,  (oC) numericalQ  
(W) 

analyticalQ  

(from table 7.1) 

% error in Q  

100×
−

analytical

analyticalnumerical

Q
QQ

 

5     

20     

80    
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Design Programs: 

Parallel Flow

sA∆  Q  (Watts) 
No of Sub-
Volumes 

(M) 
ss AMA ∆= x  % error in 

 Q % error in As

0.20      

0.10      

0.01      

 

 

Counter Flow

sA∆  Q  (Watts) 
No of Sub-
Volumes 

(M) 
ss AMA ∆= x  % error in 

 Q % error in As

0.20      

0.10      

0.01      
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APPENDIXES 

 

A.1 Introduction to EES Software 

References 

The EES manual and on-line help system is the best source.  

Objectives 

To provide basic information on Engineering Equation Solver (EES) software. 

Computer Based Problem Solving 

Mathematical software packages have had an enormous impact on engineering education 
practice.  Today most engineering problems are solved in whole or in part using 
computer softwares.  Certainly, industrial employers expect ME graduates to be 
proficient with the use of computers to solve complex engineering problems.  There are a 
number of mathematical software packages available today, including MathCad, 
Mathematica, MATLAB, EXCEL, EES, and others.  More complicated problems can be 
solved using FORTRAN or C++ programs. 
 
There is obviously no consensus about which software is "the best" (if there were 
agreement then there wouldn't be so many choices).  Many people feel that there is no 
one software packages that are ideal for every task.  I use EES for most everyday 
problems but sometimes use EXCEL to handle large quantities of data, MatLab to 
implement numerical modeling techniques, and FORTRAN for large numerical models.  
The point is that you will be required to use mathematical software and probably will 
learn several packages before you settle on the one (or more than one) that meets your 
needs as a practicing engineer. 

Engineering Equation Solver 

 
In this laboratory course we are going to use the Engineering Equation Solver (EES) 
package because it is a single package that can meet all of the needs of ME 316.  You 
may be familiar with EES from your thermodynamics course and will use it again in ME 
311 and ME 315 (even if you are not required to use it you will find it helpful for many 
other classes).  An academic version of EES is available free of charge to KFUPM 
students and is installed on the ME Department computers.   
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In this lab I hope you become familiar with EES and some of its special features that are 
particularly useful for the experimentalist in the lab.  If you have previous experience 
with EES you will find much of this document to be review (and therefore probably 
pretty boring) in this case move over and share your knowledge and experience with 
other students.   
 
Getting Started 
 
1. The computers should always be on; the monitors are sometimes turned off. 

a. Log in to ME computers with your regular user name and password.  
b. Double click on the EES icon on the desktop to start the program. 

2.  EES begins by displaying a dialog window that shows registration information, the 
version number and other information. Click the OK button to dismiss the dialog 
window.   
3. Detailed help is available at any point in EES. Pressing the F1 key will bring up a 

Help window relating to the foremost window. Clicking the Contents button will 
present the Help index shown in Figure 1. Clicking on an underlined word (shown 
in green on color monitors) will provide help relating to that subject.  
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FIGURE 1:  EES HELP MENU 

 

4.  EES commands are distributed among nine pull-down menus, shown in Figure 2.  

 
 

FIGURE 2:  PULL-DOWN MENUS 

Note that a toolbar is provided below the menu bar. The toolbar contains small 
buttons that provide rapid access to many of the most frequently used EES menu 
commands. If you move the cursor over a button and wait for a few second, a few 
words will appear to explain the function of that button.  

• The File menu provides commands for loading, merging and saving work files 
and libraries, and printing.   

• The Edit menu provides the editing commands to cut, copy, and paste 
information.   

• The Search menu provides Find and Replace commands for use in the Equations 
window.   

• The Options menu provides commands for setting the guess values and bounds 
of variables, the unit system, default information, and program preferences. A 
command is also provided for displaying information on built-in and user-
supplied functions.   

• The Calculate menu contains the commands to check, format and solve the 
equation set.   

• The Tables menu contains commands to set up and alter the contents of the 
Parametric and Lookup Tables and to do linear regression on the data in these 
tables. The Parametric Table, similar to a spreadsheet, allows the equation set to 
be solved repeatedly while varying the values of one or more variables. The 
Lookup table holds user-supplied data, which can be interpolated and used in the 
solution of the equation set.   

• The Plot menu provides commands to modify an existing plot or prepare a new 
plot of data in the Parametric, Lookup, or Array tables. Curve-fitting capability is 
also provided.   

• The Windows menu provides a convenient method of bringing any of the EES 
windows to the front or to organize the windows.   
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• The Help menu provides commands for accessing the online help 
documentation.   

5.  The basic capability provided by EES is the solution of a set of non-linear algebraic 
equations.  
a.  Start EES and enter the simple example problem shown in Figure 3 in the 

Equations window. Note that EES makes no distinction between upper and lower 
case letters and the ^ sign (or **) is used to signify raising to a power.   

 
 

FIGURE 3: EXAMPLE EES PROBLEM 

b.  Select the Formatted Equations window under the Windows pull down menu to 
view the equations in mathematical notation, as shown in Figure 4. 

 
 

FIGURE 4:  FORMATTED EQUATIONS 
 

c.  Select one of the equations in the formatted equation window by clicking on it.  
Copy the equation either using Ctrl-C or by selecting Copy using the Edit pull-
down menu.  

d.  Start Microsoft Word by selecting the Word icon on the desk top. 
d.  Paste the equation into Word.  You should have a presentation quality 

mathematical equation, as shown in Figure 5.  This is an entirely acceptable 
method of producing equations for your lab reports. 
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Figure 5:  Formatted Equation in Word 
 

e. Select the Solve command from the Calculate menu. A dialog window will 
appear indicating the progress of the solution. When the calculations are 
completed, the button changes from Abort to Continue.  Click the Continue 
button. The solution to this equation set will then be displayed, as shown in Figure 
6. 

 

 
 

FIGURE 6:  SOLUTION WINDOW 

Example: Thermodynamics Problem from EES Manual 

A simple thermodynamics problem will be set up and solved in this section to illustrate 
the property functions, units, and equation solving capability of EES. The problem, 
typical of that which may be encountered in an undergraduate thermodynamics course, is 
as follows.   

Refrigerant-134a enters a valve, shown in Figure 7, at 700 kPa, 50°C with a velocity of 
15 m/s. At the exit of the valve, the pressure is 300 kPa. The inlet and outlet fluid areas 
are both 0.0110 m2. Determine the temperature, mass flow rate and velocity at the valve 
exit.  
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FIGURE 7:  REFRIGERANT VALVE 
 

6.  Start EES and select the New command from the File menu. A blank Equations 
window will appear.  

7.  Set the unit system for the built-in thermophysical properties functions. To view or 
change the unit system, select Unit System from the Options menu.  You should see 
the window shown in Figure 8. 

 
 

Figure 8:  Units Window 
 
8. Select SI units with T in °C, P in kPa, and specific property values in their customary 

units on a mass basis. These defaults may have been changed during a previous use. 
Click on the controls to set the units as shown above. Click the OK button (or press 
the Return key) to accept the unit system settings.   

9. The equations can now be entered into the Equations window. Text is entered in the 
same manner as for any word processor. Formatting rules are as follows:   

• Upper and lower case letters are not distinguished. EES will (optionally) 
change the case of all variables to match the manner in which they first 
appear.   

• Blank lines and spaces may be entered as desired since they are ignored.   
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• Comments must be enclosed within braces { } or within quote marks " ". 
Comments may span as many lines as needed. Comments within braces may 
be nested in which case only the outermost set of { } are recognized. 
Comments within quotes will also be displayed in the Formatted Equations 
window.   

• Variable names must start with a letter and consist of any keyboard characters 
except ( ) ‘ | * / + - ^ { } : " or ;. Array variables are identified with square 
braces around the array index or indices, e.g., X[5,3]. String variables are 
identified with a $ as the last character in the variable name. The maximum 
length of a variable name is 30 characters.   

• Multiple equations may be entered on one line if they are separated by a semi-
colon (;). The maximum line length is 255 characters.   

• The caret symbol ^ or ** is used to indicate raising to a power.   
• The order in which the equations are entered does not matter.   
• The position of knowns and unknowns in the equation does not matter.   

10. The inlet conditions to the valve are known and can be entered:  
T1=50 [C] 

P1= 700 [kPa] 
V1=15 [m/s] 

A1=0.011 [m^2] 
 

These statements assign quantities to the variables T1, P1, V1, and A1.  The last part 
of the statements also assigns units to these variables.  You will find that units 
become an enormous headache in the lab – you are constantly reading instruments 
that give quantities in esoteric and essentially useless units (like torr or ºF) and then 
trying to convert these to more useful SI units (like Pa or K).  EES can do this unit 
conversion work for you, reducing the number of unit conversions that you need to 
carry around in your head and also preventing many potential errors.  If you select 
Solve under the Calculate menu you will see that the different variables have units 
attached to them in the solution window.  Note that it is often a good idea to Solve 
your problem as you go rather than wait until you’ve entered the whole thing and find 
it harder to debug. 

11. The inlet density and enthalpy are also required.  We can obtain these using EES’s 
built-in thermodynamic property functions for R134a (and many other substances).  
The thermodynamic property functions, such as enthalpy and volume require a 
special format. The first argument of the function is the substance name, R134a in 
this case. The following arguments are the independent variables preceded by a single 
identifying letter and an equal sign. Allowable letters are T, P, H, U, S, V, and X, 
corresponding to temperature, pressure, specific enthalpy, specific internal energy, 
specific entropy, specific volume, and quality.  
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h1=enthalpy(R134a, T=T1, P=P1)  
rho1=density(R134a, T=T1, P=P1) 

 
An easy way to enter functions, without needing to recall the format, is to use the 
Function Information command in the Options menu. This command will bring up 
the dialog window shown below. Click on the ‘Thermophysical props’ radio button. 
The list of built-in thermophysical property function will appear on the left with the 
list of substances on the right, as shown in Figure 9. Select the property function by 
clicking on its name, using the scroll bar, if necessary, to bring it into view. Select a 
substance in the same manner. An example of the function showing the format will 
appear in the Example rectangle at the bottom. The information in the rectangle may 
be changed, if needed. Clicking the Paste button will copy the Example into the 
Equations window at the cursor position. Additional information is available by 
clicking the Info button.   

 
 

FIGURE 9:  THERMOPHYSICAL PROPERTY WINDOW  
 

If you solve the problem now you will see that h1 and rho1 are both assigned values 
based on the properties of r134a.  This is great – you’ve avoided the chore of looking 
up these values in a table somewhere.  You should also notice that units have been 
assigned to these quantities that are consistent with the unit system that you selected. 

12. The inlet mass flow rate can be computed using valve inlet area, density, and 
velocity. 
 

m1=rho1*v1*A1  
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Units have already been assigned to the variables rho1, v1, and A1.  If you highlight 
the variable m1 in the Equations window and right click on it you will get a pop-up 
menu.  Select Variable Info from this menu and enter the units lbm/s.  This tells EES 
that you think m1 should have units of lbm/s.  EES will check to see that all units are 
self consistent.  Select Check Units under Calculate and you will get the message 
shown in Figure 10. 
 

 
Figure 10:  Error Message Indicating Unit Problem 

In this example, EES has determined that m1 should not have units of lbm/s, given 
the units you entered for v1 and A1 together with the units associated with density.  
Select m1 again and enter the correct units, kg/s.  You should check that this does not 
give a units error. 

13. The two equations that govern the valve’s behavior are mass conservation and energy 
conservation: 
 

m2=m1 
h2+v2^2*convert(m^2/s^2,kJ/kg)/2=h1+v1^2*convert(m^2/s^2,kJ/kg)/2 

 
In the above equations, we have made use of one of EES’s most useful features – 
built in unit conversions.  We know that h1 and 0.5*v12 have different units (if we 
didn’t know this then EES would tell us) so we simply convert the units of kinetic 
energy (m^2/s^2) to those of enthalpy (kJ/kg) using the convert function.  You will 
find this function extremely useful in the lab when, for example, you want to convert 
a pressure reading taken from a manometer (in inch Hg) to units of Pascal.  Note that 
if you tried to Solve your problem now you would not be able to because you have an 
under constrained problem and therefore you would get the message shown in Figure 
11. 
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Figure 11:  Error Message Associated with Under Constrained Problem 
 

14. The pressure and area at the exit of the valve are given in the problem statement. 
 

P2=300 [kPa] 
A2=0.011 [m^2]  

 
15. The density and enthalpy at the exit of the valve are related to the (unknown) exit 

temperature and (known) exit pressure. 
 

 h2=enthalpy(R134a, T=T2, P=P2)  
rho2=density(R134a, T=T2, P=P2) 

 
16. Finally, the exit mass flow rate is related to the density, area, and velocity.   

 
m2=rho2*A2*v2 

 
17. If you select Solve under the Calculate menu you will see that EES can obtain a 

solution to the set of equations you supplied.  You should also verify that you have 
specified appropriate units for each variable by selecting Check Units under the 
Calculate menu. 

18. One of the most useful features of EES is its ability to provide parametric studies. For 
example, in this problem, it may be of interest to see how the throttle outlet 
temperature and outlet velocity vary with outlet pressure. A series of calculations can 
be automated and plotted using the commands in the Tables menu.  Select the New 
Table command. A dialog will be displayed listing the variables appearing in the 
Equations window. In this case, we will construct a table containing the variables P2, 
T2, v2, and h2. Click on P2 from the variable list on the left. This will cause P2 to be 
highlighted and the Add button will become active.  Now click the Add button to 
move P2 to the list of variables on the right. Repeat for T2, h2, and v2, using the 
scroll bar to bring the variable into view if necessary. (As a short cut, you can double-
click on the variable name in the list on the left to move it to the list on the right.). 
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The table setup dialog should now appear as shown in Figure 12. Click the OK button 
to create the table.   

 

 
Figure 12:  Table Setup Dialog 

 
19. The Parametric Table works much like a spreadsheet. You can type numbers directly 

into the cells. Numbers which you enter are shown in black and produce the same 
effect as if you set the variable to that value with an equation in the Equations 
window. Delete the P2 =300 equation that is currently in the Equations window (or, 
better yet, enclose it in comment brackets { }).  A comment bracket tells EES to 
ignore this text yet keeps it around so that you don’t have to retype it if you need it in 
the future.  Comments are also useful to organize your work and make it clear what 
each statement means (for example if you need to turn it in to your lab instructor).  
The equation setting P2 will not be needed because the value of P2 will be set in the 
table. Now enter the values of P2 for which T2 is to be determined. Values of 100 
kPa to 550 kPa have been chosen for this example. (The values could also be 
automatically entered using Alter Values in the Tables menu or by using the Alter 
Values control at the upper right of each table column header) The Parametric Table 
should now appear as shown in Figure 13.  
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Figure 13:  Parametric Table. 

 
20. Now, select Solve Table from the Calculate menu. The Solve Table dialog window, 

shown in Figure 14, will appear allowing you to choose the runs for which the 
calculations will be done.   
 

 
FIGURE 14:  SOLVE TABLE DIALOG BOX 

 
When the Update Guess Values control is selected, as shown, the solution for the last 
run will provide guess values for the following run. Click the OK button. A status 
window will be displayed, indicating the progress of the solution. When the 
calculations are completed, the values of T2, v2, and h2 will be entered into the table, 
shown in Figure 15. The values calculated by EES will be displayed in blue, bold or 
italic type depending on the setting made in the Screen Display tab of the 
Preferences dialog window in the Options menu.   
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Figure 15:  Parametric Table 
 

21. The relationship between variables such as P2 and T2 is now apparent, but it can 
more clearly be seen with a plot. Select New Plot Window from the Plot menu. The 
New Plot Window dialog window shown in Figure 16 will appear. Choose P2 to be 
the x-axis by clicking on P2 in the x-axis list. Click on T2 in the y-axis list. Select the 
scale limits for P2 and T2, and set the number of divisions for the scale as shown. 
Grid lines make the plot easier to read. Click on the Grid Lines control for both the x 
and y axes. When you click the OK button, the plot will be constructed and the plot 
window will appear as shown in Figure 17.   
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Figure 16:  Plot Dialog Window 

 

 
 

FIGURE 17.  PLOT WINDOW 
 

Once created, there are a variety of ways in which the appearance of the plot can be 
changed and formatted by double-clicking on the plot itself, the axes, and the labels.   

22. While you are in the plot window, select Copy Plot from the Edit menu.  Return to 
your Word document and select paste special and then bitmap from the Edit menu.  
This is a good way to insert plots into your lab reports.   

23. Return to EES and select Print from the File menu.  Select Equations, Solution, 
Parametric Tables, and Plots.  Turn your printouts in to your lab instructor to be 
graded. 
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This example problem has illustrated some of the capabilities of EES. With this example 
behind you, you should be able to solve many types of problems.  
 
Manipulating Data in EES 
 
24. Open a new EES file and select Open Lookup Table under the Tables menu.  Select 

files of type CSV data files and open the data file sampledata.csv on the C: drive.  
The lookup table sampledata.csv is read into EES, as shown in Figure 18.  This is 
data from a thermocouple attached to a copper block that was placed in an oven.  The 
first column is the elapsed time and the second is the voltage from the thermocouple.   

 

 
 

Figure 18:  Lookup Table of Data in EES 
 

25. We would like to manipulate this data in the EES environment.  To do this we will 
setup our equations window to operate on each data point individually, starting with 
the 1st.  The data point will be indicated using the variable i.  We can pull a piece of 
data out of a table of data using the LOOKUP command: 
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i=1 

time=LOOKUP(‘sampledata’,i,1) 
Vtc=LOOKUP(‘sampledata’,i,2) 

 
The LOOKUP function has the format x=LOOKUP(Tablename,row,column).  You 
should set the units of these variables by right clicking on them. 

26. We would like to turn the thermocouple’s voltage into a temperature.  The 
thermocouple was a type T thermocouple, one of several types for which the 
calibration curves suggested by the National Institute of Standards and Technology 
(NIST) are built in to EES’s library of functions.  To access these calibrations (and 
many other useful functions), select Function Information in the Options menu and 
then select EES library routines.  The dialog window shown in Figure 19 should 
appear. 

 

 
Figure 19.  Function Information Dialog Window 

 
Click on the Function Info button to learn about the VoltTC function.  You will find 
that this function requires the thermocouple type and temperature (in ºC) and will 
return the output voltage (in milliVolt).  The following statement will convert the 
thermocouple voltage to a temperature. 
 

Vtc*convert(V,milliVolt)=VoltTC(‘T’,Ttc) 
 

Set the units of Ttc to C by right clicking on the variable.  If you solve the problem 
you will find that the temperature at time zero was 26.72ºC. 
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27. We are interested in temperature and time for all of the data points, not just the first 
one.  Therefore we will make a Parametric Table.  Select New Parametric Table from 
the Tables menu.  Choose i, time, and Ttc as your variables.  Specify 41 runs for this 
table.  We need to make i go from 1 to 41 in your parametric table (the number of 
data points we are going to process).  Right-click on the column i and selecting Alter 
Values.  You can specify that i go from 1 to 41 as shown in Figure 20. 

 
Figure 20:  Alter Values Dialog Window 

 
28. Comment out the i=1 equation in the equation windows and select Solve Table from 

the Calculate Window.  Your Parametric Table should be filled with the data after 
having reduced it to temperature vs time. 
29. Prepare a plot of temperature vs time, it should end up looking like Figure 21 after 

you remove the lines between the data points, add gridlines, fix the labels, etc.  
  

 
Figure 21.  Temperature vs Time Data 
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30. The temperature vs time data is just that, data.  The curve resembles an 
exponential function, but there is some obvious scatter or uncertainty.  The 
uncertainty of a Type T thermocouple is nominally ±2ºC and we should indicate 
this on the graph using error bars.  Double-click on the plot to obtain the Modify 
Plot window and then select Y-axis under Error Bars.  You should see the Error 
Bar Information window, shown in Figure 22. 

 

 
 

Figure 22:  Error Bar Information Window 
 

Specify the absolute uncertainty to be 2.0 and press OK.  The appropriate error bars 
have been placed on your graph. 

31. We can try to fit the data to a function using the curve fitting functions built in to 
EES.  Select Curve Fit under the Plots menu and then select 4th order polynomial, as 
shown in Figure 23. 
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Figure 23:  Curve Fit Dialog Window 
 
Press the Fit button and the undetermined coefficients will be selected based on a 
least-squares fit to the data.  If you select the Place equation on plot option and press 
the Plot button then EES will place the best fit curve on the plot and give the 
equation. 

32. Print out your graph with your curve fit and hand it in with your lab to your lab 
instructor to be graded. 
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A.2 Analysis of Experimental Uncertainty 
 
References 
 

1. Introduction to Fluid Mechanics, Fox, R.W. and McDonald, A.T., John Wiley 
& Sons, 4th edition, 1994, Appendix F. 

2. Taylor B.N. and Kuyatt, C.E., Guidelines for Evaluating and Expressing the 
Uncertainty of NIST Measurement Results, National Institute of Standards and 
Technology Technical Note 1297, 1994 

 
Types of Error and the Estimation of Uncertainty  
 
Results of experimental tests are often used for engineering analysis and design purpose. 

Not all data are equally reliable. The validity of data should be documented before test 

results are used for design and analysis. Actually, experimental uncertainty should be 

considered in the course of setting up an experiment. 

 

Errors always are present when experimental measurements are made. Aside from gross 

blunders by the experimenter, experimental error may be of two types. Fixed (or 

systematic) error is the same for each reading and can be removed by proper calibration 

or correction. Random error (non-repeatability) is different for every reading and hence 

cannot be removed. The factors that introduce random error are uncertain by their nature. 

The objective of uncertainty analysis is to estimate the probable random error in 

experimental results. To do this we must first estimate the error for each measured 

quantity. We then analyze the propagation of uncertainty into results calculated from the 

experimental data. 

 
Uncertainty and the Measurement Error 
  
Designate the measured variable in an experiment as x. One possible way to find the 

measurement error for the variable would be to repeat each measurement many times. 

The result would be a distribution of data. Random errors in measurement usually 

produce a normal (Gaussian) frequency distribution of measured values. The data scatter 

for a normal distribution is characterized by the standard deviation, σ. The uncertainty 
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interval for the measured variable, x, may be stated as ± σ, ± 2σ, and ± 3σ.  For example, 

in the case of normally distributed data, over 99% of measured values of x lie within ± 3σ 

of the mean value, 95% lie within  ± 2σ, and about 70% lie within ± σ of the mean value 

of the data set. Thus it would be possible to quantify expected errors within any desired 

confidence limit if a statistically significant data set were available. 

 
It is important to note that the method of repeated measurements usually is not practical. 

In most applications it is impossible to obtain enough data for a statistically significant 

sample owing to the excessive time and cost involved. However, the normal distribution 

suggests several important concepts to note: 

 

• Small errors are more likely than large ones. 

• Plus and minus errors are almost equally likely. 

• No finite maximum error can be specified. 

 

A more typical situation in engineering design and analysis is a "single-sample" 

experiment, where only one measurement is made for each point. A reasonable estimate 

of the measurement error due to random error in a single-sample experiment usually is 

plus or minus half the smallest scale division (the least count) of the instrument. 

 

Propagation of Uncertainty in Calculations 
 
Consider that R is the value of the function ),( 21 xxRR =  and  R∆  represents the 

uncertainty in the value of the function. Measurements of the two independent variables, 

x1 and x2, are made. The actual uncertainty of each separately measured quantity is 

estimated as  and  . A plot as shown in Fig. 1 will illustrate how errors in the 

measurements propagate into the calculation of R, where R represents the value of the 

function . 

1x∆ 2x∆

),( 21 xxRR =
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The effect on R of an error in a measured quantity may be estimated by analogy to the 

derivative of a function. A variation, 1x∆ , in x1 would cause R to vary by an amount 

according to the relation  1R∆

1
1

1 x
x
RR ∆

∂
∂

=∆                                                             (A.1) 

and the uncertainty in R caused by the uncertainty in x2 is given by 

 

2
2

2 x
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RR ∆

∂
∂

=∆                                                         (A.2) 

 
 
Figure A.1 Uncertainty of a function 

 
 
The effects of the measurement errors in x1 and x2 affect the calculated value of R as 

shown in Figure 1. Using the Pythagorean relation we get 
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Now consider that measurements of independent variables, x1, x2, ..., xn, are made and the 

actual uncertainty of each independently measured quantity is estimated as . In 

general, R may be expressed mathematically as

ix∆

),.....,( 21 nxxxRR = . A variation, , in 

x

ix∆

i would cause R to vary by an amount iR∆  according to the relation, 

 

i
i

i x
x
RR ∆

∂
∂

=∆                                                       (A.5) 

 
Expanding the development used to produce equation (3), the uncertainty in R due to the 

combined effects of uncertainty in all the variables is 
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which can be expanded to  
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Example A.1 - Uncertainty in liquid mass flow rate 
 
The mass flow rate of water through a tube is to be determined by collecting water in a 

beaker. It is calculated from the net mass of water collected divided by the time interval. 

 

 t
mm

m ef −
=�

                                                       (A.8) 

 

The measured quantities and the error estimates, or actual uncertainties, are: 

• Mass of full beaker, mf = 400 ±  2 g 

• Mass of empty beaker, me = 200 ±  2 g 

• Collection time interval, t = 10.0 ± 0.2 sec 
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Therefore the experimentally-calculated mass flow rate is given by 

 

1.20
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We note that there are three independent variables in this problem; therefore the actual 

uncertainty in the calculated value of mass flow rate is calculated by using Equation 

(A.7). This gives 
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The actual uncertainty in the calculated value of mass flow rate is calculated using 

Equation (A.7), this gives 
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To determine if this magnitude of error is significant we can look at the relative 

uncertainty, which cab be defined as the ratio of the actual uncertainty to the actual value, 

usually in percent. Thus, the relative uncertainty in mass flow rate can be described as 

Appendix 



 ME 316: Thermo-Fluids Laboratory A-25
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This example illustrates an important point for experimental design. The mass of water 

collected is calculated from two measured masses, mf and me, and the time t. For any 

stated uncertainty in the measurements of mf and me, the relative uncertainty in mf can be 

decreased by making (mf – me) larger. This might be accomplished by using larger 

containers or a longer measuring interval, t, which would also reduce the relative 

uncertainty in the measured value of t. 

 

Example A.2 - Uncertainty in Reynolds number for water flow rate 
 
The Reynolds number is to be calculated for flow of water in a tube of the previous 

example. It can be calculated by the equation,   

 ),,Re(4Re µ
πµ

Dm
D
m ��

==                                           (A.13) 

 

The uncertainty in calculating the mass flow rate was determined in the earlier example. 

What about uncertainties in µ and D? The tube diameter is D = 6.35 mm. Do we assume 

that it is an exact value? The diameter might be measured to the nearest of ± 0.1 mm. 

With no other available information, we assume that the uncertainty in diameter is D∆ = 

± 0.05 mm. 

 

It is important to note that the viscosity of water depends on temperature. The 

temperature is measured as 24 ± 0.5°C. An obvious question arises that how will the 

uncertainty in temperature affect the uncertainty in µ? One way to estimate this is to write 
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The derivative can be estimated from tabulated viscosity data near the nominal 

temperature, 24°C. We can get this value from EES that is introduced to you earlier. This 

gives, 
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It follows from Equation (A.14) that the actual uncertainty in viscosity due to temperature 
is 
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It is important to emphasize that tabulated viscosity data themselves have some 

uncertainty, although we usually neglect this contribution. Viscosity, in particular, is 

difficult to accurately measure. If we assume that the uncertainty in the viscosity value at 

a given temperature is , the overall uncertainty in viscosity 

may be computed by Equation (A.3), to give 

2..000005.0 −±=∆ msNtabµ
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The actual uncertainties in mass flow rate, tube diameter and viscosity needed to compute 

the uncertainty for the calculated Reynolds number are now known. The required partial 

derivatives, determined from Equation (A.13), are 
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Each term in the Reynolds number uncertainty equation can now be easily determined by 

Equation (A.5), to give 
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The uncertainty in the calculation of Reynolds number resulting from the uncertainties in 

all of the quantities involved in calculating Reynolds number can now be calculated: 
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The calculated Reynolds number is 
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Finally, the relative uncertainty for the Reynolds number is 
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It is important to note that the uncertainty in tabulated property data may be significant. 

Also, the data uncertainty is increased by the uncertainty in fluid temperature 

measurements. 
 
Example A.3 - Uncertainty in Air Speed Problem 
 
Air speed is calculated from pitot tube measurements in an air-conditioning duct, using 

Bernoulli’s equation, 
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where h is the observed height of the manometer column. The only new element in this 

example is the square root. The variation in V due to the uncertainty in h can be 

expressed as 
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If uncertainties due to other independent variables are negligible, the relative uncertainty 

in velocity is given by 

h
h

V
V ∆

±=
∆

2
1                                                       (A.27) 

 

We thus find that the relative uncertainty in the calculated velocity is half the relative 

uncertainty of the height. 

 
Some Comments 
 
A statement of the possible uncertainty of data is an important part of reporting 

experimental results completely and clearly in engineering experiments. Estimating 

uncertainty in experimental results requires care, experience and judgment, in common 

with many endeavours in engineering. 
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Uncertainty Analysis Using EES 
 
As discussed earlier, uncertainty analysis is an important part of any experimental 

investigation. However, uncertainty analysis can require significant computational effort, 

particularly if the partial derivatives in Equation (A.7) cannot be determined analytically. 

This computational burden can be eliminated using the EES program. 

 

An uncertainty analysis can be conducted in EES using either the Uncertainty 

Propagation or Uncertainty Propagation Table commands in the Calculate menu. 

The purpose of these commands is to calculate the effect of uncertainties in all of the 

measured variables , x1, x2, ..., xn, on the uncertainty of the calculated quantity, R, as 

described in the preceding section of this appendix. 

 

This uncertainty is calculated using Equation (A.7) where ix∆  is the uncertainty of 

measured variable  and ix R∆ is the propagated uncertainty in calculated variable R. 
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After selecting Uncertainty Propagation or the Uncertainty Propagation Table 

command, EES will present two lists of variables. Select the variable for which the 

uncertainty propagation is to be determined from the list on the left. Select one or more 

measured variables from the list on the right. In general, the variables appearing in the 

measured variables list must be constants so that their values are set to a numerical 

constant with an equation in the EES Equations window (for the Uncertainty Propagation 

command) or in a Parametric Table (for the Uncertainty Propagation Table command). 

EES will, however, allow some variables that are not specified as constants to be moved 

from the Calculated variables to the Measured variables list. The variables that can be 

moved are shown in red. Variables that are read from a Lookup table, for example, may 

be moved from the left to the right list. 
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To specify the uncertainty associated with the measured variables, click the Set 

Uncertainties button below the right list. A second dialog window will appear in which 

the absolute or relative fraction of the measured value) uncertainties for each selected 

measured variable can be specified. An uncertainty value for each measured variable 

must be provided. Click the OK button to set the uncertainties and close the Specify 

Uncertainties dialog window. Click the OK button in the Uncertainty Propagation dialog 

window to start the calculations. 

 
After the calculations initiated with the Uncertainty Propagation command are 

completed, EES will display an abbreviated Solution Window containing the calculated 

and measured variables and their respective uncertainties. The partial derivative of the 

calculated variable with respect to each measured variable will also be displayed. If the 

Uncertainty Propagation Table command is used, the value and uncertainty for the 

calculated variable and each measured variable will be displayed in the Parametric Table 

after the calculations are completed. The calculated variable can then be plotted with 

error bars representing the propagated uncertainty using the New Plot Window command 

in the EES Plot menu. 

 
Example A.1 - Uncertainty in liquid mass flow rate using EES 
 
Example 1 in the previous section is resolved here to illustrate how the uncertainty 

calculations are done in EES. Start EES and enter the following equations to calculate the 

mass flow rate using measured values of the final and initial masses and the elapsed time. 
 

 

Figure A.2 Equations needed to solve for the mass flow rate 
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Now select the Uncertainty Propagation in the Calculate menu. The following dialog 

will appear. Click on the three variables displayed in the measured variables list to select 

them. 

 
 

 
 

Figure A.3 Uncertainty propagation Window 
 
Next, click the Set Uncertainties button. The following dialog window will appear in 

which you can enter the absolute uncertainties that were given above for each selected 

variable. 

 

 
  

Figure A.4 Dialog window for entering uncertainties of measured variables 
 
Click the OK button after entering the uncertainty values. Then click the OK button in the 

Uncertainty Propagation dialog to initiate the calculations. The solution window will 

appear. 
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Figure A. 5 Solution window showing uncertainty calculation results 
 
The calculated value of the mass flow rate is displayed with an uncertainty of ±0.4899, 

the same value found in equation (A.11). Note that EES also displays the partial 

derivatives of the calculated variable with respect to each of the measured variables. 

 
Example A.2 - Uncertainty in Reynolds number for water flow using EES 
 
Example A.2 of the previous section can be solved using EES as described below. First, 

enter the equations shown in Figure A.6 into the Equations window. Then select 

Uncertainty Propagation from the Calculate menu. 

 

 

 

Figure A.6 Equations needed to solve for the Reynolds number 
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Figure A.7 Uncertainty propagation dialog window initially 
 
In example A.2, the uncertainty in Reynolds number is determined in terms of 

uncertainties in D, viscosity ( µ ) and mass flow rate ( ). To repeat these calculations, 

just as they were done in the previous section, click on m_dot in the left list and then on 

the arrow between the lists to move it to the right list. Then, select D, µ, and in the 

right list. The dialog window now appears as: 

m�

m�

 

 
 

Figure A.8 Uncertainty propagation dialog window for the Reynolds number 
problem 

 
Now, set the uncertainties for D, ,µ and  m�
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Figure A.9 Dialog window for entering uncertainties of measured variables for the 
Reynolds number problem 

 
Click OK to dismiss this dialog and OK again to do the calculations. The solution will 

appear as shown below. Note that the uncertainty in Re is ±127.2, which agrees with the 

result in equation (A.22). 

 

 
Figure A. 10 Solution for the Reynolds number problem 
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