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PREFACE

Experimental measurements can be vexatious, and a textbook about experimental
methods cannot alleviate all the problems that are perplexing to the experimental en-
gineer. Engineering education has placed an increased emphasis on the ability of an
individual to perform a theoretical analysis of a problem. Experimental methods are
not unimportant, but analytical studies have, at times, seemed to deserve more em-
phasis, particularly with the enormous computing power that is available. Laboratory
work has also become more sophisticated in the modern engineering curricula. Con-
ventional laboratory courses have consistently been changed to include experiments
with rather elaborate electronic instrumentation and microprocessor- or computer-
based data acquisition systems. Surprisingly enough, however, many engineering
graduates do not seem capable of performing simple engineering measurements with
acceptable precision. Furthermore, they are amazingly inept when asked the question:
How good is the measurement? They automatically assume the results are accurate
to the number of digits displayed in the computer printout.

This book represents a first survey of experimental methods for undergraduate
students. As such, it covers a broad range of topics and may be lacking in depth on
certain topics. In these instances, the reader is referred to more detailed treatments in
specialized monographs.

It is important that engineers be able to perform successful experiments, and
it is equally important that they know or be able to estimate the accuracy of their
measurements. This book discusses a rather broad range of instruments and experi-
mental measurement techniques. Strong emphasis is placed on problem-solving, and
the importance of accuracy, error, and uncertainty in experimental measurements is
stressed throughout all the discussions. The book is generally suitable as an accompa-
niment to laboratory sessions oriented around the specific experiments available at a
particular institution. Portions of the text material may be covered in a lecture session.
The lectures would be concerned with the principles of instrumentation. whereas the
laboratory periods would afford the student an opportunity to use some of the devices
discussed in this text and laboratory manuals that may be available to faculty planning
the course. The particular experiments, or the instruments used in the laboratory peri-
ods. will depend on the facilities available and the objectives set by each curriculum. A
mathematical background through ordinary differential equations is assumed for the
text developments, and it is expected that basic courses in thermodynamics. engineer-
ing mechanics, and electric-circuit theory will precede a course based on this text.

Whatever the course arrangement for which this text is applied, it is strongly
recommended that the problems at the end of each chapter receive careful attention.
These problems force the student to examine several instruments to determine their
accuracy and the uncertainties that might result from faulty measurement techniques.
In many instances the problems are very similar to numerical examples in the text.
Other problems require the student to extend the text material through derivations.

xv
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PREFACE

design of experiments, and so on. The selection of problems for a typical course will
depend. naturally. on the types of experiments and laboratory facilities available for
use with the course.

A few remarks concerning the arrangement of the text material are in order. A
brief presentation of all topics was desired so that a rather broad range of experimen-
tal methods could be discussed within the framework of a book of modest length.
Chapters 1 and 2 provide initial motivation remarks and some brief definitions of
important terms common to all measurement systems. This discussion includes basic
concepts of dynamic response in zeroth-, first-, and second-order systems. Next, a
simple presentation of some of the principles of statistical data analysis is given in
Chapter 3. Some of the concepts in Chapter 3 are used in almost every subsequent
chapter in the book. particularly the concept of experimental uncertainty.

Chapter 4 presents several simple electrical-measurement and amplifier circuits
and the principles of operation of typical electric transducers. Many of these transduc-
ers are applicable to measurement problems described in later chapters. Chapters 5
and 6, concerning dimensional and pressure measurements, offer fairly conventional
presentations of their subject matter, except that numerical examples and problems
are included to emphasize the importance of experimental uncertainty in the various
devices. Flow measurement is discussed in Chapter 7 in a rather conventional man-
ner. A notable feature of this chapter is the section on flow-visualization techniques.
Again, the examples and problems illustrate some of the advantages and shortcomings
of the various experimental techniques. Chapter 8 is quite specific in its discussion of
temperature-measurement devices. Strong emphasis is placed on the errors that may
arise from conduction, convection, and heat transfer between the temperature-sensing
device and its thermal environment. Methods are presented for correcting these errors.
Chapter 9 is brief but gives the reader an insight into the problems associated with
transport-property measurements. The material in this chapter is dependent on the
measurement techniques discussed in Chapters 6, 7, and 8. The material in Chapter
9 could be dispersed through the three previous chapters and still achieve a balanced
presentation; however, it was believed best to bring transport properties and thermal
measurements into sharper focus by grouping them in one chapter.

Static force, torque, and strain measurements are discussed in Chapter 10. The
strain measurements are related to some elementary principles of experimental stress
analysis, and the operation of the electrical strain gage is emphasized.

Some of the elementary principles of motion- and vibration-measurement de-
vices are discussed in Chapter 11. Included in this presentation is a discussion of
sound waves, sound-pressure level, and acoustic measurements. The inclusion of the
acoustics material in Chapter 11 is somewhat arbitrary since this material would be
equally pertinent in Chapter 6.

Chapter 12 discusses thermal- and nuclear-radiation measurements. The presen-
tation is brief, but some of the more important detection techniques are examined,
and examples are given to illustrate the important principles. A short presentation of
the statistics of counting illustrates the importance of background activity in nuclear-
radiation detection. The thermal-radiation measurements are properly related to the
temperature measurement material in Chapter 8.



PREFACE

Chapter 13 presents some of the measurement techniques that are used in air-
pollution-control applications. Such measurements make use of the basic pressure,
flow, and temperature measurement techniques discussed in Chapters 6, 7, and 8. The
importance of electronic data processing and its relation to the basic clectrical mea-
suring devices of Chapter 4 are discussed in a general way in Chapter 14. Because the
ficlds of electronic microprocessors and data acquisition systems change so rapidly,
the discussion follows a fairly general pattern. A glossary of terms is given that is
applicable to a number of acquisition systems.

Since all experimental work must be reported in some form, Chapter 15, onreports
and presentations, has been given in a general format that will apply to several applica-
tions. This material includes information on graphical and oral presentations as well.

Some remarks concerning units are in order. There is no question regarding
the desirability to move toward the adoption of SI (metric) units wherever possible.
Accordingly, the educational system must anticipate this movement and teach students
to operate in SI. Courses in analysis (fluid mechanics, heat transfer, mechanics, and
so on) can adopt SI as the primary system with appropriate conversions to the old
English system. The experimental engineer may have a more cumbersome task. One
does not buy new instruments, gages, or meters just to change to SI units. Unhappily, a
common practice is to operate in a mixed system of units that combines SI and non-SI
metric with English units, which are coupled to empirical design relationships at hand.
This means that the experimental engineer will be operating in a “bilingual” mode
for many years. In addition, many field engineers do not want to change to SI and
will not change until they are forced to do so. Of course, companies heavily involved
with export markets, like the auto industry, are already heavily into SI units. It is in
recognition of these facts that I have chosen to mix SI and English units throughout
the book, even though my personal desire is to change over to SI completely as soon
as possible. There is another problem that the engineer must deal with. Some work is
performed in metric units that are not in the SI system. Examples are the calorie unit
for energy and the kilogram force per square centimeter for pressure. Alas, these are
hazards to be encountered. and one must adapt as best as one can.

In this edition, pruning of comments and topics has been applied throughout.
Recognition is made of the fact that electronic instrumentation and computer-based
data acquisition systems change so rapidly that the experimental engineer is best
served by timely consultation with well-disposed manufacturers of the necessary in-
strumentation for their particular application. There are some things that do not change
so rapidly though. Uncertainty analysis and data correlations are still important. In-
creased computer power just makes the tasks easier to perform. The discussions in
Chapter 3 concerning data correlations, regression analysis. and graphical presenta-
tions have been expanded considerably, with emphasis on computer generation of
trendlines and least-squares analysis for a number of functional relationships. Par-
ticular attention is devoted to the type of graphical displays that should be used
for different data presentations. This emphasis on adaptation of computer-generated
araphs is carried through to the report writing discussions of Chapter 13 in which spe-
cific examples of graph constructions are displayed that will be applicable to reports
and oral presentations.
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PREFACE

Chapter 16 on Design of Experiments is new. It presents. in brief tabular and
checklist forms. a protocol for design of experiments to accomplish various objectives.
Five diverse examples (or case studies) are offered as applications of the protocol. The
information in this chapter is built on both the data and uncertainty analysis sections
of previous chapters as well as information contained in the chapters concerned with
specific measurement techniques.

In consonance with the pruning and updating here and there, some problems have
been deleted and 115 new problems added. New examples have been added and all
examples now carry a title. A list of all examples is found on page x.

With a book at this stage of development, the list of persons who have been
generous with their comments and suggestions has grown very long indeed. The
author hopes that a blanket note of thanks for all these people’s contributions will
suffice. As in the past, all comments from users will be appreciated and acknowledged.
The McGraw-Hill editorial staff appreciates the comments and suggestions of the
following people who reviewed the prospectus for the new edition:

John G. Cherng, University of Michigan, Dearborn
David G. Cooper, McGill University

Jane Davidson, University of Minnesota

Gabe V. Garcia, New Mexico State University
Charles Knisely, Bucknell University

Christopher S. Lynch, Georgia Institute of Technology
William R. Murray, University of Washington

Chiang Shih, FAMU-Florida State University

Alfred L. Wicks, Virginia Polytechnic Institute

In addition, the author is especially grateful to Arunn Narasimhan, who read the
manuscript and offered helpful suggestions for additions and modifications of various
sections.

J. P. Holman
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