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PREFACE

This is a set of notes employed in the teaching of
a first year graduate course entitled "Experimental Methods
in Fluid Mechanics" at" Colorado State University. The
notes assume this is the students first introduction to
a specific course in experimental methods; although he
will be familiar with undergraduate courses and labora-
tories where basic phenomenon are demonstrated. The course
is taught both as a series of lectures and a laboratory.
The laboratory, which parallels the notes is designed to
teach the experimental techniques. The student is allowed
to discover the difficulties and pit falls that can be
encountered in making experimental measurements in fluid
mechanics.

The notes have been taken from many sources, and as
such should not be viewed as totally original. An attempt
is made to treat the more basic instruments used in fluid
mechanics in some detail. The notes are not intended as
a catalogue of all the many different types of instruments
that are employed in fluid mechanics. It is hoped that
the notes will serve as a starting point for the graduate
students venture into experimental research. The student
should, however, be forewarned that the present notes are
only the first steps into the total field of measurements.
Such areas of transient response and servo-mechanism are
still in the future for those who would be instrumentation
engineers.

1 am indebted to Mrs. Arlene Ahlbrandt for the typing

and many revisions that the notes have gone through over
the last seven years.
Virgil A. Sandborn
Colorado State University
February 1972
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CHAPTER I
THE THEORY OF MEASUREMENTS

A. Basic Approach. - There is no concise theory
of measurements, however, there are a few governing steps
that form the start of a theory., Many areas require measure-
ments of one type or another. This means that no one approach
will be adequate for all types of measurements. One might
contrast the scientific measurement of the speed of light
with an engineering test of the strength of a beam. The
fundamental difference in the two measurements is the time
involved in the measurement. The scientific measurement
of the speed of light is one individual number, but it would
well require 10 years or more of work to produce the number.
On the other hand, the engineering test of the strength of a
beam may require a day of work or less. This contrast is of
course a simple matter of how accurate a measurement is -
required. There is a wide division in the approach to a test-
ing type measurement and to that of a scientific type experi-
mental measurement,

The present course is aimed at the wide center ground
between the routine test measurement and the elaborate
scientific measurement. The routine test will employ about
the same type or perhaps a less accurate instrument than
those covered in the present approach. The scientific
measurement on the other hand will spend a great deal more
time in establishing the basic accuracy of each individual
step. In each type of measurement it is important that the
operator understand the basic function of each part. While
it helps to be an electronic engineer, as well as have a Ph.D. in
fluid mechanics, to make a measurement in fluid mechanics
neither is absolutely necessary.

The basic requirement to successfully carry out a
measurement is a driving desire to obtain an understanding
of the physical property being measured. It appears that
all simple measurements have already been made, so that
there is no such thing as a simple measurement. Any
Mmeasurement that is made is always somewhat questionable.
Thus, the experimenter that sets out to make a measurement
must start as an optimist and upon obtaining some data he
must become a pessimist, It is helpful if the experimenter
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can start out as an absolute optimist and back off from this
view as the experiment is undertaken, The first view of
the results of a new experiment should be absolutely pes-
simistic and again back off from this view as the results
are placed in proper focus.

The above discussion is meant to imply that in
experimental research nothing is right the first time. The
author after 15 years of setting up experimental programs
has developed the superstition that a data sheet is never
taken to the site on the first try at making a measurement.
There are very few times that a completely new instrument
worked the first time that it was tried (the ion beam hot wire
calorimeter) led to more confusionthan if it had failed. The
point is that it is a rare occurrence that an experiment works
right the first time it is run. The frequency of working no
doubt improves as the experience of the experimenter in-
creases, but each new study produces its share of new
problems.

The tneory of measurement might well be viewed
as what to do when the results are not as expected, First,
it can be assumed that the rest of the world is as likely to
be right as you are. Thus, if your data disagrees with the
rest of the world, do not get too excited about the results.
Almost every measurement can at least be checked at some
approximate end point, so there is always a rough idea as
to what will be obtained from a measurement. After the
first attempt and the results differ from that expected, the
next step is clear. In many cases it becomes all too clear
that it is not possible to obtain all the information considered
in the original experiment. In a scientific measurement it
is probable that the approach may be altered. For engineer-
ing measurements it may be too costly in time and money to
make more than minor changes in the research program.

The general approach to making a second step after
the first has failed is to examine the results. A decision
is made as to why the results differ from what was
expected. The second cut at the measurements alters
the original approach to correct for the assumed error
in the first attempt. After many years of making
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this second step, the author has come to feel that it
is of only minor importance whether the assumed error
was the correct one or not. The important step 1s to
do something. Usually, when one part of the measurement
is altered, something new turns up and an insight to the
actual problem becomes clear. This should not be taken
to imply that everything is cleared up after the second
try. Actually, it may require a dozen second steps to
get to an acceptable result. With each second try the
experimenter must readjust his thinking from the pessi-
mism of the last result to the optimism of the next try.
A special attitude is apparently necessary to jump back
and forth so quickly. Some very excellent people fail
as experimental researchers because of the inability to
shake the pessimism of the first failure. Too close a
look at any engineering type measurement will turn up a
large number of uncertainties. The important thing is to
get what ever can be obtalned from the experiment and
clear up the uncertaintiés as they arise.

In planning a measurement it is not possible
to account for all the problems that might arise. One
should take an approach which might best be described
as "quick and dirty, but not too dirty". In other words
a quick experiment set up at a minimum of expense will
show exactly where the major problems will occur. One
can usually foresee most of the problems that might
arise, but to know just which one will require special
consideration is almost impossible. Thus, one can adopt
an approach of "leave it alone and it will go away by
itself", and then handle only the problems that did not
g0 away. It is always some simple little problem that
was thought about, but considered not important, that
comes up to give the most trouble.

B. The Measurement.- Each measurement may be
broken out into a series of individual steps. Figure 1.1
shows a block diagram of one possible division of the
components.,
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to be
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C 1

Figure 1.1- Block Diagram of a Measurement

The sensing element may be a probe, as shown
in figure 1.1 or it might be a beam of light. We shall
term the sensing element as a transducer if it converts
the quantity sensed into some other form of output.

For example: A thermometer composed of a liquid in a
glass tube converts temperature to a height. The main
object of this course will be to study the possible
transducers that can be used to sense the quantities
encountered in fluid mechanics. The problems of evalu-
ating accurately each aspect of how the transducer
responds to a given quantity; what other factors affect
the transducer; how the transducer effects the guantity
measured; and many related problems will be covered.

In order to fully develop the measurement
concepts it is necessary to first look at the overall
block diagram. A sensing element is of value only if
its output can be gotten out of the test facility, and
then reed on some device that can be calibrated. The
linkage between sensor and readout cen be very important
to a measurement. The linkage will depend on the specific
sensing element, so it will be considered with the
discussion of specific transducers.

The readout is the major factor in every
measurement., Although the sensing element will determine
whether a quantity can be sensed, the readout must be
able to detect the sensor output or no measurement can
be made. For example if a pressure transducer puts out



25 millivolts at 0.01 psi, what is the lowest pressure
that can be read? The answer is of course a matter of
how low a voltage can be measured. Although, the
present course is mainly concerned with fluid mechanics
measurements, the first subject must be the readout
system.

C. Observation, Readout and Record.- In any
scientific undertaking the first step is to observe.
Before undertaking a measurement it is equally necessary
to observe. In fluid mechanics visual observation is
usually the first step. In both liquids and in gases it
is a good idea to first try to visualize the flow patterns
before making a measurement. Visualization can be made
in many ways, such as the introduction of smoke or dye
into a fluid. A recent technique for water is to use
hydrogen bubbles as tracers. One of the simplest
techniques is to employ tufts of flags of string to
indicate the direction of flow. Equally important are
the many possible techniques that have been developed
to indicate flow effects along a surface. Lamp black is
a common material employed to indicate regions of large
and small shear. Surface wetting and evaporation indi-
cators are good methods of visually observing the mass
transfer at a surface, Colora changes are employed for
indicating diffusion over surfaces, such as that used
in indicating acid and base solutions by a change of
paper color from blue to pink.

The present course is mainly concerned with the
physical measurement, so that no detailed consideration
of flow visualization as such will be made. Specific
areas, such as Schleren optics, will deal somewhat with
flow visualization, The present area must consider
mainly the basic elements outlined in figure 1.1.

For the Readout System, which it appears must
be selected at the same time as the sensing element, we
must consider all possible types. The different types
of readout systems will be covered in detail in the
second chapter, even before the transducer concepts are
considered. The readout may be considered a black box
into which a signal proportional to the quantity to be
measured is put. The output of the black box is in
some form that can be read visually. In all common
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readout systems the output is a physical movement which
is calibrated to be sensed by the eye. BSome special
cases might be a change in color to measure temperature
or the newer voltmeters which actually print out numbers.
However, the basic system that will be found in the
laboratory is still a physical movement, such as a meter.
All electrical meters depend on & mechanical linkage to
glve a reading on a physical scale. Only the cathode-ray
tube obtains its deflection by pure electrical means.
Even the digital voltmeters depend on some form of me-
chanical switch to produce the direct reading numbers.

In general then, all readout systems are in the final
step reduced to roughly three types of physical quantities.

1. A Linear Displacement.
2. An Angular Displacement
3. A Numerical Count

Philosophically, man has only one quantitative sense,
that of sight, and this sense requires special training.
Thus, the final readings are produced by some kind of
mechanical link to render the result readable to the eye.

A study of the design instruments, as such,
must devote a good deal of time to the problems of
mechanical readouts. The best systems are those with'
no friction. Unfortunately, mechanical movement does
not occur without friction, so the next best approach
is an instrument with minimum friction. One means of
minimizing friction is to restrict the movement of the
mecehnical readout. This minimum movement requirement
leads directly to the concept of a null system. For
example : the beam balance can be made very sensitive
by employing knife edge bearings to minimize friction
and also returning the final reading to its original
null position. By employing a null gystems, such as
the beam balance, large magnitude quantities can be
measured by indicators that can only detect a small
fraction of the actual megnitude. ( i.e. The beam
balance may easily measure hundreds of grams, while
scale deflections marked on its scale are in millionth
of a mo) .
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The Advantages of & Null System are:

No non-linear effect are introduced due to a
change in the equilibrium poeition of the
indicator.

Forces are in balance the same as before the
neasurement began, so there is less likely-
hood of disturoing the quantity being measured.

The finel null detector can be made much more
sensitive than the magnitude of the guantity
measured.

The disadvantages of null systems are:

Requires & mechanical adjust, which is less
convenient than a direct reading.

The cost of a null system will in general be
greater than the simplier direct reading
instrument.

The most accurate measurements will almost always be
made with some form of a null system.

Modern readout systems will almost all employ
some form of Electronics. The basic requirement for the
research engineer employing electronics will not go be-
yood ohms law, E«IR, and some of the simple resistor
current-voltage rules. The advantages of electrical and
electronic techniques are impressive:

1. Speed of Response L. Sensitivity
2. Versatility 5. Recording
3. Economics 6. Transmitting

The main disadventages have to do with the abilities of
the research personal to uaderstand and properly operate
the instrument.

D. The Starting Point- Standards and Calibration, -
Before a measurement can be made, some agreede unit
must be assigned to the guantity to be measured. In
this day and age there is usualiy no question to the
units, other than an inmaterial selection of whether
metric or English measuring units are to be used. The
bext step is to setup the measuring system so that its
output can be related to the required units. If two or




8

more readout instruments are required it is extremely
important that they agree in the finel result. For
example; if two electrical readouts are used to evaluate
voltage and current, they must be so related that ohms
law ( where it applies) can be checked. Thus, the major
step in setting up an experiment is to establish stand-
ards end aline the measuring system to meet the standards.

The National Bureau of Standards has the task
of maintaining standards for the United States. All
standards are defined in terms of three basic standards;
length (meter), time (second) and mass(kilogram). All
other physical quantities, such as electrical values,
can be derived from these three standards. The time
standard has been greatly increased in accuracy in
recent years, inorder to meet the requirements of space
exploration applications. Figure 1.2 shows, for example
the improvements in the accuracy of the ¥.S. frequency
standard over the last forty years.'

Research Laboratories maintain a set of secondary
standards, which are traceable to the Bureau of Standards.
The degree of quality employed in the secondary standards
will, of course, be determined by the accuracy of measure-
ments required. Once the readout instruments are
calibrated with respect to a laboratory standard, the
sensing element must be calibrated with respect to the
guantity it measures. If the sensing element is to
measure temperature, it must be placed in a know temperature
and the readout recorded as & function of temperature. This
requires that a standard for temperature be present in the
laboratory. Likewise calibration standards must be
established for each guantity. That 1s measured, such
as pressure, velocity, length, -density, etc. Density,
for example might be obtained indirectly from other
standards. The establishment of a means of calibrating
an instrument for use in an unknown flow can, and usually
does, require many more hours of effort than that required
for the final measurement.

1Pcm.rell, R.C.; Accuracy in electrical and radio measure-
ments and calibrations, B65. NBS tech. note No. 262-A, 1965
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The performance of many sensing elements can
be calculated from theoretical considerations. Thus,
it is possible to find cases where a minimum amount of
calibration is required. A pitot-static pressure probe
is commonly employed to measure air velocity without
calibration. While such practice cannot be justified,
experience has shown that the uncertanity in this instru-
ment are quite small. Thus, the degree of calibration
becomes a matter of experience. However, in no case can
the absence of calibration be justified. Certainly, if
we wish to make a measurement accurate to 10%, then the
degree of calibration can be lower than if the accuracy
is 1%. In some areas of measurements we are still trying
to develop instruments that can be used to evaluate
quantities within one oreder of magnitude.

E. Sensibility and Accuracy.- The performance of
a physical measurement by use of instruments and operation-
al steps must take into account the inaccuracies contributed
by each step. When an electronic operation, such as
squaring a signal, is performed it must be done at the
expense of signal amplitude. Thus, an experimental setup
must take both sensibility and accuracy into account.
In order to conslder sensibility we first consider the
concept of sensitivity. Let Figure 1.3 represent the
relation, between instrument input and output.

Output, q

Input, q

Figure 1.3 Relation Between Input and Output of
An Instrument.
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The overall sensitivity S is defined as
dg

8% ot (1.1)

Thus, S5 is the slope of the curve of figure 1.3, which
may vary as the input, gq. An ideal instrument is one
for which a one to one relationship exists between q
and q_, that 1s 5 = 1. The sensitivity will depend
upon sensing element, transmission and readott
system. The sensitivity of the system will be the
product of the sensitivity of the individual components.

8= 5, 5,"*** 8n (1.2)

The sensibility of a given system must consider first
the magnitude of the input signal and then reduce it by
the resulting value of S obtained from equation (1.2).

If the sensibility is adequate so that a reading
is possible on the readout system, then we will next
consider the errors.

An ideal instrument reading mey vary from the
true input value due to errora.

B =G s Qe (1.3)
Instrument erTors are divided into random and systematic errors.
dq, = Bq .. + 04, (1.4)

where aq mpresen‘ts the systematic error and aq

represen‘t.a the random error. Random errors are by
definition equal likely of being positive or negative.
Thus, the aversge of a large number of measurements
should reduce the random errors to zero. Random errors
are caused by: scale interpolation on the part of the
observer for both calibration and measurements; single
events which cause physical effects in the instruments
( such as friction, temperature fluctuations, voltage
fluctuations, etc.s.

Systematic errors are defined as definite effects
that are repeatable under a given set of conditions.
Typical systematic errors arise from such things as:

Scele errors which arise from calibration or shifts of
scale due to damage or over extension of the readout
mechanism; Environmental errors which arise from such
varables as temperature ( could ceuse an expansion with-
in the instrument) or humidity; interaction of the



12
sensing element with the quantity being measured and

response of the sensing element to quantities other
than the one being measured: Dynamic errors which arise
because the instrument cannot follow the speed of the
change in the quantity being measured. In all cases i*
is possible to correct for systematic errors through
calibration, control and adequate calculation of
environmental variables. Proper understanding of the
dynamics response of the system can make it possible

to either avoid measurement where the instrument does
no respond of correct for the response. Interaction
between the sensing element and the quantity being
measured can be predicted and corrected,for if the
phyeics of the sensing element is completely understood.
The correction for systematic errore can be presented
as a quantity k that is subtracted algebracally from
the final readings, g

Xeg -k (1.5)

Thevalueofkwillingemmlbeafmctionotqs

although for some systematic errors it mey be &
simple constant.

The accuracy of a measurement may now be
defined as I‘:"q |

1 - —35 (1.6)

9

The absolute value of Aqg, is used in order to
keep the accuracy less than or equal to unity. Note
that instrument errors may vary with g, so that
various conventions may be used to specify the accuracy
of a given instrument. Two modern conventions are to
state accuracy in terms of the local reading, Q-
or_in terms of the full scale value of . Fof the
local reading case, shown in Figure 1.4 the accuracy
remains the same at all values of q_. For the full
scale case the accuracy decreases q decreases.
For most meters the b) case is found t8 be true, so
that it is desirable to measure at the full scale
value of the meter at all times. Note that the

accuracy is dependent on the systematic errors only.
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Accuracy

q
a) Local Reading
I”
-
-~
« f
Accuracy
rd
-
q
b) Full Scale

Figure 1.k,- Accurecy of en Inetrument.

The random errors enter into the precision of a measure-
ment, but not into the accuracy of the instrument. The
terms which are employed to discribe instrument performance

are:

Range: A statement of the maximum and minimun
values of the scale indication, in units of the
varieble being measured.

Span: The absolute value of the algebraic
difference between the maximum and minimum
values of the scale indication, in units of
the variable being measured.

Sensibility: The smallest change in the
variable that can be detected reliably by
the instrument. In mechanical readouts,
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sensibility is most often determined by
backlash and friction. In an electronic
instrument such as a cathode-ray oscillo-
scope, sensibility may be identical with
readability.

Reproducibility: At any point on the scale,
a term representing the average deviation

of scale reading from the average value of
scale indication, upon repeated application
of the same value of tae quantity being
measured. The reproducibility is a statisti-
cal quantity, and its numerical value is
often the same as the sensibility.

Readability: The smallest change in scale
indication that can be detected under normal
conditions of use. The readabity of an
instrument is often made better than its
reproducibility, in order to reduce personal
errors in reading the scale.

The sensibility, reproducibility, and readability are
not alvays mutually exclusive, nor are all the terms
alwvays applicable to an instrument.

F. Statistics of Messurements.- In every
measurement we must always seek to define the true
value of a quantity. If a set of n readings Xy,

Xy, X3, ...X;, are made, ( free of systematic errors)
then these readings must have a mean value which
approaches the true value

lim p 4

dmp e kg

n-+=< j=1 n q (loT)
The mein problem will be to form an estimate of q from
a limited number of measurements. In prectice it has
been found that random errors vary around the true
value by a curve defined by the Gaussien Distribution
Function

y(x) = ke~h'%’ (1.8)
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where x is the error in a measurement X, y(x)
is the probability density function, and h is
associated with the percicion of the measurement.
Analysis of equation (1.8) will show that the most
probable value that can be obtained from a finite
set of measurements is the mean of the set. The
Goussian distribution can also be employed to arrive
at an estimate of the standnrd deviation of the
measurements. The standard deviation is defined as
root-mean-square deviation of the average measurement
from the mean value. The standard deviation is a
useful measure of the precision index of a set of
measurements. The following procedure can be applied
to compute the standard deviation. Choose an estimated
mean » which gives & set of estimated deviations
Xy - 4] Since Y 1is selected, the deviations’
are tabulated and are smaller in magnitude than the
original reedings. The true mean is

X =ivgl(xi = !) o
e (1.9)
the standard deviation is given by

Ex, - 02
et - x-% (1.10)
n :
More detailed definitions of, such quantities, as
the most probable value and its standard deviation,
are to be found in the literature.

least Squares Curve Fitting.- In the previous
discussion we were concerned with the best values for
a single quantity. For many measurements, particularly
in calibrations, two physical quantities x and y must
be related. The present discussion is for the case
where a linear relation y = ax + b, is known to exist
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between the two gquantities. By some means we must
determine the best value of a and b for a given set
of experimental values, x, and y . To simplify the
problem the assumption isimdn that errors occur only
in the measurement of y.

The error or y deviation for the point (x; ¥,)
is

by, =y, ~8x -b (1.11)

The best estimate of the true value is that value that
minimizes the standard deviation. Thus, we seek the
value of a and b that minimize the sum of the squares
of the y-deviation.

n

e %
j;; (y; - ax; - b)? = minimum (1.12)
Betting the partial derivatives of equation (1.12) with
respect to a and b equal to zero and solving for a and
b will give the required minimum, With respect to a

2 n
.ExAyi -a%x. - b Xx =D

1:1° 1 1 $al A (1_13)
with respect to b
" n
LYy - 8% b =0 (1.1%)
Thus
a = BENGY; - Ixgly, Exily; - Ix;Ixgyy {1.15)

- S by = 2
ani inin ani _-Exiixi

If'bisknountobeze?,tbon
X
171

as=
ks
i
The standard deviation of the y measurement is

a,= /i 23w (1.17)
n

(1.16)
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The standard deviation of the parameter a is

n
a= \fm Oy (1.18)

The standard deviation of the parameter b is

a
L Lx; a.
b ‘\’nﬁ’:sz =2 EK: El'j Y (1.19)

and for b = 0 =
MW T S g
Specification of errors.- Many engineering
measurements are of the single-sample type, where a
distributien of errors is not determined. Kline and
McClintock' propose that uncertainty interval based
on specific odds.

m*w (btol)

where m is the jreading (arithmetic mean of the
observed reading), w is the uncertainty interval,
and b is the odds. As an example

pressure = 50,2 £ 0,5 psia(20 to 1)
This states that the best value for the pressure
is believed to be 50.2 psia and the odds are 20 to 1
that the true value lies within #0.5 psia of this
best estimate, This is a statement of the experi-
menters experience.

The error in a given experiment may depend on
several measurements. Kline and McClintock compute
the most likely error in the resultant quantity, R,
as a linear function of the n independent variables
by the following relation

"R =[{g-:"‘)l* (g’\%"‘&)li“ ¥ “(%ﬁw,.)l] % q.o

Equation (1.21) is also of specific value in evalua-
tion of the accuracy required in each individual
measurement, v_, inorder to obtain a given overall
accuracy for the yalue R.

1Kline, 5.J., and McClintock, F.A.; Describing
uncertainties in single-sample experiments. ASME
Meeh. Engr. p.3, 1953.
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CHAPTER II

READOUT CONCEPTS

The discussion of Chapter I polnted out that
the final stage of readout of almost every instrument
ie a mechanical link. However, for the present chapter
we will consider readout systems from a standpoint of
what is being measured. This means that meters used in
electrical measurements are considered as part of the
section on electrical readouts. At the outset the con-
cepts of certain classes of measuring instruments and
principles are considered, without specific reference to
a particular make of instrument. There are of course
many special readout instruments designed for a specific
readout epplication. No attempt is made to survey the
specific application, nor to proceed beyond the fundament-
al concepts. In modern fluid mechanics research a great
number of electrical measuring instruments are employed.
Mechanical and optical instruments also find many applica-
tions in fluid mechanics measurements,

A. Electrical Readout.- The use of electrical
readout systems in experimental measurements is increasing
each year. Simple measurements of such quantities as
pressure and temperature were exclusively mechanical
readouts a few years ago. Now both pressure and temper-
ature, through transducers, are quite commonly measured
with electrical readout equipment. Thus, electrical
systems are & major part of fluid measurements. The
section on electrical readout is divided into three parts;
first the direct current quantities of voltage, current
and resistance are covered; second the alternating quanti-
ties of voltage and current are covered; and last the
concepts of automatic recording with electronic systems
are reviewed.

Direct Current Measurements.- There are six
electrical quantities which enter into electrical measure-
nts. (1) charge or quantity of electricity; (2)current;

3) potential difference, or electromotive force;
resistance; (5) capacitance; and (6) induction. The
first four quantities appear in direct current type
measurements. Of the four, current, potential difference
and resistance are of major use in fluid mechanic measure-
ments. The basic instrument for measuring direct current
is the galvanometer. The principle of operation of e
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galvanometer requires the interaction of two magnetic
fields, one of which corresponds to the current to be
measured. The current produces a magnetic field which
interacts with a fixed magnetic field to produce a dis-
placing torque. The displacing torque is usually restored
by the action of an elastic mechanical linkege. The
modern d-¢ galvanometer is usually of the d'Arsonval type.

The moving-coil d'Arsonval galvanometer employs
a coll ( usually rectangular in shape) to carry the current.
The c6il, which may contain any number of turns is free to
rotate about its vertical axis.

Mirror

—

Magnet

-

Coil

Elastic
torque

f-b-+
N S

Top view
Figure 2.1- A Moving coil d'Arsonval Galvanometer

Figure 2.1 is a sketch of & typical galvanometer arrange-
ment. The coil is allowed to move in a radial path

within the horizontal magnetic field of a permanent

magnet. Current through the coll causes the coll to rotate.
The rotation is opposed by the elastic torque of the
supporting suspension. For very sensitive galvanometers
the reatoring torque is usually supplied by torsion of a
taunt wire used to support the coil. For commercial

meters the torque is supplied by & hair spring.
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The force acting on a vertical element (df )
of wire carrying a current (i) in a uniform radial hor-
izontal field B is

dF = 1Bdl (2.1)

For a length L of the vertical side of the coil and N
turns of wire in the coil, the force acting on the coil
side is

F = BiLN (2.2)

and for a coil of width b the total turning moment
(torque) is

o -. BNLbi (2.3)

vhere now BiLb is a constant for the. galvanometer.
For a suspension with an elastic constant the current
torque will produce a rotation of the cell to an
equilibrium position © , such that

£ =a : (2.4)

where G = BNLb. E is a function of the modulus of
elasticity of the suspension material. }'he current
sensitivity of a galvenometer is g _ 9/; _ G/

i .

The detailed equations that govern the motion of gal-
vanometers is given by Harrisl. It should be obvious
that the coil can swing wildly if provisions for
clamping are not included in the design.

The read out of the moving coil may be a light
beam reflected from a mirror mounted on the suspension,
or in the case of a meter a pointer is mounted on the
coil .to indicate directly the rotation of the coil.

- Hu‘fis « K.: Electrical Measurements. Wiley and Son,
N. ¥. (1
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Figure 2.2 - A Moving Ceoil d'Arsonval type meter

Figure 2.2 is a sketch'of a typical commercial d'Arson-
val galvanometer. Mechanical friction arises in meters
as a result of the need to mount the moving cdll in
bearings, The bearing system is designed as near fric-
tionless as possible, so that it will not affect the
action of torque or counter torque. The instrument
spring must be designed so thi&t no inelastic yield can
occur. The spring must not be magnetic or cha:ge with
temperature variations. In many meters the spring may
also serve as an electrical lead to the coil, so it must
be a good electrical conductor.

In the absence of damping the swinging coil
oscillates with a simple harmonic motion about the
equilibrium position. Details on the darping of galvano-
meters are given by Harrisl and can not be covered in
the present discussion. However, some comments on one
form of dissipative damping, that of solid friction, are

1 Toi4
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necessary. Solid friction is always unavoidably present
in the instruments bearings, thus it must play at least
a small part in bringing the system to rest. The in-
strument will have a torque force F due to the friction
which will limit the accuracy of the final reading.

o N

LI TR ...__.-._\.:/L__,T.z,_

&P

Figure 2.5 - Effect of friction on the reading of a meter

Consider the sketch in figure 2.3 where a galvamometer
is oscillating around the equilibrium reading. We assume
the oscillation is damped by external forces so that it
approached its final reading 60 . However, once the

momentum of the oscillation is smaller than the friction
force the movement stops. The angle f that corresponds
to the friction "dead zone" will be _'f'f'::-g . Thus,

an individual reading of the meter can only be as good
as the error due to the friction f . The error due to
friction can be either positive or negative, so it rep-
resents a random error. This frictional error can be
overcome by taking many readings after the system is set
into oscillation and allowed to return to equilibrium.
It is not uncommon to see an experimenter tapping on a
meter to insure that a proper statistical reading is
obtained.
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The galvanometer requires a flow of current to
produce a deflection. Thus, when a gnlvanometer is em-
ployed in a circuit it has a direct effect on the circuit.
In other words the voltage and current measured for a
given circuit will be different when the galvanometer is
rcemoved. The ideal measuring device will have a minimum
cffect on the circuit, so that a device is required which
does not draw current from the circuit. BSuch a davice
is the potentiometer— . The potentiometer is a null
measuring device, thus it draws only the very minimum of
current from the circuit to be measured.

[&—— Unknown voltage

Calibrated
slide-wire
resistor

Balance
. Galvanometer
Accurately
knovn voltage

Figure 2.4 - Simple potentiometer

Figure 2.4 shows the simple porentiometer circuit. In
order to understand the circuit one need only know the
Principle of voltage division by a resistor. Consider
the current flowing through a resistor, such as the slide
wire resistor of Figure 2.4. The current is constant in

The potentiometer principle was first described by
Poggendoff, Am, Phys. u, Chemie, Vol, 54 (1841), and is
refered to as Poggendoff's compensation method.
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the resistor so that the voltage drop to any point in the
resistor is a function of the resistance according to
Ohm's law, E = IR. Thus, as the slide wire is moved
along the resistor the voltage drop increases. A known
voltage source and a balance galvanometer is placed in the
slider arm circuit. When the unknown voltage drop across
the resistor matches the voltage from the known voltage
source the galvanometer is in balance. In this way no
current flows from the measuring circuit to the galvano-
meter. A sensitivity galvanometer is employed to indi-
cate the balance or null point. From an accurate knowledge
of the potentiometer components the unknown voltage can
be determined. Very accurnte commercial potentiometers
are employed as secondary laboratory voltage standards.

A special standard cell is employed as the known voltage
source. For field measurements in the laboratory, por-
table potentiometers are employed, and a standard voltage
cell is used to set the known reference voltage of simple
commercial dry cell batteries. The dry cell batteries

are employed for the measurements, and they in turn are
adjusted to the standard voltage cell voltage as required.
The slide wire can be calibrated directly in volts, so
that the instrument can be read directly. Automatic self-
balancing potentiometers are commercially available.

The potentiometer measures voltage drop, thus
to measure current a resistor is employed. By measuring
the voltage drop across a known resistance the current
can be calculated from Ohm's law T = E. Figure 2.5 shows
a typical potentiometer circuit that gight be employed to
measure an unknown resistance. A standard type resistor
is employed with a potentiometer to measure the current
flowing in the circuit. The voltage drop across the
unknown resistor is measured with the potentiometer, and
the resistance is computed from Ohm's law R = E.

1

To correctly measure resistance it must be
determined that the current in the circuit does not
affect the resistance. In general, current flowing
through a conductor will heat the conductor and produce
a change in resistance. As a result it is desirable to
measure the resistance with a minimum amount of current.
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L
Unknovm known
resistor resistor
A
Potentiometer Potentiometer
to measure to measure
voltage current

Figure 2.5 - A potentiometer circuit for measuring
current and resistance

At accurate measurement may require that a curve of
resistance versus current be obtained so that the re-
sults can be extrapolated to a zero current.

A practical potentiometer circuit for use with
severgl resistance varying transducers is shown in
Figure 2.6. This circuit is employed for steady state
measurement such as ion beam studies with the hot wire
calorimeter. In general, a potentiometer circuit would
not be used in high frequency measyrements. More will
be said about high frequency effects in the section on
alternating current measurements.: :’
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i

[Resistonce- Teamp —
Elewen 10mm 0.1 %
¥
‘Polentiometer to J I_ Potentiometer lo
Meosure Obtain Circuit
Vet Current
tese Accurately

Figure 2.6 - Practical Resistance Measuring Circuit.

The Wheatstone bridge.- The basic circuit
that is widely used for precision measurements of
resistance is the Wheatstone bridge. The circuit
diagram of a Wheatstone bridge is shown in figure 2.7.
Rl’ Rz and R} are known precision resistors, and Rx is

——t|f|.—f;ﬂ—

Figure 2.7.~- Schematic
Wheatstone bridge circuit.
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the resistance-temperature element. The galvancmeter
@, with its resistance R,, is inserted across terminals
b and 4 to indicate the fondition of balance. When the
bridge is balanced there is no potential across termi-
nals bd, and the galvanometer defection is zero. This

means that the voltage drop (E,) ncro- botulan p
points & and b, is the same as bﬂ
across R,, between points a and d. Idhwlu,

!x must equal.
o ke s e (2.5)

or from Olm's law
Lt . L= §86

Dividing the voltage drop across l\h:nd .hh, the
respective voltage drop across “n

Lt s el (2.7)
< TR S =

2 -3 (2.8)

x
.l

When the bridge is balanced. The curremt through Rx is

Sl (2.9)
= I .
R )

Equations (2.8) and (2.9) are used extensively in
resistance-temperature applications.

For the measurement of an unknown resistance,
one of the precision resistors, say R,, is exchanged
with other known resistors until the fridge is
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balanced. Commercial Wheatstone nridpe units are avall-
able to make the measurement of unknown resistance quite
easy. In heat transfer applications of the Wheatstone
bridge the "cold" resistance of the element is usually
determined by the potentiometer method, and then in-
serted into the bridge. The current T of the bridge is
increased until Joulean he=ating increases the
resistance (temperature) of the element sufficiently to
balance the bridge. The resistors R., Rz,and are
able to pass a greater amount of cur%mt than the
s'nsing element without becoming heated, so that only
the resistance of the element changes with the current.
By maintaining the bridge at balance the temperature of
the element is kept at a constant elevated temperature.
Pre-selection of the resistors Rl, Ra, and determine
exactly the temperature at which the element is
operated.

The current flowing through the balance
detector galvanometer at time of unbalance will be

I, (RjRs - RyR)

IG-Tcﬁl‘”Rz*Rs*Rx}*fﬁz*ﬁxJ (R, + R5)
(2.10)

and the total current into the bridge is approximately

L E (2.11)
E C R. . R +R Ry + Fx
1t R + R3 + Ry
The bridge sensitivity expressed in terms of
the unbalance voltage per volt applied to the bridge is

ng—é'--.'%n_(j@- (2.12]_'
Y +1)2

and in terms of unbalance current per volt applied to
the bridge
AR

P - O S (2.23)
E Roe 4R +RytRstRx
r+|
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vhere T=(R;/R).

For accurate measurements of small changes in
reaistance, which might be encountered in resistance-
temperature calibratiors, the high regolution Wheatstone
bridge shown In figure 2.8 may be employed.l Each of
the resistors except was made from a parallel combina-
tion of several 1% deptsited carbon resistors. ll, iz a
0.1% linearity multi-turn variable resistor. The
particular bridge reported on had reslistor values that
permitted spanning a 2% range around 129 ohms with a
resolution of 0.002%. The variation in balance condition
with Ry 18

we-@)f (] ew

Ir is sufficiently larger than this series can be
terminated after one or two terms, d an approximately
Ainear variation of balance with Ra is obtained.

:I[‘.—

Figure 2.8 - Schematic dimgram of a high resolution
Wheatstone bridge.

The Kelvin bridge is a specialized version of the
“heafstone bridge. It is so constructed to reduce the
effeets of lead and contact resistance. This is done
by effectively placing relatively high resistance ratio

1

McGraw-Hill Encyclopedia of Science and Technology,
MeGraw-Hill Book Co. N.Y., (1960)
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Rs >Re’
E— R R
-]— ?0 ] s L ‘
—@—M—- ﬂbﬁ' ’ Ry Ra.
Rs = Ry + Ra +Kp

a°
A
‘.'. A
=
-

t_ ks
B & Ry +Ra T g

o ¢ - Raf
w % Ryt kv

Figure 2.9 - Schematic diagram Figure 2.10 - Equivalent
of Kelvin double btidge. Wheatstone bridge circuit.

arms in series with the potential leads and contacts of
both the resistance standards and the element to be .
measured. The circuit is shown in figure 2.9 slere Rg
and are the main ratio resistors. R_and the
auxillary ratio resistors, R_ the elemefit to b measured,
Rs the standard resistor and a heavy copper yoke of
low resistance connected betwetn the unknown and standard
resistor. The equivalent Wheatstone bridge circuit is
shown in figure 2.10 (see reference 2). Using an
analysis similar to that for the Wheatstone bridge, the
relation for R - at bridge balance is

Ru= Bafe o 0 (e ) (B BY)

(2.15)

2 .
Eklund, K: Rev. Sci. Instr., Vol. 31, (19 )




Re Ry gl
I ﬁ; = &then the second term of equation (2.15) is

zero, and

.16
Rx=%§Rs (2-36)

The Kelvin bridge requires larger total cur-
rents than the Wheatstone bridge during the measure-
ments. Care must be taken, however, to insure that the
current through the element to be measured does not
cause measurable Joulean heating.

The Kelvin bridge sensitivity expressed, as also
used for the Wheatstone bridge, in terms of the unbalance
voltage per volt applied to the bridge is

- el AR
Se: WA Rirh T (2.17)
(r+1)
and for detection current
EC48)
S - (2.18)
I~ Es ,Ra+Re+RatRb
()™

A typical Kelvin bridge circuit employed in hot
wire heat loss measurements is described in reference 3.
Improvements over both the Wheatstone and Kelvin bridge
can be made by the addition of more resistors at the
bridge "corners." These circuits become very complex
and would only be employed where great precision is
required. hBridges used at the National Bureau of
Standards for resistance thermometer measurements are

)

Lowell, H.H.: NACA TN 2117, (1950)

L

Muller, E,F,: Precision Resistance Thermometry. Temp.
fts Meas. and control in Sci. and Ind., Reinholt, N)Y;
1955)
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improvements on the Kelvin bridge. An exacting analysis
of multiple-bridge circuits for measuring small ¢

in resistance is reported in reference 5, and should be
consulted if the Wheatstone and Kelvin bridges are not
accurate enough for a particular application.

’ Warshawsky, I: NASA TW 1031 and Rev. Sci. Instr.,
vol. 26, (1955)
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AlLernating Current Measuremenls - Alternating
current measurements can be mnde in several possible
ways. To define a random nlternating signal requires
more than any sinpgle measurement. Thus, several dif-
ferent measuring instruments are often employed. If
a sine wave type alternating signal is to be measured
only two quantities, frequency and amplitude, are re-
quired to completely specify the signal. For the
random signal a single frequency has no meaning.

An alternating current may be defined as shown
in figure 2.11.

ATERNATING ConrRenNT FLUCTVATION
AROUNG THE Mean DC Vurnge

Eu' - § — —
w
W] Direcr Correnr ComronENT
g OF I™E VorrmGa
=
ai
>

Time

Figure 2.11 - Definition of An Alternating Current

The alternating current is the fluctuation around the
direct current component. Thus, a signal may have both
a mean and fluctuating part. The direct current
measuring instruments are damped so that they can
respond only to the dc component, and not to the voltage
fluctuations. The de component is defined by the ex-

pression. :
En= 4.-[&'# (2.18)
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Thus, the mean of the ac component will correspond to
the mean de voltage. For convenience the ac and de
components are treated separately, so that by definition
ve look at an ac component and refer to its mean value
as zero. In other words we will consider an ac voltage
as if it had no dec component in the following discussion.

There are several ways that an alternating cur=-
rent signal mey be measured. Typical readouts to be
found in the laboratory include:

1. Rectified Mean Value
2. Peak Value
3. Root-Mean-Square Value

The first two readouts are of major interest in the
measurements of periodic signals only. The root-mean=-
square is the only one of interest in evaluating random
signals. The present approach of measuring in fluid
mechanics requires that the magnitudes of a signal
usually be expressed in terms of r.m.s.

The commercial ac voltmeter usually found in the
laboratory is for sine wave measurements only, although
it is calibrated in r.m.s. These conventional ac
voltmeters use a circuit which amplifies the incoming
signal and then rectifies it. The signal is then
averaged by a circuit such as gondenser-resistor in
parallel. The schematic of this type of circuit is
shown in figure 2.12.

° i Rectifier
£

Input
Output
neter

Firure 2,12- Coaventional AC voltmeter,
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For a sine wave it will be shown that the average is
related directly to the r. m.s. by a constant. Thus

the meter output of the circuit may be calibrated

either as an average or as the r. m. s. of a sine wave,
This type of circuit is typical of a great number of
commercial ac voltmeters.,

Rather than cover the details of the circuit
design, the discussion is limited to the ability of the
circuit to evaluate a random signal. Several
researchers have reported using this type of voltmeter
to evaluate turbulent signals, They have suggested
that at most the error is only 1.1l which is the factor
between the average and r, m. s. of a sine wave, Unfor=
tunately, the error proves to be a function of wave
shape and can be many times greater than the factor 1.11.

Consider a complex wave of the form;

& = Elsin[mt + ¢;) + Exsin(2ut + ‘:’23 + ..Ensin[nmt +¢))
(2.19)

Where E is the amplitude of the components. The effec~
tive r, m.s. value of the wave is

‘\/:E=VE§+E§+ ..E:l (2'20)

Thus for a pure sine wave
Vol = 52- = 0.707E

The ratio between the r. m. s, and the average is
.707/.636 = 1.11, Evaluation of EAYy for other than

a pure sine wave is necessary for the case of a random
or turbulent signal, Figure 2,13, shows the effect of
considering the second and third harmonics on the rela=~
tion between average and r, m, s, values, The second
harmonic does not lead to large deviations, The
harmonic which causes the greatest deviation is the
third harmonic. The third barmonic causes a deviation
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Figure 2.13 - Range of errors due to second
and third harmonics in a signal.

of about 33 1/3 per cent of its component percentage.
The fifth harmonic can cause a deviation of 20 per cent
end the seventh 14.3 per cent of its component percent-
ages.

The analysis demonstrates that the correlation
between the average and the r.m.s. can be a strong
function of wave shape. For unknown wave shapes a
"rule-of-thumb" is that the reading in r.m.s. is no bet-
ter than one third the total harmonic percentage. Even
a filter spectrum instrument which looks at a narrow
band of frequencies cannot always be read on an average
meter and related directly to the r.m.s. A fluctuation
in the amplitude of the frequency out of the filter is
equivalent to higher harmonics which can then produce
large deviations between average and r.m.s. It was
discovered that a particle turbulence signal was great-
est affected at the low frequencies and only to a much
lesser degree at higher frequencies, However, this may
not be generally true, since the "typical" turbulence
signal is difficult to define.

There are several possible ways in which a true
r.m.s. voltage can be measured. The dynometer,
electrostatic voltmeters, and iron vane instruments can
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all be made to respond to the r.m.s. value of the vave
form. All of these instruments are severely limited in
one wny or another so that they are of little value for
the mecasurement of the r.m.s. of a turbulent signal.
The instruments employed to evaluate r.m.s. of a
turbulent signal fall in three classes.

1. a) The electronic r.m.s. meter is based on a para-
bolie tube or transistor chmcter%stic. This instru-
ment produces a voltage, eo i Ke”, The average output
voltage can be read on a DS0. metéP and it will be
proportional to the square of the r.m.s. value. The
more refined instruments obtained the parabolic transfer
characteristic by an approximatéon whth segments from
many tubes or transistors. A large number of segments
may be employed to keep the errors small.

b) The thermocouple instrument is based on the con-
version of electrical energy into thermal energy. The
thermal energy is measured through the use of a thermo-
couple. These instruments can be made to respond to
wide ranges of frequency from DC to tens of megecycles.
They are, however, susceptible to damage due to over-
loading, and secondly the low impedance is difficult to
mateh directly to most hot wire circuits.

¢) RMS voltmeters are also constructed using various
analog computer techniques for multiplying two variables.
In this case e = e.e,. The voltage to be measured is
fed in as botho‘\%rlab}es and the average of the output
is the square of the r.m.s. value. These multipliers
will be considered in the next part of this section.

The electroniec r.m.s. meter usually consists of a
circuit similar to the average meter circuit shown in
figure 2.12 plus an additional rectifier circuit to
square the original rectified signal.
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Figure 2.14 - True r.m.s. voltmeter circuit.

Figure 2.14 is a schematic diagram of one type of r.m.s.
rectifier circuit. In this circuit the square-law curve
is approximated by means of a number o straight line
portions. The accuracy of this type of instrument will
depend on how well the square curve is approximated. A
second factor of importance in some turbulence measure-
ment is the peak or crest factor of the instrument.

The peak factor of a signal is defined as the
ratio of the peak value of the signal to its r.m.s.
value. The peak factor of a meter is defined as the
highest peak factor of signal that the meter can accept
without overloading. Peak factors may range from 1 to
10 for commercial r.m.s. meters. To demonstrate the
effect of peak factor the idealized rectangular signal
shown in figure 2.15 is usually employed, if A is the
peak value of the signal, then the r.m.s. value is

A{t/TJllz. The peak factor is equal to [T/t)lfz.
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Figure 2.15 - Peak factor representation.
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Figure 2.16 - Kernel function for a thermocouple
voltmeter.

This means that the criterion as to how far the peaks
can be separated and the meter read correctly at full
scale depends on the square of the peak factor rather
than the peak factor itself. Table 2.1 is a compari-
son of meter readings for a ome volt r.m.s. input of
different values of



Table 2.1
Readings in Volts

Meter Peak T/'.- 1 ',‘. 2 ‘,t‘ 5 T/t' 10 T/tl 25 T,t- m Tft' 100

Pactor
X 1 ‘T 55 o1 20 .14 .10
2 1 1 .90 .62 50 .28 .20
3 1 1 1 93 .60 k2 30
5 1 1 1 4 1 T0 .50
10 1 1 1 1 1 1 1
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Figure 2,17 - Block diagram of a quarter-square
multiplier.
Peak factors from 5 to 10 are desired for turbulence
measurements, although for many cases lower values would
be acceptable. The electronic r.m.s. meters normally
have peak factors of about 5.

For peak factors greater than 5 a thermocouple instru-
ment is used. A typical thermocouple r.m.s. voltmeter
would employ an amplifier to increase the input signal.
The fluctuating voltage is applied to a highly stable
resistance material. This resistor converts the voltage
into thermal energy. A thermovile is then used to
measure the thermal energy. The output of the thermopile
can be read on a DC meter and the meter is calibrated
directly in terms of r.m.s. lodern thermocouple meters
nay employ a selfbalanciipg feedback circuit in which the
r.m.s. value (heating effect) of the input signal is
nulled with the r.m.s. value of a dc signal developed by
a chopper amplifier. The chopper amplifier output
voltage is proportional to the r.m.s. of the AC input
signal. The feedback technigue together with quick-
acting thermocouples results in a rapidly responding
meter and a linear voltage scale for r.m.s. rather than
the square root scale variation.

For turbulent measurements it may be desirable to have
a long time averaging voltmeter. Thus, a quick acting
Lhermocouple system may not be a desirable feature. The
relationship between signal voltage e(t) and meter read-
ing m(t), which are expressed as functions of time is

t
m(t)-[.K(t-r)e’me (2.21)
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where the "Kernal function" K of argueni (t - 1)
represents the behavior of the instrument. This equation
states that at any instant the meter reading is the
result of its entire past history of input voltage. The
effect of each individual past voltage is weighted by, the
kernal function, which expresses the dependency of Bbw
long ago the voltage occured. Figure 2.16 is a kernel
function for a long time averaging meter. The time :
interval over which K is substantially different from zero
is the averaging time of the instrument. The time con-
stant would be defined much as a hot wire time constant
was defined. The point where K has fallen to 37% (or
dropped off 63%) of its maximum value corresponds to the
instrument time constant.

Equation (2.21) can be further investigated to
determine the accuracy of the r.m.s. meter. Let e be a
pure sine wave

e = Esinuwt

Then for a true r.m.s. meter
—— ;s &
et = [‘f{r-r)f’ sinfwrde  (2.22)

which may be written as

T

) [FEK(t-7) -+ E* K(t-7) cos 2wT)dr

L (2.23)
The integral of the first term is proporticonal to the
area under the K-curve. The integral of the second term
is an error term which vanishes if & 18 great enough so
that a large number of cycles occur during the time in-
terval over which K is substantially different from zero.
For all frequencles satisfying this condition the meter
will read correctly, since the area under the K-curve is
a fixed quantity. Thus, for low frequency measurements
it is important that the "time constant" of the instru-
ment be long. If instead of the pure sine wave, two
frequencies were present
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e=L, Sinwlt 1’-%2 sin(w,t + @)

then it would be found that the error term is

f :‘(t +T) E; Ey [cos g‘": ra)(T- QF“;“"; f“";ﬁ"QB"l’
-

(2.24)

The resultant frequency ( W, =,) can place & much more
restricted requirement on the meter than in the pure
sine vave analysis. In particular, for narrow band
spectrum analysis where two frequencies are close
together the averaging time must be as long as possible.

Special Alternating Current Measurements -

Multipliers -

The electronic multiplier is a standard circuit
required in analog computers. Slow-speed multipliers
usually employ a servomotor-potentiometer technique.

Such serve multipliers can be made highly accurate, but
their response is limited to 1 or 2 cycles per second.
High speed multipliers have been greatly perfected in

the last few years, however, they still do not approach
the accuracy of the serve system. Although several
techniques have been employed in electronic multipliers,
it appears that the quarter-square multiplier is the
system that has been most fully developed. Figure 2.17
is a block diagram of a typical quarter-square multiplier.
Operational amplifiers are employed to obtain the in-
stantaneous values of the sum and the difference of the
two signals to be multiplied. The signals are then squared
by a circuit, such as shown in figure 2.1k. The two
Bquared signals are then summed to give an output

2 -2 =
ee =5t ———-_(9'4 2) (2.25)
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The term quarter square is derived from the form of
equation (2.25).

The frequency response of the quarter-square mul-
tipliers have steadily been increased in ihe past years.
Units capable of 4000{000 cycles -er second are now
commercially evailable. Most uniis have good fregquency
rasponse as far as signal arplitude is concerned. On ik
otiier hand the phase shift of the multipliers ars more
eritical., Phase shilt is usually troublesome at

requencies szbove 10,000 cycles. Fowever, for most ap-
niications of the multiplier in turbulence research the
»hnse shift at the hish freguencies is of minor impor-
tance. If the multiplier is used in a spectrum type
ralysis then phase snift is not of importante.

A multiplier can ve used Lo Square an individual
sicnal simply by putid sile simnal into both innuts.
Likewise higher rmonents of a signal may be obtained by
using more multipliers. Once & sigral is sguared it has
2 well éefined d.c. signal as well as an a.c. signal.
us when nigher moments are obuained with multiplier
units the d.c. level must be included and multiplied in
t!ie operation. A typical example mighi be the evalua-
tion of the fourth power of the signal. Since most
miltipliers multivly both the a.c. and d.c. components,
ten the first operation is to block any d.c. signal
from reaching the first multiplier stage. Out of the
Jirst multiplier a d.c. and a.c. signal is obtained
which is proportional to iie “Instartancous square ol the
sisnal. This ‘instanlancous squrdc signal is then Jed iy
the two inputs or a seccond mulbinlier which multiplier
both the d.c. and a.c. componenis to obtain a signal
proportional to the instantaneous fourth power. Note
or instance that the instantancous sguare signal could
not be fed into a true r.m.s. (or mean squerc) mefer LO
obtain a mean fourth measure, sinece the true r.m.s.
meter blocks the d.c. component and then would reetily
#n slready positive a.c. signal. Although multipliers
work with a fixed gain (attentuation) between input and
output, it was found from experience that it is ovest to
calibrate the complete bank of rultipliers with a sine
wave during each set of mcasurements. The relation
between the measured r.m.s. of a sine wave and its mean
fourth power is*
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ey
2% ==/ £ "cos Yt dt
£ 2T o
- W f owl .
E—;—L ¢ o5 enld
4 -4
= ﬁ.#' 5
=4

Then using +E# = Evz . equation (2, 26) is
obtained.

The mean fourth power can be read from the
multiplier by a common DC vacuum tube voltmeter,
A typical calibration curve obtained by the author
for a set of two Philbrick multipliers is shown in

figure 2, 18,
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Figure 2, 18 - Calibration of a Fourth Power
Multiplier

The third power of a signal would be obtained
by multiplying the instantaneous mean square with
the original.
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signal. For this operation the phase shift in the
multiplier might be of imporiance if it occurs at too
low a frequency. The calibration of the cube system, or
for that matter any odd momen., cannot be done with a
pure sine wave. The odd moments are zero for a great
number of wave shapes such as sine, iriangular, and
even a random noise signal. Thus the calibration is
usually done with a signal composed of a sine wave and
its first harmonic. Firgure 2.19 is a typical circuit
designed to calibrate the odd moment multiplier system.

1000cps input % 1000cps output

15k§

AAAAL

Ty
T

i

% 2000cps output ~

Figure 2.19 - Skewness Calibration Circuit.

A "skewed" signal is required for the odd moments to be
other than zero. Examples of skewed signals are shown
in figure 2.15. For this types of signal the amplitude
is unevenly dis.ributed about the mean value  Physi-
cally such a signal indicates a preferred direction of
fluctuation so it is of interest to evaluate the
skewness of turbulent fluctuations. The calibration of
the cube circuit is obtained by varing the r.m.s. of
the sine wave and its first harmonic according to the
relation *

mz -({;;z la)z‘/? (2.27)

The voltages ey and e2 are fed into one multiplier and




=

M b A

47
then the output e,¢, is multiplied by cither €, or e,
to give

¥ Tor convenience the cosinerather than the sine
function is employed in the derivation

Let & = Elcosum

e, = EzcosZNt .

Then
& -——f e, I7

= _i 5 Leu

= ' E]Iz_ ce. _J

- ":f coswl cos 2utdT
1'*’/' ¥

- —— AL

ther tyoes of méésurements - The r.nm.s. is repre-
sentative of the megnitude of the random signal, but it
tells nothing of the structure of the signel. The
neasurenents of the higher moments give some hint of thc
siructure of the fluctuations. The overall sturucture of
the signal requires a detailed study of both the ampli-
tude and frequency distribution. Two basic measuremenis
are of major interest; that of the spectral distribution
of the fluctuations and secondly that of the provability
Gistribution. The spectral distribution is a delailed
look at the energy contained at each frequency in the
{luctuation. The spectrum appears to be one of the
mejor focal points for much of the theoretical work on
turbulence. Thus, technigues for evaluating the spectra
have been developed in great detafl. The probability
cistrioution is a detailed study of the amplitude of tre
random signal. From the probabilily distribution the
r.m.s. and all higner moments of the signal can be
computed. The probebility distribution shows for example
Such properties as skemmess or preferred direction of the
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fluctuations.

Spectrum Analysis -

Two methods of studying the freguency distribution
ol a random signal have teen employed. The first
obfious approach is to construct a set of filters which
pass only a narrow band of frequencies. This narrow
band of frequencies can then be examined either by
weasuring its r.m.s. or any other desired operation.
Twpical audio frequencr spectrometers contain a set of
Tixed 1/3 octave filt¢-s. This means that the filters
have mid-frequencies at 1/3 octave distance. In
acoustical work there is a set of preferred filter set-
tings which have been standardized, although this is not
necessarily of interest in fluid measurements.
Electronic filters are also available which allow a
selection of any frequency desired:

The second technique of measuring spectra is an
analog method. The voltage to be mcasured modulates a
loecal oscillator ouiput in a balanced modulator circuit.
The oscillator cperates at a frequency much higher than
the frequency to be neasured. The balanced modulation
causes the local oscillator frequency to be suppressed
ané only sum and difference frequencies are left in the
modulator output circuit. The amplifiers which follow
the modulator accept the lower sideband frequency whica
is in turn read out on a meter. The system is able to
select a very narrow band of frequencies to examine.
Secondly, a continuous spectra may be measured with no
need to select specific frequencies. Both techniques
of measuring frequencies have been made automatic so
that direct plots of local r.m.s. versus frequency can
be obtained.

The specific analysis of a spectrum from measure-
ments with either filters or the analog technique is
basically the same. Thus, the present discussion may
apply to either type of spectrum analysis. The spectrum
is normelly defined in terms of the energy density
rather than in terms of the r.m.s. This means that the
mean square of the velocity is employed. A spectra
function is defined from the relation
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The spectrum energy density function F(f), or F(n) as
is sometimes employed, is just the requirement that the
sumr of the individual frequencies add up to the total
€% . The term @% is the mean square of the
voltage fluctuations ﬁ: the unit band width at frequency
f . Thus, &7 F(f) is the contribution from the -
frequency band - € fo Fadf. The physical evaluation of
F(f) requires the measurement of E’;g and €2
The measurement of require. two bits of infor-
nation; one, the mean“gquare of the output of either a
fiiter or the analog spectrum analizer, and two, the
effective band width of the filter or analizer. The
effective band width is necessary to reduce the measure-
ment to a2 unit bend width. The definition of the effec-
tive band width is the width of a rectangle of the same
area as that of the actual filter. Figure 2.2@ shows
typical filter cheracteristics for both a 1/3 octuve
filter and an analog equivalent filter. Since the mean
gquare or pawer spectrum is of importance, the filter
charseteristics must be plotted s&s gain squared. The

Lk CHNJC AL HEWLE 7T~
Ilfilter o5 |, [ A 72
16 f00Fs lers i
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i 7 46 B0 Frequency, cps

Figure 2.20 - Filter characteristics of spectrum
analizers.
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area contained within the filter is graphically intcgraian
and a rectangle of the same arca and a maximum gain ralio
of one is determined. The width of the rectangle becomes
the effective band width of the filter. For the 1/3
octave filters a different effective band width must be
determined for each frequency. Once determined the effec=
tive band width of the analog spectrum analizer will be
constant independent of frequency. For a filter of effec-
tive band width, b and a measured output, e, the spectrum
energy density function is

o
F(E) = —2

(2.29)
tot

Beveral other definitions of effective band width, such as
3ab reduction in gain, are to be found in the literalure.

Depending on the shape of tne filter, it is true that the

same effective band width can be determined from a simple
neasurement, however, it must be kept in mind that there is
only one correct width for the definition given in equation
(2.28). The obvious check of the spectrum measurements is
to check the result

ﬁ(r) afm ) (2.30)

wonich follows direetly from equation (2.28). Measurements
in both turbulent boundary layers and free turbulent shear
Tlows suggest that the maximum deviation in equation
(2.30) should be less than 20%. Greater deviations than
20% are usually an indication of questionable values for
© or ouher major instrumentation problems.

Probability measurements.- The probability
density distribution of a fluctuating signal is
employed to discribe the amplitude distribution,

The probability density may also be viewed as a
"weighting §gnction" to evaluate the fluctuating
quantities e, é’, ;?, etc. The probability may

be defined by use of figure 2.21. The incremental
time spent in the interval du are summed. The total
time spent in the interval is divided by the total
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Figure 2.21 - Probability density function

sample time to obtain the probability density P(u) at u, .
The value P(u) defines the probahility of occurrence of a
given signal magnitude through out the entire range of
magnitudes

The probability of a given value of u occurring within
the limits of *®@at any time will be one. Thus, the area
under the probabilityTansity curve is equal to one.

.,_rg(u}du =1

Since P(u) is a weightigg function it also follows that
o = _uPnP(u)du
Properties that can be obtained from the probability

density distributions are:

1. Symmetry of the signal

2. Agreement with random Gaussian signals

3. Intermittency or clumping of the signal.
The symmetry of the signal can be seen from the symmetry of
the probability distribution curve. A measure of the
symmetry is the third moment of the signal, u®. The third
moment is referred to as the skewness of the signal. A
skewed probability distribution is shown on figure 2.21.



o The intermittency or clumping aspects of a fluctua-
tion can be implied from the fourth moment of the signal.
This aspect is discussed in the next section. A inter-
mittent type signal is denoted by the curve of figure 2.21
labled large flatness factor.

The probability density distribution is measured by
employing an electronic "window'" to indicate the time the
signal is at a particular level. A block diagram of a
probability analyzer is shown in figure 2.22.

Opens gate when signal

is above lower window A

voltage only | Schmitt it A Time Ba:
Trigger Generat

Input Signal
P conditioner ]

nd window
|leve1 control Schmitt | _ Gate
Closes gate when — | L

signal is above upper
window voltage 1

Output
Figure 2.22 - Probability analizer.

The circuit senses when the amplitude reaches the
desired voltage level. When the signal enters the "window"
the gate is opened and the counting pulse is emitted. The
gate is closed when the signal amplitude falls outside the
window limits. The frequency response of this type of
circuit is determined by how quickly the gates can be
opened by the first trigger, but since the second trigger
is almost on top of the first, the gate fails to close.

It is necessary to restrict the frequency content of the
input signal well below the frequency at which the gate
does not close.
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Intermittency Moasuraronts - A measurenenty that
is hecoming of increasing irportance in turbulence
studies is that of intermiitency. Intermittency is
in a way related to the probavility distribution.
The percent of time Lurbulent is equivalent to the
probability that the signal is other than zero. The
circuit is basically zn electronic window just as in
the probability analizer ecicept the window sees all
but the zero d.c. level part of the signal. A
fluctuating a.c. signel is rectified so that the com-
plete signal eppears above a "zero level’. A gate
circuit is used to detect the presence of the signal.
Whnen the fluctuating signal exceeds the zero level
the gate circuit opens. This is graphically demon-
strated in figure £.27 (irace of the gate opening
and signal). The turbulent signal showm is the
square of the signal rather than a rectified signal.
For convenience a counting technique is employed to
evaluate the intermittency. Vhen the gate opens a
series of pulses is fed out of the intermittence
circuit. When the gete closes the pulses cease. IT
a signal is present all the time then the pulses are
present all the time. An elecironic counter is used
to count the number of pulses over a given period of
time. A period of time may ve chosen so that a
multiple of 10 number of counts would occur in the
time if the gate remains open the complete time.
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Figure 2.23 - Comparison of percent time analizer
output with the fluctuating signal.
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The counter output for a given turbulent signal can then
be read directly as per cent of time.turbulent. For
example, the CSU "System" has a pulse rate of 195_,per
sccond. The pulses are counted on a 5 or greater place
counter. The five place counter is set to count for ona
second, thus for a continuously open gate il counbs 192
counts. When the turbulent signal is fed into the
intermittent circuit the counter only counts, say 70,000
counts, which corresponds directly to T0% of the time
turbulent. A six place counter increases the count time
by a factor of 10. -

Tne intermittency circuit developed at Colorado
tate University is shown in figure 2.24.

This instrument is made so that the gate "height"
above zero volts can be varied. The cireuit is also
designed so that the intermittency of either the
negative or positive part of the a.c. signal can be
measured. This is particulerly of value if the inter-
mittency of the squared signal is to be measured.

Circuits,such as shown in figure 2.24,measure very
accurately the intermittency of a given signal. Unfor-
tunately it is necessary to deteimine what part of the
signal is due to noise and vhat part is due to the
turbulence. The major problem is the evaluation of the
intermittency in the presence of noise. Consider for
example the traces shown in figure 2.23. A
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Note that the gate does not open until the signal 1s'§£&1
above the noise level. This means that the per cent of
time turbulent indicated by the gate is less than the
actual time. For the example shown in figure 2.23 the
gate per cent was 67.1% while a count of the signal
directly from the trace indicates 80.8% of the time
turbulent. For signals where the signal to noise level
is very great the problem would not be as severe as that

of figure 2.23.
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Figure 2.25 - Effect of electronic noise on the
percent time turbulent measurement.

: Figure 2.25 shows several methods of determining the
intermittency of the signal. Several tricks may be .
employed to obtain the optimum signal. First if the time
interval of counting is too short the signal may be tape
recorded and played back et a higher speed. Thus, the
inerease in tape specd increases the actual count time of &
given sample. To gain signal in the presence of noise,
the signal may be equared. Squaring the signal inereases
the large amplitude fluctuation much greater than the small
amplitude fluctuations. The results of these tricks in
evaluating the signal of figure 2.23 are demonstrated in
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figure 2.25. The gate height (voliage) is varied in all
cases so that an extrapolation to zero voltage level is
possible.

A second indirect method is also employed to deter-
mine the degree of intermitiency. Insterd of counting
tne fluctuations directly the flatness fact.or. ;T/ (9232
of the signal is measured. Physically ;‘-/ (e
represents a measure of the extent of the "skirts" of “he
Drobability density curve, since the fourth power weighs
the large values of e heavily. A vurst or large amplitud
sype intermittent signal will affect the skirts of the
probability curve pgreatly, thus a relation between flatne
factor and intermittency is suggested. The relation is

=
i-& (2.51)

vhere ¥  is the intermittency (per cent time turbulens
The flatness factor has been used to explore the intermit-
tency in boundary layers and is found to agree with direect
meesuring techniques. Equation (2.31) will be true for
most turbulent signals, however, it is not necessarily a
universal relation. TFor example, squaring a randon si@ai
[ ¥/@H2*=3 for a random signal] snd
measuring the flatness factor of this new signal has been
reported to lead to flatness factors greater than 3. I
is difficult to see that the squere of a random signal can
be described as intermittent. '

Operational amnlifiers - The backbone of modern elec-
tronic analog computiers is the operaiional amplifier. Thi:
high gain d.ec. feedback amplifier can be made to perform a
great numoer of mathematical operations. Typical opera-
tions which employ operational amplifiers in hot wire ane
metry are; Wide band d.c. amplifiers, sum and difference
circuits, absolute value circuit, differentiating circuits,
and integrating circuits. Operational amplifiers have a
been employed as the d.c. feedback system for the "hot wire
ancmometer”. There are a great number of commereially |
available operational amplifiers which can be used with hot
wire signals. There are, ol course, a great range of
frequency response systems, so care nusti be taken to ins
that the amplifier can respond at the higihest frequency
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Figure

2.25 demonstrates the hoolun of operasional amplifiers

for some of the

applications.

The operational armlifiers showm in figure 2.2§5
have a nigh input impedance so that grid current is

zi
‘i"!’q
s a) Amplifier ¥
Ry

$"? b) addicion
Ry c

1
.‘ ..--m;fﬂi“
1 ©) Integration ¥

. Iel.--(ﬁ,-‘t-,;

&
sl

se-ReCydn

i
19 Ha, b

i Gae
Differential

Equation
(first order)

Ry

-2

e).

Figure 2.26 - Typical operational amplifier

applications.
negligible.
function of the gain of
feedback impedances and

The output voltege (e ) is a cormlicated
the anplifier, the input and
the irput voltage.

For the

gencral case shown in figure 2.2§ the ratio of output

to input voltage is

€ __Z¢

—

e; "z, lf-—-{

-

1

+I) (2.32)

For the case where the gain G of the amplifier is very
large with respect to unity, eguation (2.32) reduces to

e =-

N

LT

e, (2.33)
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where the output voltage is approximately proportional
to the input modified by the ratio of feedback to input
impedance.

Figure 2.27 is the complete circuit diagram of a
sum and difference circuit which employs the operational
erplifier system. This circuit was developed at €jS,;U.
and is an all transistorized unit. The operational am-
plifier circuits are noted, and could be used in any of
the applications noted previously on figure 2.2§.

Correlaiion measuremenis - This section is divided
into three peris. One on space correlation, one on time
correlations, and the last on space-time correlations.
Correlations are the siudy of the relation of one
fluctuating signal to another. IT two hot wires are
placed in a flow winere they see the same turoulent eddy,
tnen their ouitputs will be simular and a high degree of
correlation woulé be recorded. Thus, the correlation in
space will give ar indication of iihe turbulent eddy size.
If the one wire is placed dowmstream of the other then it
is expecied that the itwo sigrals will have %o be adjusted
in tine for a high correlation. Thus, space-time correla-
tions allow an eddy Lo be followed in the down stream
direction.

Space correlatiion - Briefly, the mechanics of measur=
ing the space correlation is simply to place two wires in
the flow at the two locations where the correlation is
desired. The correlation between the two wires can be
obtained either by multiplying the outputs togetner or by
using a sum and difference circuit.

The measure of the longitudinal turbulent wvelocity
component is the only one that can be correlated directly.
Evaluation of correlations for the two normal welocity
components, the cross velocity terms and temperature
velocity components becomes difficult. In principal at
least enough different operations can be performed so that
any of the correlations can be evaluated. However, the
accuracy of correlations can never be expected to equal
that of the simple normal wire operation.

Time correlation - Time correlations have beern used
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Figure 2,27 - Tronsistorize? operational amplifier,
sum and difference circuit.

Figure 2.28 - Correlation function computer (from
Princeton Applied Research Corp. Tech. Bulletin 149)
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extensively in the evaluation of noise from turbulent
flows. Likewise the study of diffusion finds uce for
time correlations. Tor the present discussion time
correlations are limited to Lhose referred to as auto-
correlations. In other words a turbulent signal is
correlated with itself at different time interwvals.
Figure 2.2@ is the typical block diagram of an autocor-
relation circuit. The signal at time t 4is multiplied
Limes the signal at time t-t. This type of measurcment
can give an insight into the size of an "eddy" conducted
past the hot wire. The variable time delay unit is the
new device in the circuit. Electronic delay lines are
commercially available, which allows very short delays
in the signal. However, for turbulence studies delay
times of the order of seconds are needed. To obtain
these "long" delays, digital type computing is employed.
Instruments, such as shown in figure 2.28, represent the
modern trend in experimental data analysis. This is one
unit of a small computer, which is a hybred between an
analog and a digital system. The time correlation is
composed of a number os memory banks, which compute a
predetermined number of correlations (of the order of
100) for different time lags. The output can be plotted
directly as correlation versis time lag.

Space-time correlation - The obvious next step from
space and autocorrelations is the space-time correlation.
This is done by placing two wires at desired space loca=
tions. The correlation between the two wires is then
measured by delaying the signal from one wire with )
respect to the other. A typical application would be to
place one wire in a fixed position upstream. The second
wire is placed downstream and traversed along the flow.
At each location downstream from the second wirc a two o
channel tape recording (one channel for each wire) is
made. The tape is then played back through the autocor-
relator circuit and the dowmstream wire signal is delayed
with respect to the upstream wire. The results is a set
of correletion curves vhich can be drawn isometrically,
as shown in figure 2.20. The time delay to the point of
maximum correlation is a measure of the convective velol
dovmstream of the turbulernce. By transversing the secol
wire not only along the flow but also across the flow &
each station, the point of meximum space-time correlatil
could be determined. This measure would define the averag
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path of a turbulent eddy. This three dimensional study
has not yet been undertaken, but it does appear of great
value in studying the structure of turbulent boundary
layer flows

Figure 2.29 - Isometric sketch of example general
eulerian correlation coefficient,
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B- Recorders - Application of the deflection nrin-
cipal to read the fiow of an elecirical current in a
circuit is the fundarenial rezdout system for a great
nunber of measurements. The oasic approach is to vary
Some parametcer, sucn as time, distance, temperaityre or
other quantity and find the variation of the signal. It
aquickly vecomes convenient to chiain & record of tiae
veriation of the electricel sipgnal with the perauieiesr
being varied. Thus, modern ressorch enploys a number of
recordaers to make direct gropie presentation of a varia-@
tion of electrical sipgnal with a varing paremcter possis
wle. The most widely ermployed recorders have used tine
es the varing parameter, and x-y recorders are now well
deveioned and in wide use. he most convenient division
of recorders zpvcars to ve in tihe speed that theyr can
record, so tae present Giscussion I5 divided into low
and high speed recorders.

Low spced recorders - The recording of slowly chang=
irg (<1lcps) sipnals is mode by only slipghtly 2
nodifying the galvemnroniorriyne novement. If instead of
& pointer a writing pen is placed in the moving coil the
a trace is procduced as the roverent of ihe meter varies
In order to evaluatie ithe irace the readout scale on the
meter must be nmoved as a fuiction of tize or olher vara=
vles that it is desired to plot the elecirical signal
against. TPFigure 2.20 shows typical mathods that are
employed to nove tThe scale past Tne writing nen. The
writing pen may be one of several nossible nethods used
to produce a Permanent line on paper. Tvpical writing
systems include: direci writinz ink; scrsuch on a blacle
(larp dlacik? or wan paper, hest burn on wax pajper, or
light beam exposure of a photogrannic paper. All of
systems are to be found in use in commercial vplotters.
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Galvanometer
movement

Clock motor
driven chart

Writing
pen

Writing
pen

Galvanometer Sioe.

movement ]
Continuous chart

recorder
Circular chart
recorder

Figure 2.39 - Recording meter movements.

Commercial time plotters are built with accurate
servo-driven charts, so that they do not vary the chart
speed with time. The more expensive recorders also
employ servo-amplifier systems to drive the recording
pen. Once a servo-amplifier is used it is convenient
to make the recorder into a self-bazlencing potentiometer
circuit rather than a simple meler movement. A servo-
motor is used to drive the recording pcn as well as the
chart paper. Thus, the width of the voltage scale can
be expanded out to 10 or more inches and also be main-
tained lincer on the chart. The self-balancing, record-
ing potentiometer is quite commonly employed in the
research laboratory. .

The most recent step in recorders is the x-y
recorder. For most of engineering work a Cartesian
coordinate graph is the most often means employed to
portray experimental date. Modern x-y recorders speed
date interpretation by producing such graphs guickly.

An x-y recorder automatically and conveniently plots the
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value of an independent variable versus a dependent
variable, directly on conventional graph paper. The x.
recorder usaes electricel servo-systems to produce a P
of crossed motions, moving & pen so as towrite precise
x-y plots. It consists of besic balancing circuits, plus
auxiliary elerents to make the instrument versatile. A
schematic diagram of the circuits in an x-y plotter are
shovn in figure 2.34.

l
T
.
;

g Figure 2.3] - Schemetic diagram of the circuits in
an x-y recorder (from Mewlett and Packard catelog No.
25)

The self-balsncing potentiometer circuit (A) com=
pares an unknown external voltage with a steabvle intern
reference vcltage. The difference between these volte
is a~plified end epplied to a servo-motor to drive a
potentiometer in a direction that will null any diffe
or error voltage. A siecped attenuator or renge sele
(B) is included for each eis, so voliages as Ligh as
volts may Pe vloited directly. Irput resistance of
plotters are of the order of 200,000 ohms. A chopper
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(C) converus the de errorssignal into a reversiole-phase
alternaiéing current, wnich is fed into the servo armpli-
fier. Tne auplificd signal is then applied to the control
phase of the servo.

Servo damping (D) is also applied in the x-y plotter
to prevent overshoot. Tane circuit (F) is a zeroing poten-
tioricier to allow the operator to select the origin of the
cranh. In meny applications it is desirable to off-sct
the input signal, so thal only the change in dc voliage,
rather than the conplete de level is plotted. Thne circuit
() also provides for a continuously adjustable control on
the ouiput voltage. The circuit (G) is a sweep circuit
which provides a time base, thus making it possible to plot
a signel versus tine.

Fast Recorders - Two types of recorders are considered
in this group. The nigh speed direct writing oscillographs
and the cathode-ray oscilloscope. The direct writing oscil-
Zographs are basically a fast response D'Arsonval movement.
The oscillogranh may havae either a direct writing, stylus
movement or a light beam movement. The direet writing
oseillogrephs ere usually limited to 100 cps or less, and
nay employ cither ink, pressure-writing or heated styli.
The light beam system employs a focused light beam writirg
on a light-sensitive paper. The frequency responsc of the
light beam galvanometer will be a functiorn of the mass
rmoment of inertia and darming characteristics of the coil
and mirror. Preseni develoument has produced light beam
galvanonelers that can follow frequencies greater than
5,000 cps. Commercial recorders can be oblained with as
many as ten or twenty galvanometers recording al the saue
time, so that a great nuzber of events con be recorded atl
the some time. The speed of the chart can be varied from
a matter of inches per hour to upwards of 5 feet per second.

Tre cathode-ray oscilloscope is an extremely fast x-y
plotter vhich plots an input signal versus arotner signal
or versus time. The "stylus" is s luminous spot which moves
over the display area in response to the input voltage. In
“he usual scone application, the x-axis input is an inter-
nall; generated linear ramm voliage. Tnis ramp voliage moves
he spot wiformly with time from left to right across the
Glsplar seresn. The voliesge to e examined is enplied to
the y-axis input. The 5pot is moved up or dowxniin accordance
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with its instantaneous value. = The spot, thus, traces a
curve which shows how the input voltage veries as a
function of time.

The writing speed of the cathode-ray oscilloscope
is nearly unlimited. The electron can be deflected at
speeds approaching the speed of light, thus, the liniting
features are electronic circuits rather tnan the "siylus"
wnich is Che major factor in the oscillozraphs. The
primary part of the oscilloscope is the cathode-ray-iu
(CRT). TFigure 2.32 shows the basic oscilloscen= circuit.

Ext. horizomtal input CRE
il Sync. Sweep J_q,. Horiz. i
pxt. Jcircuit generatof amp.
sync f I D,
Intensity
input o | Vertical and focusing
amplifier H.V. power
supply
L.V. mr =:
supply

Ext. intemsity modulationg

Figure 2,32 - Basic Oscilloscope Circuity.

The CRT is composed of a thermionic cathode which pro-
duces electrons. The electron is produced by neating
the cathode until electitons are .emitited. The electrons
are electro-~optically focused into a narrow beam. The
beam of electrons are accelerated through the optical
system. On leaving the electron accecleradors, (which

is commonly referred to as an electron gun), the elec-
tron suream passes between two pair of deflection
electrodes., Voltaze applied to the deflection electrodes
moves the beam up and down or from side Vo side. These
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deflection movements are independent of each other, so
that the electron beam can be directed as desired.

The electron beam strikes a phosphor coating at the
end of the glass tube. The high energy electrons cause
the phosphor to fluoresce. Any number of different
chemical salts can be used for the phosphor coating. The
selection of a coa@ing will determine cadwr, brightness,
deoay and ppeed of response. Oscilloscopes are available
with a wide range of phosphor coatings.

The frequency response of oscilloscopes are nearly
ualimited. General purpose oscilloscopes have frequency
fesponse up to about 500 kilocycles per second. Special
oscilloscopes can record signals well above 100 megacycles
per second.

Becording of Olcinos‘cope traces are made with
special oscilloscope cameras. Oscilloscope cameras are
similar to conventional cameras, but have additional re-
finements for facilitating scope photography. The camera
is within a light-tight enclosmme, which clamps or bolts
ovey the face of the cathode-ray tube. The optical system
18 In line with the axis of the CRT, figure'2.3%.

Eye
viewin

Polaroid -_—
camera
back

+\
N
\
I
i
Oscilloscope

Fixed focus lens
with light and
focus control

Figure 2.3F - Schematic of an Oscilloscope camera.




A :ziaewing port is provid:atl to permit observation of the
oscilloscope face. The camera lens is usually a Tixed
focus system, with provisions for varable shutter speeds
and light stops.

To take a picture of a single trace on an oscillo-
scope the oscilloscope is {rigpered to sweep once. In
general, the use of shutter speeds on the camera is of
no value in photographing a trace. The best procedire
is to simply open the camera shutter to the black
oscilloscope screen. The oscilloscope is iriggzered ex-
ternally, so that the spoi makes a single sweep across
the screen. The graticule on the oscilloscope can then
ba illuminated and photogrephed at a proper shutter
speed alter the spot trace is recorded.

It is also desirable to obtain long time traces of
the fluctuating voltage from an oscilloscope. This long
time recording is done with the special type camera showm
in figure 2.3%.. This type a camers supplies the time=

Motor to
drive film (no shutter employed)

Figure 2.34 - A time recording oscilloscope camera.
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axis of the photograph by pulling the film past the
vertically varing spot. Tals camera erploys an oscéillo-
scope for vhich the time or hofizontal axis of the scope
is not operated. The spot is allowcd to move in the
vertical direction only. Recording cameras can prcduce a
strip of film traveling at speeds greater than 5 feel per
second. The limiting speed of this system is the writing
speed, or exposure time of the photographic film.

C, Mechanical Readout - The use of mechanical reat-
outs are, of course, a p~rt of nearly every measuring
instrument. The human can only sense movement in a
quantitative way. All other human senses are of a quali=-
tative nature. Mechanical readouts are in general
familiar to most everyone, so we will not go into detail
in their operations. The galvanometer demonstrated the most
videly  used: mechanical device, nemely the spring. The
elastic property of metals is employed in many ways to
convert a physical force into a scale measurement. The
elastic property of springs, metal membranes, Bourdon
tubes, and many related shapes are employed to evaluate
force and torque.

: Another class of instruments that would, of course,
ve included in the mechanical readouts would be thosz that
employ gravity to evaluate such properties as force and
pressure. A typiecal readout in this class would be the
manometer, which reads pressure by the height to which a
column of water or other liquid is held. Tnese instru-
ments are again quite common and will only be touched upon
in detail if they enter into the measurement of a specific
fluid mechanic property.

D, Ovtical Readoui - The usec of optical readout
equipment is of somevwhat limited interest. OSpecifically,
the photograph is, of course, extensively employed as a
readout device, however, this type of readout need no
special discussion. Optical readouts that are employed
other than photograpic include the interference and
refraction of light. These specific areas of optical
readouts are employed in density and temperature measure-
ments and will be covered in those areas where they sapply.
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Chapter III - Trensducer Concepts

In the first chapter a transducer was defined as a
device that converts the quantity being sensed into some
other form of signal. This is & very general definition
and also very wvague. Actually, in every measurement we
are in a sense comparing the physical quantity io be
measured against a known standard. The transducer, thus,
becomes the go-between from the standard to the physical
quantity. In every case that e will be considering the
physical quantity will act upon a sensing element irn such
a way that a physical device gives a scale deflection that
can be read visibly - Tre transducer may be either the
sensing element, trensmissicrs, or readout part of a
measuring system. For example, the galavanometer could
easily fall into the definition of a transducer since it
senses an electricel signal end converts it into 2
mechenical deflection. For the present discussion the
word transducer is sirpl; en energy converier, and we will
direct our attention to those converters that ere of value
in measurements in fluid mecheniecs.

A. Electrical - In this section we will review btrief:
some of the basiz physise) effects that itaske a2 fluid flow
property and convert it to an electricel signel. The fol-
lowing table is a limited atterpt to point out scme of the
physical changes-electrical change phenomenon uhat are em-
ployed as transducers.




Phencmenon

Resistance - Strain

Table III - §

Ey_nical Effect

The electrical resistance
of a material changes.as
it is strained

Applicrtion

Measure Strain

TResistance - Temperature

The electrical resistence
of a material changes with
ature

Photoconductivity

“The electrical resistance

of a material changes with
light

Measurc; ilenmperature,
Heat Transfer, Kinetic
_Energy, Radicmi Ener

Measure light inLensity

Thermoelectric

Dissinular metal junciion
produces an enf with a
change in temperature

“Measure: Lemperature heat

transfer, kinetic energy,
radient energy

Piezoelectric

Pressure difference produces
an electrical charge

Measure pressure

Pyroelectric

Temperature difference pro-
duces an electric charge

Measure temperature

Photoelectric

Light liberates electrons
and produces a flow of

Measure lighi intensity

Capacitance - Displacement

current :
Change in distance produces
a change in capacitance

Measure displaccrient

o



Table III-I _Continugd

Capacitance - Pressure

Inductence - Displacement

Electromegnetic Induction

-
Change in pressure produces Measure pressure
a change in itance
Change in m%cmt Measure displacement
ces a ential
elec - easure revolutions,

" ductor produces a curren

.electrical conducti-
vity




75

The effects listed in Teblelll-I are a few of the
possible phenomenon that can be employed to sense
physical quantities. In each case the physical quantity
produces an effect which changes the electrical
characteristic of the transducer. Thus, an electrical
signal can be produced that is proportional to the
physical quantity. Only those effects that are of basic
importance in fluid measurements are included in the
table.

The classification of electrical phenomenon used
in instrumentation is extremely poor. Unfortunately,
the science of instrumentation is not an accepted study
in itself. As a result, the name assigned to a class
of instruments may be inadequate. For example there is
a8 large group of transducers that employ the change in
resistance with temperature as the electrical phenomenon.
This group of trensducers might be classified as thermal
resistors or contracted to thermistor transducers. Un-
fortunately, the thermistor is copywritten to apply to
only one extremely limited type of material. Thus, each
'‘group of names listed in TaebleIl-I is by no means all in-
clusive as to an electrical phenomenon.

There are several effects that are employed with the
above transducers to increasd their usefulness. For
exemple, the electrogenerator effects of a coil in a
magnetic field. The production of a force in the
galvanometer by the interation of a current in a coil
in a magnetic field is an important exemplie of the
reverse effect of the electrogenerator or electromagnetic
induction. Another phenomenon of basic interest is Joulean
heating. The flow of an electrical current through a
material produces an increase in the temperature of the
material. The heating is proportional to 2R of a
material. The cause of the heating may be seen by consid-
#ring the resistance of a material.

A third electronic phenomenon of basic importance
throughout the field of measurements is electron emission.
It is this type of electron emission that makes possible
the electron vacuum tube, cathode-ray-tube, and many other
applications. Electron emission finds use as a transducer in
in photoelectric devices, however, it is a work horse in
many circuits and readouts employed in measurements. There
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are four types of electron enission: 1. Therronic, or
primary, emission 2. Secondary emission 3. Proto-
electric emission Y4. Field emiszion. Thermonic
emisiion occurs when a material is heated {o incandesence
in a vacuum. Sccondary emission occurs wien a nizh velo-
city electron or ion strikes a material in a vecuu: an d
knocks out one or more electrons. Photoeleciric emizsion
occurs when energy in the form ol light falls upon a
surface. Field emission occurs at cold surfzces undar
the influence of extremely strong fields. In each case
the electrons in the materiel are given an increase in
energy to the point where they can escepe the "Lold"
that the material has on them. e will refer o ine hold
that the material has on the electron as an energy sarries
which the electron must overcome before it leaves in
maierial.

RESISTANCE OF ATERIALS

No doubt ever:.r one ig familiar with the phenorensn
of the resistarce of materials changing as their texpera=
ture changes. The theoretical explanation for the resist-
ance change requiras little short of a cc-plete course iny
solid-state physics, and thus it is not stterpied herein.
The reader interested in the subject is referred tc an
article by Bardeen and 3o the many sext books on solids
state physics. Figure 3.1 is a plou of the log,., of
electrical resistivity as it varies with tesperzlurz Zor
three types of meterials. Resistivity, o , is a Dagsi-
cal quantity used to describe the resistance of a maieriel
end at the same time make it independent of thz mazerial

geometry.

sl 55 (3.1)

8
Bardeen, J.: Jouwr. Appl. Phys., vol. II, 19%0, p. €6.
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vhere R 1is the resisiance, A is the cross-sectional
area, and is ke lengin of the material. The usual
dizensions for resistivity are ohm tires length. ilote
that in Figure 3.1 tne log,, of resisiivity is plotted
so thatl each division resr-élents an order of meznitude
change in resisiivily. Tae taree curves saown are
revresentative of threz different types of "elecirical
corductors,” the metallic conductor, the semi-conducior
and tkermistor, and the irsulator. Althoush not
sirictly sceurate, the following view may be faken of
the conduction in tre tkhree materials:

(a) For the meitallic corducior the flow of clectri-
cal current is By electrcns, and the rasistence is a
measure of how freely tre electirons Tlow tarouga the
solid rmetal. Increasing the terperature increases the
chances that the elecirons collide with the metal atomsj
thus the more collisions, the higher the resistance.

(o) For semi-concuctors the system ray ve viewed
es electron starved, where not enougn electrons are
available to concuct the current. As the temperature is
increased, more elecirons ave free To conduct; thus tne
resistance drops with increasing temperature.

(¢) Insulators sizply do not have electrons avail-
able for conduction. ' Corduction in insulators is oy
ions, which become rore movile 25 the terperature in-
creases; thus the resistivity of the insulator drops
with increasing temperature.

There is no sharp division between the different
types of conductors. It is possible to find materials
that will have nearly any value of resistivity, at a
parviculer temperaiure, in the range snowa in Figure 3.1.__
In the region of metallic cornductors alloys are aveilable
with greater resistivitly than platinun.

The resistarce of a netallic conductor is explained
by viewing {he metzl as if it were a gas. Free electirons
are assumed to exist in guentiity throughout this "gas".
Thus, if a potential éifTerence exisis along tne
coaductor, elecirons ilow frci: negative to the positive
points of the potential difference. Recistance is simply
the resistance that ise molocular latiice of the zetal
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offers to the elecciron flow. In a solid all stoms and
molecules are essum=d to be fixed in the lattice. As
the terperature of the solid increases, the atoms and
molzcules are assuned to vibrate m:ore and more. The
vibration of the molecules decrecases tne distance that
en electron can travel tefore it has a collision with
a molecule in the lattice structure. Thus, the
resistance of metalic conductors is found to increase
with temperature.

Joulean heating of a material by passing a current
through it can be explained sinply as the effect of
the collision of electrons with the latiice. In other
words, increasing the number of electrons flowing through
a material will increase the number of electron-molecule
collisions, thus, the energy of the molecules (which
define the tempecrature of the material) will inerease.

The scmi-concéuctor material lacks sufficient number
of' electrons to conduct the eurrent. Thus, the major
effect of change of resistance of a sémi-conductor
naterial has nothing to do with electron-molecule colli-
sions. The most important effect is that inereasing the
temperature of 2 semi-conductor material releases more
electrons for conduction, so that resistance of semi-
conductors decreases with temperature.

For the semi-conductor materials anything that will
release electrons in the system will decrease the
resistence of the meterial. A typical example of this
is the photoconductive effect, vhere lignt siriking the
material causes a decrease in the resistence. Tne pnoto-
conductive effect can be detected as e pure phoion effect
.and not related to a radiation heeting effett. Radialion
energy will, of course, also produce a change in resistance
if it heats the material. i

The strain of a conductor will in effect compress
the lattice of the neterial andé, thus, increase the
chance of an eleciron-molecule collision. Thus, the
chenge of resistance with strain cenbbe related to young's
modulus and Poisson's ratio, for the conductor. The effect
of high pressure that compresses the conductor can also be
detected as a change in resistance.
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For the mosi pert the resistiviiy of a pure metal
conductor is a well explained pnenorienion. rHowever, in
the remole realm ol terperature a.*'mroa‘...ir:_, aascr:e

Zero & sirange phenomencn occurs. In 1911 the Duten

pnysicist Heike Kamerlingh Onnes c‘;iscovered that 8%

L.29% 211 resisiance %o the flow of an elecirical cur-
rent through mercury diseppearedc. Onnes also found the
same phenomenon occurred in several other metals, such
as tin, lead, tantalum, and niodium. Figure 3.2 shows
the drop in resistance for several metals near absolute
zero. The transition tempera’ure for the sune“conau\_tin

state varies with the metal, as shown in figure 3.
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Figure 3.2 - Res.s tance of Netals in the Super-
conducting region.
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Superconductivity does not occur in all metals.
Metals which are comparatively poor conductors at normal
temperature are most likely to become superconductors.
Btrangely, the best conductors at normal temperatures,
copper and siliver, do not become superconducting. Ex-
planations of superconducting states are not yet entirely
satisfactory. Current theories suggest the vibrating
atoms may help to conduct the flow of electrons through
the metal in the superconducting state. At low tempera-
tures the atoms in the lattices no longer obstruct the
flow of electrons, but rather, they abruptly begin to
conduct electrons along in a wavelike manner.

Thermoelectric Effect- If two disimular materials
are joined at two junctions, which are at different
temperatures, and e.m.f. (called the Seebeck e.m.f., or
total e.m.f., or just thermoelectric e.m.f.) is found to
flow in the circuit. This phenomenon was discovered by
T. J. Seebeck in 1821. Depending on the temperature
difference between the junctions the e.m.f. may vary from
a few microvelts to the order of volts. Values of the
e.m.f. for a given thermocouple pair of conductors are
reproducible to a high degree of percision. However, the
relationship is empirical and can only be roughly pre-
dicted from theory. Atypical thermocouple arrangement
is shown in figure 3.3. :

The theoretical explanation of the thermocouple
effect was for many years a question. The problem was a
failure in the ability to measure charge build up in a
conductor which is in a thermal gradient. The
electrothermal effect is produced simply because electrons

rom one end are ''carried toward. the other end of a conductor
by a difference in temperature." It is convenient to
imagine that the more numerous high-energy electtrons from

the hotter end migrate to the colder end. The charge
generated between the ends depends only on the two parti-
cular temperatures at the ends of the conductor. The

use of two dissimular metals simply increases the
electrothermal effect to a measurable amount.

1Beam, W. R.; Electronics of Solids, McGraw-Hill, N.Y.

(1965)
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Figure 3.3 - Thermocouple Circuit.

The thermocouple effect is termed the Seebeck ef-
fect. There are two other effects identified with the
overall thermoelectric phenomenon. The term
thermoelectiric means the direct conversion of heat into
electrical energy (or the reverse). The Seebeck effect
is the conversion of thermal energy into electiriciiy,
vhile the Peltier effect is essentially the reverse of
the Seebeck effect. TFor the Peltier effect -a cooling
or heating of the junction of two dissimilar metals
occurs wnan an electrical current passes through them.
The rate of heat output or intake is proportional to the
current. The Peltier effect is not in general use as an
instrument transducer, however, it is currently being
extensively studied in heat pump applications.

The third thermoelectric effect is the Thomson ef-
fect. The Thomson effect is a coisequence ol wnat was
expected from the Seebeck and Peltier effects. Vhile
the Peltier heating explains the junction effect in the
overall Seebeck effect, tne Thomson heatins, serves %o
account for itne remaining distrivution ale:g Lhe con-
ductor. The Thomson efTect accounts for Liie temperature
gradient along the conductors. The Peliicr and Thomson
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efTects taken together are essential to the proofs relat-
ing thermocleciricity to thermodynamics.

t™hen a current of density I flows in a homogencous
material in the vresence of a temperature gradienkt, the
rate M vinich heat is developed per unit voliume con-
teinz o verm linear in I and the temperature gradient w/px

B e
w=rR-21 % (3.2)

-here T is called fhe Thonnon coefficient (a function
of tac particular conducter.) The third thermoelecirie
effect was discovered by William Thomson (Lord Kelvin)
in 1854 .

Piezoeleciric Effcct - Piezoelectric is the conver-
sion of pressure irto an electrical output. The term
piezoelectric has coue to e evnlied to a special class
of devices. Piezoelectric iransducers are that specizl
group of crystels where anpleciricel polarization is
produced by mechanical strain. In general, it appears
that piczoactivity occurs in crystals that do not have
a center of symmetry in the lattice structure. Thus,
the crystal developsspolarization due to shifting of
the "center of gravity" of pasiiive and negative cilarges
under the influence of elasiic strain. Figure 3.k is
the approximate structurc of a quartz erystal, which is
used in a great number of piezoeleciric applications.
Ouarvz is composed of three silicon atoms and six
oxygen avams. The silicon atoms have four positive
charges and the oxygen atoms have two negative charges.
Tne charges in the unsirained case are all balan-zed.

A force applied to the x-axis shifts the cells so that
the cell becormes polurized.

1
Feissner, A.; Uber piezoelectrische Kristalle bei
Hochfrequeny; Z. Tech. Pays. vol. & (i927).:
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—- _g—
Force
a)Neutral b) x-axis load ¢) y-axis load

Figure 3.4 - Crystal structure of quartz.

The shift within the ecrystal produces the crharge on
the crystal surface. This shift produces elecirical
forces within the crystal which are not in equilitriunm.
Thus, the crystal will not remain in this uneven force
condition. Actually, in order to produce a polarization
of the crystal the force must be applied guickly. A
steady state application of pressure will not produce a
polarization, so that the piezoelectric, phenomenon is
of value only for transient pressure measurements.

After a transient pressure is applied to the crystal the
charge built up by the polarization will leek off as
shown in figure 3.5. The charge leaks away with a time
constant RC, where R is the resistance across the gage
(resistance of circuit used to readout the charge), and
C is the capacitance across the crystal. The readout
circuit is necessarily constructed so that the resistance
is as great as possible.
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Charge

Time ==

Figure 3.5 iy Charge leakage in a Piezoelectric
circuit.

Pyroelectric Effect - The pyroelectric effect is
nearly identical to the piezoelectric effect, except
that the crystal is strained by thermal stresses. 1In
general, the pyroelectric effect is an error in the
pressure measurements. The pyroelectric transducer is
limited in application, since limited information of
iransient temperatures have been required. As will be
demonstrated in the application of temperature measuring
instruments, the device measures heat transfer in the
2rystal rather than temperature.

Photoelectric Effect - The photoelectric transducers
empldy the observed phenomenon that photons can give
rise to electron emission. In operation a material,
“uch as alloys of antimony and cesium, or silver and
c2sium, is set in an electrostatic field at conditions
Slightly below where electron field emission occurs.
Thus, when a proton strikes the material electron
emission can occur. The yield per photon is at most 0.15
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electrons, but this is adequate to produce measurable
currents. Special construction of photomultiplier tube:
meke it possible to measure accurately the current
associated with a given light intensity.

Capecitance Effects - The capacitance between two
conductors is proportional to; the effective or over-
lapping area of the conductors, the inverse of the dis-
tance between the conductors, and the dielectric const
of the material between the conductors. Figure 3.6 is a
schematic diagram of a cepacitor. The capacitance can
be expressed as

A
C = keg (3.3) -

where A is the overlapping area, d is the distance
between plates, C is the dielectric constant and K is
the constant of proportionality. The capacitance effect
can be employed to sense area, distance or effects that
vary the dielectric constant. The main application of
the capacitance effect in measurements in connection
with distance or displacement measurements.

Overlapping area, A
Dielect

Figure 3.6 - Diagrem of a platel capacitor.
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Inductance Effect - Inductance is the inherent
property of an electric circuit that opposes any change
of current in the circuit. It is also defined as the
property of a circuit vhereby energy may be stored in
a magnetic field. Current in a conductor always pro-
duces a magnetic field surrounding, or linking with the
conductor. When the current changes, the magnetic field
changes, and an emf is induced back into the conductor.
This induced emf is alweys in such a direction as to
oppose the effect that produces it (Leng's Law). When a
coil is energized with direct current, opposition to flow
occurs only when the circuit is energized or deenergized.
For an alternating current the opposition will be a
continuous alternating current. The inductance, L, for a
uniformly wound toroidal coil of n turns with a magretic
core of length £, a relative permeability a, and a core
cross-section A, is

2
L= _4111_!_% 10™° (3'1‘)

L is measured in Heneries if A and £ are expressed in

cm. If the core of the coil is made vary by sliding a
solid rod core in or out, the inductance will vary with
the core displacement. The inductance can also be varied
by variation in the permeability of the core, so the
inductance may be used to evaluate properties that affect
Permeability.

B. Mechanical.- The mechanical phenomenon
used in transducers are listed in Table III.2

These physical phenomenon are the basic
part of many transducers. In most cases it is

of course, impossible to teke advantage of the
mechanical phenomenon without electrical systems
being involved. Likewise, the electrical transducers
are interrelated with the mechanical phenomenon..

2
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TABLE IITI. 2

Phenomenon | Physical Effect Application

All bodies at the surface Toatinet
Gravity of the earth are acceler- R f::ree

ated toward the center at L s;m

& constant rate. F

A mass in motion tends to Sas st 3
Seismic stey in motion. A mass at :
Mass rest tends to stay at rest aconlorEiee

A material may be strained | yoocure: g
Elastic and its deflection is pro- | force,
Deflection | portioned to the straining Bariggure

force. When the force is Ty &1

removed the material :.lec't.;tic

returns to its unstrained g

condition.

A material changes its

Measure:

Expansion dimensions with temper- tewat"m

ature.

Gravity.- The con stant of the acceleration
of gravity is employed as a means of measuring pressure
The gravitational constant is, according
to Newton, a factor only of the radius of the bodies
The radius of the earth is so great that we
need not consider the shape or size of a body used in
Thus, the height of the column of
water is an accurate measure of pressure with no correct=-
ions being made for gravity.
measurements, such as those of a mercury barometer, the
scale is adjusted to match the gravity constant at

and weight.

involved.

the transducer.

the location of the measurement.

c Mass.-

phenomenon of Newton's law of force

Fmma

For very accurate

The seismic mass employs the

(3.5)
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to measure acceleration. In other words, a force F is
the rcsult of acceleration, a, on & mass, m. The same
relation in angular systems is ;

Ik =T (3.6))

vhere I is the moment of inertia of the mass, & is the
angular acceleration, and T is the torque. Thus, the
seismic mass is used to convert an acceleration into
a force. We can not record the output force unless we
employ another mechanical phenomenon, thus the seismic
mass is not a complete self-contained unit.

Elastic Deflection.- Most materials are elastic
in that they .can be strained to a given length without
altering the properties of the material. When the strain
is released the material returns to its original shape.
This is Hooks law of elasticity. The properties of
importance in materials are the moduli of elasticity, E,
end rigidity, G. These properties remain reasonably
constant over long periods of time, so that stable trans-
ducers can be built using the phenomenon. The resistence
to strain is a force, so that force is a direct measure
from the deflection of the elastic member. The shapes’
used in transducers vary over a wide range. The most
common elastic member is the spring, which may be in any
one of several shapes: Cantilever, Beam, Helical, Torsion
Bar or Spiral. Diephragms are also used as elastic
d.eflection members. The bellows and bourdon tubes are
widely used as pressure sensing ala.s‘tic deflection
transducers.

Expansion.- The dimensions of & material,
either gas, liquid, or solid is found to change with
temperature. The phenomenon is associated directly
with« the random motion of the molecules of the material.
The random velocity of the molecule increases as the
temperature increases, thus each molecule with in a
lattice structure of a solid requires more space. The
same effect is present to a greater extent in liquids and
gases. "
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The expansion of a material is found to be
uniform with temperature, so that it can be used to
measure the tenperature of the materisl. The liguid-
in-glass thermometer is solely dependent on the
difference in expansion between & liquid and its glass
container. Bi-metalic thermoweters emvloy both the
expension of metals end their elastic properties to
indicate temperature. The gas thermoucter employs the
equation of state ape BV expression to measure low

R

temperatures. The gas thermonecer expresses tencerature
in terms of pressure, volwse, and density, and is used
as the standard for low temperatures.

~C. Ortical - The optical phenoucnon ermployed ia
physical measurenments are lis:ed in Teble III.3

TABLE III.3
Phenomenon Physical Effect Application
Photochemical Dit:ferent wave lengths Photographs
produce different degrees [light intensi
of chemical reaction
Interference Waves of light out of Heasure dista
phase interfere with one |and fluid den
another variation
Schlieren Refractive indices of Measure fluid |
light varies through an sity va.riation:-‘
inhomogeneity 4
Absorption Fluid molecules may ab- Measure density
sorb radiation specific spec
molecules v
Scattering Fluid molecules may re- [Measure molecule
flect light at right sity i
angle to beam o
Radiation High temperature fluids
will emit light
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Table III.3 mainly considers the phenomenon in the
visible light range. In recent years major instrument
development has taken place over the complete range of
electromagnetic wave lengths. Thus, the phenomenon of
interference, absorption, scattering and radiation
should not be limited to the wave lengths of visable
light. Microwave, X-ray, electron beam, acoustic, and
infra-red frequencies are currently employed in fluid
mechanics measurements. The development of the high
intensity, high monochromatic, and coherent laser
laser light source has made measurements in the visable
range of frequencies more feasible. In the years after
World War II, schlieren and interferometers were used
mainly as means of making supersonic flows visible.
Most attempts to evaluate quantatitive values of density
from the systems were usually of limited value. The
laser source coupled with the holograph techniques are
now opening up a new area of gas density measurements.

Many of the "electromagnetic wave" instruments make
use of Doppler's principle, where the frequency emitted
(by scattering) from a moving body will be shifted
proportional to the velocity of the body.

The optical transducers are somevwhat limited, mainly
because of the physical properties they measure. The dimension
measuring interferometer finds use only for the very accurate |
measurements not normally employed in most research laboratories.
The density measuring interferometers and Schlieren systems are
limited mainly to compressible flows, which are encountered at
speeds near the sonic velocity in gases and rarely ever found in

liguids. The range of application is somewhat increased for
thermal flows.

Photochemical - The photograph is mainly employed as a
readout process, however, it may also be viewed as a transducer.
The phenomenon is based on the fact that chemical change may
occur as a funciion of the light intensity. The effect is even
more selective in that the chemical reaction may vary with the
Particular wave length of light. Thus, we are able to sense only
the infrared or ultra-violet wave lengths of light in a given
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photochemical change. The phenomenon is associated with
the change in energy of the molecules of a material due .
to the absorption of energy from the light.

Interference - By considering light as composcd
of waves it is possible to demonstrate that the waves
may interfere with one another. Consider the two sets
of equal wave length light beams shown in figure 3.7.

o

In phase Out of phase

Figure 3.7 The Interference Principle
When the two beams are in phase, the light beams add to
produce a bright image. When the beams are out of phas
half a wavelength, the light canceles. Thus, for out
phase light the waves are said to interfere with one an
In application the two light beams are produced by a s
monochromatic light source, so the initial beams are of
actly the same wave length. The light beam is "split"
two parts by a half silvered mirror - splitter plate. I
terference may be caused by unequal distances of travel of
the two split beams, when they are brought back together.
Since the optical path length of light is the product of &k
refractive index, n, and the geometrical path legnth, 1,
then the interference phenomenon can be used to indicate
changes in the refractive index.
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Schlicren - The velocity of light in o substance is
less than its velocity 'in free space. In general it is
found that the greater the density of a substance the
greater is the decrease in the velocity of light. Figure
3.8 shows the variation of the speed of light in air, as a

function of the density.

Leoo
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L
1°310(°/Entp) :
Figure 3.8 Speed of Light in Air.

The Huygen's principle (which states that: every point of
& wave front may be considered as the source of small "secondary"
wavelets, which spread out in all directions from their centers
with a velocity equal to the velocity of propagation of the wave)
will lead to the result that a shift in the direction of a wave
front occurs as the velocity of light changes. Thus, vhen 2
light beam encounters a change in density it will be bent away
from its original direction.

The velocity of light in a substance is usually expressed
in terms of a ratio i

n.= % (3.7)

where ¢ is the velocity of light in free space, v is the velocity
of light in the substance and n is called the index of refraction.




t,ilg index of refraction moy vary with the density of the
substance and also with the wave length of light. The
index of refraction of gases is very closc to one. For
air n = 1.0002957 for violet light (wave length =
-0.00004359 c¢m) end n = 1.000291% for red light (wave
length = 0.00006563). The index of refraction for air
can be expressed in terms of the density (for sodium

light) '

n =1+ 0.000293 £— (3.8)
pntp

vhere Patp is the density at 1 atm and 0°C. For water

the index of refraction is, n = 1.333, so the refraction
effects will be much greater. The angle of light deflec-
tion through a small-density gradient is given by '

g Jl;‘E
/ nly a (3.9)

where, 1 is the length of the density gradient traversed
by the light beam. Using equation (3.8) the angle may be
expressed as

[ = fc -;gdﬂ
. (3.20)

Thus, the deflection of light may be employed as a means
of evaluating density or density gradients in a fluid f.

Absorption - If monochromatic radiation (light)
passes through an absorption cell of length 1, then the
tensity of radiation emerging, after absorption in the
molecules, is given by

; J
=1, (3.21)8

vhere I_ is the intensity measured with the cell evacuate
and o i8 the absroption coefficient in ecm * at NTP. The
absroption coefficient is a function of the wavelength of
the incident light and depends on the nature of the mole-
cules, their number concentration, their motion and their
interaction either with one another or with foreign mole-
cules. Figure 3.9 shows the absorption coefficicnt for
oxygen as a function of the wave length. Since, the
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absorplion varies from species to species it is possible
to indicate the number density of select molecules. The

T T | ./
w& b
304 -
a
20ct- -
m" s
L
/ \
’ A
_I” A

1 i -
55 é.0 8.5 75 A=
1/% (10* em™)
Figure 3.9 - Absorption coefficient of oxygen as a
function of wave length.

area of most importance in absorption appears to be in the
ultra-violet region. '

Scattering - A beam of light may be reflected as it
strikes a molecule. The angle of reflection will be a
function of the particular molecules. Thus, a measure of
the intensity of light at rignht engles to the initial light
beam will be a function of the molecule density. This
technique requires large, dense molecules.

Radiation - High temperature gases emit light. This
is due to the extremely high vibrational erfergy of the
molecules. In metals the wave length and intensity of light
emitted is related to the temperature. For gases the
radiation is a complex function of temperature, density and
molecular species. The light emitted cen be analized
Spectroscoply to identify specific wave length. Related wave
lengths and intensities can be employed to identify radiation
from particular molecular species, however, it is extremely
difficult to relate the results to temperature and density.
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TRANSDUCERS EMPIOYED IN FLUID MECHANICS

The range of possible measuring conditions in
mechanics is extremely great. No one instrument is ade-
quate to cover the range of any one of the possible varia-
bles. One may divide fluid mechanics measurement into

five groups.

1. Temperature

2. Pressure

3. Density

k. Velocity

5. Fluid Properties

This certainly cannot include every possible measurcment
it should cover most problems encountered in fluid mechan
The present chapter is a very brief introduction to the
transducers that will be employed. In the discussion the
fifth group of Fluid Properties is not included, since
a special area. The evaluation of a specific property m
quire the use of several types of transducers.

A possible range of flow conditions that can be expect
in fluid mechanics laboratories are listed in Table IV.1.

Table IV.1l
Measurement Range
Temperature 0°R to 20,000 - 30,
Pressure O to 10,000 psi
Density 0 to ?
Velocity 0 to 100,000 ft. / sec

The range of conditions stated in Table IV.1l are
means the maximums that have been obtained. These condit
are roughly the extremes that can be obtained in a fluid
mechanics laboratory such as that at Colorado State Uni’

Table IV.2 is a list of the possible transducers
are employed to make the required measurcments.



Table IV.2

Quantity

Temperature Pressure Density Velocity
— — ————
Gas Thermometer Manoneter Pirani Gage Pitot-Static
Liquid-in-Glass McLeod Gage Thernocouple Gage Tracer
Resistance - Diaphragm Gages |Ionization Gages Drag
Thermometer Bourdon Tube Optical-Interfero- Hot Wire Anemometer
neter
Thermocouple Bellows Gages Optical-Schlieren Thermocouple«
Knudsen Gage Abcphcay

Bi-metalic -
Thermometer

Optical Pyrometer

Sonic-Thérmometer

Kinetic Energy
Analizer

Resistance-
Pressure
Capacitance-
Pressure

Piezoelectric

Dead-Yeight Teste

s~ectrometer

Sonic Anemometer

Vortex Shedding

Laser Anemometer
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The transducers and scnsing elements that ere r
in Table IV.2 will be discussed in detail in the follc
Chapters. These systems represent electrical, mechan:
and optical devices.
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MEASUREMENT OF FLUID VELOCITY

The measurement of velocity is perhaps the most im-
portant measurement in a great deal of problems. The
velocity can be measured in any of several ways. Perhaps
the most used device is the pitot-static pressure probe,
although drag type flow devices are also in wide use. The
present discussion is concerned with the steady state and
transient velocity measurements. Thus, the chapter in-
cludes detailed evaluation of the steady state pressure
measurements and also the transient velocity measurements
with the hot wire anemometer.

A. Total Pressure Measurement - The Pitot or impact
tube is instrument employed to measure the total pressure
of a moving fluid stream. The tube is simply an open-end
circular or other shape tube Ffacing directly into the fluid
flow. The total pressure can be related directly to the
total energy of the flowing fluid.

The ideal total pressure P of a flow is related

i, TOT
to the freestream static pressure, P by the freestream Mach
number M
P 1o Y S
i, 10T _ (i "on) 7-1

P

(5.1)

vhere M_ = ga.nd a 42’17 The velocity U is the freestream
velocity and og is the freestream density. For very low

freestream Mach number, equation (5.1) be expanded Lix:: a
series and o the linear term retained -
nly (1.e. M ( - )<1)

2
P 2 p U
_’-1_1.?1'..-1+1um.1+%( P‘ ) (5.2)
B! 2 ps.‘a‘

P 2
i, TOT [11--%-&-}-(—2{‘1)"‘: + .......]
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The total pressure, P'IOT

written as

2
p_ U2
TOT=1+C(% 5 J

Ps Pg

measured by the impact tube may be

(5.3)

C is a numerical factor which is approximately unity for
but very low Reynolds number operation.

For the flow of a gas at supersonic speeds a shock
wave will form in front of the impact tube.
the fluid is assumed to decelerate isentropically to the
The total pressure is given

stagnation point of the probe.
by the Rayleigh equation

o"o"'l-

After the s

"
>
X

B reonirOf el s
o
R S g

where now PR

the normal shock wave.

(5.1) and (5.4).

(5.4)

is the ideal stagnation pressure n-i‘te:l'

Figure 5.1 is a plot of equations 1
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Tigure 5.1 - Idcal Impact Probe Relaticne for S\pur___'

a1d Svoacnic Flowa.



The impact probe does not measure velocity dlrcc!flg:l'
We must, in all cases, know the speed sound at the measured
point in order to evaluate the velocity from pressure mea-
surement. For low speeds this may require a measure of
density. The measurement in each case can be shown to re-
quire an evaluation of total and static pressure, and
temperature at the point in question.

Figure 5.2 is a summary plot of experimental values
of C obtained for impact tubes. In general the ratio of

the impact pressure to the static pressure for the impact
tube can be written as

or _ Fi q® 2 il
—— =SR] B, Ne, B, &.E,r,_,;,.o,r,ar'

8 B8
(5.5)

Rounded nose probe

NPL standard

" P |
990 Lttt 'M ~ e e
2 4 elocity, ft/sec _

. rws.a-mmuwmmﬁ'
, Measurements.
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where !‘1 is a function of the dimensionless quantities:

a) Recynolds number based on probe radius, R
b) Local Mach number, M

¢) Prandtl number, Pr

d) Specific Heat, ¥

e

e) Turbulent intensity, o2 Rl
=
f) Knudsen number, A/r
g) Ratio of relaxation time of a gas to characteri
microscopic times, t'/(r/‘l’}' )

h) Angle of attack, & .
i) Ratio of stagnation orifice to external tube,

It will be possible to find regions where the listed effects
are quite small. In general the pitot-static tube used in
moderate speed (greater than 10 feet/scc.) flows at atmosphe
conditions will have a value of F very nearly one. Tne mo
important effects listed above are considered in the followin
discussion.

Reynolds Number Effect - The Reynolds number, R A - ._%‘;

is a ratio of the inertia to the viscous forces in the flow.
Thus, for large Reynolds numbers the viscous effect is not i
portant. The importance of Reynolds number only occurs at the
low velocities, where viscous effects are important. At the

low Reynolds numbers the impact pressure increases over that o
the ideal. Figure 5.3 shows the increased pressure observed

Chambre, P. L., and Schaaf, S.A.; The Impact Tube. Physical
Measurements in Gas Dynamics and Combustion. Vol. IX Princetomn
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Sphere

Figure 5.3 - Theoretical and Experimental Viscous
Corrections For a Sphere and a Cylinder.

for a sphere and a cylinder.

1 An analysis of the boundary layer flow over an impact |
tube” gives the stagnation pressure as

v
Pm'.[' = (ps’g + IT Ds U:) 'A[%;)y::‘ (5'6)

1
vhere (g o + 7~ Pg U'®) is the ideal total pressure, P

at the edge of the boundary layer. The coordinate system
corresponding to equation (5.6) is shown in figure 5.h.

3 ; 1
Chambre, P. L., and Schaaf, S.A.; ibid.
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Figure 5.4 - Coordinates for the Impact Tube Analys

The velocity derivative can be written as

T--2 48 (5.7)

which is a stetement of the assumption that the impact P
can be represented by a potential flow shape, such as that ©
a source. Tne velocity potential for a source is

Yo U
Y4 o
sillay Ay =% (5:8) |

x2+(y+r°}
and & becomes
e (5.9)

wnere r_ is the radius of curvature of the edge of the
boundary layer. The boundary layer displacement thickness &t
the stagnation point is

§ " =0.55T6 1/5‘ (5.10)



'so that &8 can be evaluated as e
2
A=rvozm Y , (5.11)
; ﬂe
or for a general shape of.ﬁrobe rather than the source
C
= -rl— v
Cadhfe N (5.12)
AT,

Thus, the correction term for viscosity in equation (5.6),
2m /8 can be related to the factor C of equation (5.3) as

MR e (5.13)

For.subsonic compressible flow the correction ,¢ 1is
given as

Han. = Pomace. |(166) (5.24)

The constant ‘.':3 for a spherical-shaped probe is

83
C3 = 3%

For supersonic flow the analysis is not applicable and
the only information is of an experimental nature. Figure
5.5 shows viscous corrections evaluated in supersonic flows.

1 .
Chambre, P. L., and Schaaf, S.A.; ibid




-

Figure 5.5 - Viscous Corrections to Impact Press
Supersonic Flow.

Orifice Diameter Effect - The above analysis does n
consider the effect of the size of the orifice. This
of the problem is by no means well evaluated, however, iw
pears that the orifice size will in general lower the &
total pressure reading. Chambre and Schaaf give the fo
correction for orifice effect

2 2
o r
P =P e WL
T0T,AVE ~ TTOT,ACT. . (5

where P'I.O‘I, AVE is the average pressure reading by the pr

and r, is the orifice radius. An Orifice small comparc
probe frontal area is found desirable for supersonic mes
ments.

of ack - The above analysis assumed that
flow as directly into the impact tube. If the tube is
misalined to the flow, we may expect that the measured
pressure will be too small. Figure 5.6 is a summary of
variation in pressure coefficient observed for impact p

:
Krause, R.N., and Gettelman: Considerations Entering in
Selection of Probes for Pressure Measurements in Jet Eng
15A Proc., Vol. 7, p. 131‘, 1952.
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o 20 T
Angle of attack

Figure 5.6 - Error Due to Impact Probe Angle of Attack.

The effect of flow angle can be thought of as a simple
matter of where the stagnation point is located. As long as
the stagnation point is located within the orifice area the
angle effect is small. This stagnation point effect is |
demonstrated by the "wide mouth" type tube showing the least
effect to flow angle. The wide mouth probe limits somewhat
the point type measurement of the smaller tip geometry, but
would be employed when large flow direction changes are ex-
pected.

The angle sensitivity of a probe may be employed to de-
termine the flow direction. In this case the probve would be |
operated at an angle where maximum change with angle occurs.
Figure 5.7 shows the sensitivity of a particular probe over &
wide range of angles. A typical flow direction probe may |
employ two or more probes set at 45° to the expected flow |
direction, as shown in the insert of figure 5.7. The yaw prc
is rotated so that a null reading is obtained between the twg
tubes. The null location would represent the flow direction,
The difference in pressure between the two tubes can also be !
employed as an indication of flow direction, without the need
of yawing the tubes. A combination of four tubes rather thar
two can be employed to find the flow direction in three-
dimensions.
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Figure 5.7 - Angle Sensitivity of an Impact Tube

The sensitivity of impact tubes to angle of attack
in supersonic flow is shown in figure 5.8. At supersonic
speeds the blunter-nosed tubes appear less sensitivity to
angle than the slender probes.

40
Angle of attack

Figure 5.81- Error Due to Impact Tube Angle of Attack
Supersonic Flow.

1
Wilson: J. Aero. Sci., Vol. 17 585-594 (1950)
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Velocity Gradient Measurements - If the impact tube is
employed in a velocity gradient, the geometric location of
measurement is in question. It is not possible to relate the
point of measurement directly to the geometric center of the
orifice. The effective center is displaced from the geometric
axis of the orifice toward the higher velocity part of the
gradient.2 The correction suggested by Young and Maas is

) d :
i = 0.131 + 0.082 'd—.‘ (5-16)

vhere § is the displacement, d, is the internal and d is
the external diameter of the probe.

In supersonic flows pronounced effects are often en-
countered in boundary layer type measurements. The effects
of probe size in a supersonic flow can be quite large, as
shown in figure 5.9. MNear the outer edge of the boundary
layer (velocity gradient) an overshoot in velocity is noted.
This overshoot in velocity is apparently.to the probe affecting
the upstream flow in the boundary layer.” In supersonic
boundary layer measurements the shock wave formed in front of
the probe may cause a local separation of the boundary layer.
The separation of the boundary layer feed information upstream
through the subsonic portion of the layer, thus causing a dis-
tortion of the complete layer.

2
Young, A.D., and Maas, J.N. The Behavior of a Pitot Tube in a
Transverse Total-Pressure Gradient. Aeronaut Research Comm., Repts
gm- 1770, 1937

Morkovin, M.V., and Bradfield, W.S.; Probe Interference in Mea-
Surements in Supersonic Laminar Boundary Layers, Jour. Aero. Seci.,
vel. 21, p. 785, 1954.
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Turbulent Effects on Velocity Measurcments - Goldutein™

has suggested that the impact preezsure Pm will be equal to

Poop = B, % pU2 + -;'- Py ;’1 (5.7}

where, q‘E = d + v_‘E - 162, is the sum of the turbulaent

city components. Such a relation is found to vierk reasong
for hign turbulent flows. Figure 5.10 shows an cxemvlc of a
pitot-atatic probe velocity profile ccmpered with a prefils
neasured by a hot wire ancmomeier.® The pitot-static profi
corrected for turbulence effects is found to sgree reasones
well with the hot-wire profile. For the flow of figure 5.10
turbulence level is extremely high compared to most fluid

2
Goldsteln, S.; A Note on the Measurement of Total Head and
Static Pressure in a Turbulent Stream. Proc. Roy. Soc.

;u.ss, p 570 (1936)

Cho, J. L., and Sandborn, V.A.; - A ResisTance Thevymometer
Fov Transient Temperalure fieasvramen s, Fuuo MEH.
PArER W9.2. Coto, Srmra Univ., 1964.
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Rerefied ias Effccis - Rerefied gas flows are .»Fined as
those in vhich the dimensions of the body in guestic: -re of
the same order as the molecular mean free path. The veocity
at the surface of a body is nom zero in a rarefied gas iiow.

The gas "slips” elong the surface of a body. Results in icate
that the mean pressure.at the stagnation point will decréyse due
to the effect of slip.” The efiect of slip is to increas: ‘he
viscous correction to the impact pressure. Figure 5.11 shous
the effect of slip on the viscous correction.

03r=

Slip case
M= 0.4)

1000
Reynolds number

Figure 5.11 - Effect of Slip 'n the Viscous Correction to
Impact Pressure

1
Chambre, P.L., and Schaaf, S.A.; irid.
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Dead-Weight Testers. - Theoretically it is
possible to build a manometer to measure any pres-
sure. However, as the pressure increases the length
of the manometer increases. Although, they are no
longer in common use, it was possible at one time to
find manometers several stories high. The mano-
meter has been replaced by the dead-weight tester for
the measure of high pressures. In general, the dead-
weight tester is used to calibrate some form of mechan-
ical pressure transducer, rather than being used as a
direct measure of pressure. Figure 7.12 shows a
typical tester setup. The fluid within the chamber
(an oil) transmits the weights to the gauge and pro-
duces a pressure. As long as the friction between the
cylinder and piston and flows of oil around the piston
are negligible the pressure can be computed. The pres=
sure produced by the weights depends on the effective
area of the piston, which depends in turn on the clear=-
ance between the piston and the cylinder. The plunger
is employed to correct for compression of the oil.

WEIGHTS

Figure 7.12 Typical Dead-Weight Tester Setup.
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The Rotancter - The rot-meter relies on tne drag of &
body  in . rostricted flow tube. A "rloating bob" iu
raised upward in a tapered tube by the drag end buoyency

force of the fiowlng fluid, Yhe upward forces are balrncud
by the weignt of the bob. The rutsmeter mecasures the mass
raete of flow through the wbe. %These devices are suited wo
the measurement of mass {low rates, ns long as the fiuid

properties are well known.

The Cup Anencneter - The rotating cup anemometer it in
extensive use in meteorological menswremeants. This instruament
reliecs on tha dilferance in drog betveen the inside apd cut-
s1de of a hcui-sphere. The inside of the hemi-spherc gives a
crag of rougnly that of « flat suwrface perpendicular to e
flow. As may be seen from figure 5.12 the drag of the i'lat
plate is greater then that of a hemi-sphere. Thus, the
rotating cup rnemometer will rotate in a wind. The linecar
cpeced of the cup centers, @, is related to the wind specd
» V , by a series relation

vaaﬁ-by-rcyad-......... {5.19)

in vhich a, b and c are constantas. The instruments employed
i metecrological usually secek to make ¢ and highar cocfficiont
zZero or very small.

'}_‘u._rbine Flow Meters - The movement of a fluid through a
tzmall Turbine wacel can be wsed to measure the mass flow. The
drag of the turblne blades produces a rotation as the fluid
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flows through it. The revolutions of the turbine can be
calibrated directly in terms of flow rate. A typical
application might employ a magnetic pickup to indicate
each time a blade passes, thus, several pulses per revol-
ution are produced. This pulse can then be related to
flow rate by the relation

Q= % (5-30]

where k is defined as the turbine flow coefficient, and
is obtained from flow calibration

C. Special Velocity Measuring Techniques - There are
several possible means of indicating velocity besides those
discussed above. The direct measurement of a tracer put in
the fluid is perhaps the simplest technique. For flowing
liquids the use of a floating particle is a good indication
of the velocity. The iracer must, of course, move along with
the flow velocity in order to be of value. The tracer must
be carried along by the shear force of the fluid, so that
there is a question whether the tracer moves at the velocity
of the liquid. Techniques that employ bubbles of the same
weight as a flowing gas are also used to measure gas flow.
Tracer techniques are at best, first estimates of flow velo-
city, and not likely to give accurate measurements. JIonized
and radioactive tracers are also employed in special cases.
These molecular sized particles are quite accurate since they
are of the same dimensions as the fluid particles.

Heat transfer techniques are employed to measure veloci-
ties in special cases. The heat transfer from a cylinder is
found to be related to the mean velocity by the following
relation

32R=A+B (O)" (5.21)

where n is of the order of 0.5. The heat transfer is related
to the square root of velocity, so it is not as sensitive as
the pitot-static relation. On the other hand, the heat Lransie
is measured in terms of electrical readouts, which can be
measured to a much greater degree of accuracy than pressure.
As & result, a heat transfer anemometer can be used for ac- _'
curate measurement of velocities down to less than one foot pel
second. * The major application of the heat transfer anemometer
is the Hot Wire Anemometer. The hot wire anemometer is dis-
cussed in detail in the section on transient measurements. The
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mean flow application of the heat transfer anemometer can g
be cither with a resistance-temperature transducer or with
a thermocouple-heat transfer transducer. Tne thermocouple-
heat transfer transducer is shown in figure 5.153. A
cylinder is heated by a constant current. The temperature

_.\..p Cylinder

i%R

A

Thermocouple

Figure 5.15 - Thermocouple-Heat Transfer Transducer.

of the cylinder is measured by a thermocouple, the output of
the thermocouple is a direct measure of the cooling of the
cylinder by the air flow. The system is usually calibrated
against a standard velocity. These instruments are found to
be quite accurate in the measure of velocity. The detailed
theory of the device is almost identical with the hot wire
which is given in the following section. s

The velocity of a fast moving fluid may be measured by
the proportion of a sound wave. A source of sound is produced
at a point in a flow, figure 5.1%. A sound pickup downstream
measures the time between the pulse and the arrival of the
wave. The velocity of propagation is

?=a+U=é (5.22)

vwhere V is the measured propagation, which is given as Jfft,
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Sound pickup x
e b4 “9

Sound pickup !

s S

Sound waves *
Sound source

Figure 5.14 - Measurement of Velocity With a Sound Wave.

a 1is the speed of sound which is a function of the absolute
temperature, and U is the velocity of the fluid. For reason=
able measurements U must be of the order of a, which is
around 1100 ft./sec. Thus, the sonic anemometer is not con-
sidered for extreme low velocity measurements. By using two
equally spaced sound pickups, one at right angles to the flow,
then we can measure directly the speed of sound; and the dif-
ference in time between the two pickup readings is equal to the
flow velocity. Sonic anemometers are used in meteorolical ;
measurements, because of their ability to indicate transient
fluctuations. The measurements are sensitive to chanpges in
temperature and humidity, which limits somewhat the accuracy
of calculations. The source of sound may be an expanding ery-
stal or a spark gap. If a spark gap is employed the velocity
may also be checked by measuring the propagation of the temper=
ature pulse.

Another system of measuring velocity is the vortex ]
shedding cylinder. This device might best be classed under the
heading of a drag instrument. At moderate and low velocities
it is found that flow separating from a cylinder produces a
regular vortex pattern downstream of the cylinder. The vortex
shedding frequency is a direct function of the flow velocity,
thus a measure of the frequency will be a measure of the flow
velocity. Figure 5.15 is a plot of the Strouhal number, S

o P4
s - (5.23)




111
(vhere f is the shedding frequency, d is the eylinder
diameter and U is the free stream velocity) as a function
of Reynolds number.

ap o
"
w
i
2 o=
5
=
—
o
£
3 okl
[ =]
-
w

0’”0 403 ﬁ_ F!'ﬁ li:oo z'oaa

Reynolds number

Figure 5.15 - Strouhal Number as a Function of Reynolds
Number.
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v. Transient Velocity Measurcments - The measure-

ment of transient velocities is almost exclusively d&:&m‘_k
by the hot wire anemometer. The previous discussed velo.
city measuring devices can follow very slow (1 cycle per
second or less) fluctuations, which is tco slow Lo be of
much value in turbulence studies. In the atmosphere the
cup anemometer is sometimes crmploycd to indicate the =
turbulent fluctuations, but it is doubtful that adequate
response is ever possible with this large instrument. I
is desirable to chose a measuring device which has little
or no bulk to change as the velocity changes. Thus, the
hnthwire, which is extremely small, of the order of
inches in diameter is the best device for indicatin
turbulent fluctuations.

The Hot Wire Anemometer - The hot wire anemomcter is
a Resistance-Temperature transducer. For the ancmometer
application the wire is hecated electrically by Joulean
heating. The flow of fluid over the heated wire cools
the element, so that the temperature of the heated wire
will vary with the fluid flow. A mcasure of the heat
transfer from the wire to the flow can be related direc
to the fluid properties of tcmperature, velocity, density,
etc. The understanding of heat transfer from a hot wire
must first of all consider the temperature distribution
within and along the wire. The temperature distributions
can be predicted from energy balances. .

Resistance-Temperature Relation - The resistance of
a metalic conductor, such as platinum shown in figure 3.
can be represented by a relation of the form

R =R, [1 +o<('r-r°) +,9(T-'ro)? + ] (5¢

In specific cases the temperature range of the conductor
can be regtricted to limits where the higher order tecmp-
erature dependence can be neglected. Thus, for the

present discussion we will assume that equation (5.24) is

R= RO [1 + o (T-To)] (5-
This relation is adequate for metals such as platinum,

tungsten, copper, etc., however it is not valid for
materials such as nickel or iron.
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The Joulean heating per unit length of a hot wire can
be written as

2 L 2
q = = ;—? [1+a (z,-1,)] (5.26)

where the relation for resistivity (equation 3.1) is also
employed.

Enerpgy Balance - The simplest case will be that of an
infinitely long wire heated by Joulean heating. The wire
loses heat to the surroundings by conduction and radiation.

qj =q,+q (5.27)
The Joulean heating is given by equation (5.26).

The heat loss to the surrounding fluid is normally given
by the relation

q, = hnd (Ty - T) (5.28)

This equation is usually viewed as a definition for the heat
transfer coefficient, h. The actual nature of the heat transfer
coefficient will depend on the specific application of the
anemometer. For normal continuum flow h, varies as the velocity
of the fluid flow. The heat transfer coefficient varies
from fluid to fluid, and also it varies if the fluid properties
change due to temperature or pressurc. For the present znalysis
it is assumed that h is independent of temperature.

The radiation term
can be linearized by defining a "heat transfer coefficient of
radiation." Consideration of higher order approximations for
the wire temperature distribution
can include a temperature dependence for the heat transfer
coefficient of the form

h =hy + hlm + hzm-h (5.29)

a relation of this type can be employed to account for the
temperature effect on fluid properties. For most heat transfer
applications it is desirable to employ some form of a film
temperature to produce average fluid properties. However,
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the temperature distribution along the wire willl vary by
several hundred degrces, so that it would be diffi cult to
definc a simple film temperature.

The second type of heat loss listed in Equaticn
is radiation. For the infinite length hot wire opeiratis
vacuum radiation may be the only heat loss. For the r
case the heat loss will depend on the difference of the {
nower of the temperatures, The radiation heat loss is
fined in terms of a surfacc emissivity, € . by the re,

4 4 .
qrneu‘sbID(Tw "T) (5'

where ogp is the Stefan-Boltzmann radiation anstant
The value of € depends on the surface propertics of th
hot wire.

Equation (5.27) becomes

4120’0 ]
—— [l"i‘ﬂ (T\V—To)" = th\’TW-T)".
1D? J
&
€ ogp 7 D (T, - T") (5.31)

For a given wire, current input, hcal transfer coefficient
emissivity, and fluid temperature the infinite long wire
temperature can be calculated from Jquation (5.31).

For most molar conduction applications the rad
heat transfer can be ncglected particularly if the wire te
perature is not too great. Neglecting radiation the infini
long wire temperalture is

a_.
4 eq (@Tg - 1) = haDT
'Da ’ .
Tgod (5.5}
1 4a1%c o
...._....._2_- hrD
7 D?

The case of an infinite length wire is of limited use sine
many of the resistance temperature transducer applications

employ short length wires. Thus, the general energy balanc'ﬁ
u
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inelude a term for the conduction to the wire supports.
Fipure 515 a diagram of a typical hot wire geometry. The
heat input is still Joulean heating. The heat loss is by;
a) conduction to the fluid, b) radiation to the fluid, and
¢) conduction to the wire supports. For the analysis it is
assumed that the wire support temperature is known. Since
the supports are usually very large compared to the hot
wire, it is found that Joulean heating of the supports can
be neglected. Equation 5.27 for the wire of figure 5.16
becomer

qjaqti-qrd-qk (5.33)

q, qr

o

Figure 5.16 - Heat Balance of a Hot Wire Sensing Element.
where g, is the heat loss by conduction to the wire supports.

Thermal conduction within a metal is expressed in terms of the
thermal conductivity of tne material, k by the relation

w02 acTw
Sl e e (5.34)

Equation (5.33) becomes
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1:'2:; [1 e {TV-TO)] D (Tv'Ta) ok L (',{'J"-T. .

k D2 e
i ax? (54

A general solution of equat‘ion (5.35) is not available
computer evaluations for special cases have been worked

The case where radiation can be neglected is of g
importance in the anemometer application and for part of
hot wire anemometer range of application. Neglecting
equation (5.35) can be written as

: . 1
dzTH }' DT-%—é T h Mg 2 %—2 (dTO-l [
ax2 x 7D? » kD2 i
kv
or
LY X IR A (5.36)

The boundary conditions for equation (5.36) are

gtx.taffa,rwams |
From the requirements of symmetry imposed by the boundary co
ditions it is evident that the wire temperature will be a
maximum at x=0. Thus, the boundary conditions can also be eI
pressed as |

stxwo, $mao.
ax

Equation (5.36) is quite common in heat transfer analysis and
is solved by change of rariable; Z. this gives
g=-l— | 4+ T,

1
the following homogeneous differential equation

dea ¢
ax? 4 9.0 (5.37)
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with the boundary conditions

dTx =dew
ax | x=0 ax
= ? - ﬂ't £
0, =i S vt} at x =% (3)

where '1’" o is the infinite long wire temperature. The
k)

solution for equation (5.37) is outlined by Wyliel, with
the results in terms of & given as
¥
cosh By ® x :
cosh B 29
2
In terms of the wire temperature the solution is
B, B cosh¥ff, x
2
T =g ..[ RS ! (5.39)

Br 80 cosiip, R

For the case of the infinite length wire the wire tempera-
ture Tw is independent of wire length. The finite

length wire temperature varies with wire length, thus it
appears necessary to define an average terperature for the
hot wire. The general operation of the hot wire will be
based on the measured "average" resistance of the sensing
clement, so that the average temperature is of specific
importance. The average tcmperature is obtained by
integrating cquation (5.39) over the hot wire length.

+ v
E-l/ den_“_’?.-(/z-r)MI &
L A/ Yol » By o8 Sl £
£ i

(5.40)

Figure (5.17) is a plot of equation (5.39) for a typical
set of hot wire anemometer conditions. Values of the

luylie, c_‘njl- Advanced Engineering Mathematlics. MS Graw-
Hill Book Co., 1951,
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infinite length, end finite length aversge wire tempare-
tures are also noted on the fipgure.

The above saalyris ppplies for the case where heal
is tranaferred from the wire to the tluid streom.

gs L B BN DL AN SR B BB B BN B B ) ' Lo B e BN B B b B DL .1
o -
T,°x3ﬂ" o
Jdo 5 i)
X
Figwre 5.17 » Temparature distribution aleng a 3
convection controled hot wire.

I.ﬁ Average Tenmmerature lelaled to Desistance

The resislhance Oof o hol wirs nocsweed By 8n insirient
will correcpond to the lengii average temperature. The
length avercge temperature was conputed in the preceeding
section for each of the three cases considered. For the
convection controled case equation (5.40) in tre lengih
average temperature. Thus, the resistance of ihe convee-
tion conlroled hot wire is obiained Ly veinz equation
{5.40) Tor T in cquation (5.25) or perhanr equation
(5.24) if a exoct relation is required. For equa-
tion (5.25)
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m«’t‘f-"—-lf
R_=R 1_'_0(_{2_.(_.4_3_?) -7
s 0 By \og " Agrg  °
(5.h1)

Thus, the mecasure resistance of a hot wire can be re-
lated directly to ihe physical properties and the wire
support temperaturc. In application the interest will
always be to determine the length averapge temperature
from a measurc of the wire resistance.

Circumferential and Radial Temperaturc Gradients

In the previous scction the radial and circum-
ferential temperature pradients that might exist in the
vire were neglected. The heat transfer that will be
considered .in the next scction, will be found to vary
around the eircumfervence of the hot wire. Such an un-
even heat transfer may well require the temperature-to
vary around the circumference of the wire. These ef-
fects will be more important the larger the diameter of
the wire. It is us assumed that the very small
anemoneter wires (4x10-"em in diameter), no axial
gradient can be supported.

Heat Conduction From the Wire to its Supporis -
The main use of the resistance-lempecrature wire will
be to measurce heat transfer. Accurate measure of the
heat transfer must take into account the heat lost to
the supports. Thus, if a wire is placed in a flowing
medium, it will lose heat to the fluid and to its
supports. The energy balance on the entire wire may
be obtained by considering 5.18.

Qp=0Q, + 2 Q (5.42)

vwhich may be written as

I°R, = hwrawd (T, - T,) + 2Q, (5.43)
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Figure 5.18 - Convection Controlled Energy
Balance on a Hot Wire.

The conduction to the supports can be found by ap-
plying the Fourier-Biot conduction equation at the
point of attachment.

o= -% 5= 2|, 4 (5.)
'E.‘lsnejg'.;ndient is obtained by differentia.ting equation
. S]:N}{Jl'z 5 Y, %—
arv _ (ﬂ;: : ,) :om—;:;( 1 (5.45)
p——

or
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1 Y.
m,x-%’{é"rs ﬁimm{—l-z—:—( (5.46)

equation (5.43) may now be written as
%
o= E

3 ”‘%—
12;-0 [1 +d(Tw - '1'0)] -'thw (Tw - '.ea] +
1
& V74
(;1 g Ts) ol (5.57)

Thus, the ratio of the heat loss by conduction to the wire
supports to that lost directly to the air stream by con-

vection is 82 i T) (ﬂ -%-?) mﬂ*j
£k w’f-é'l X i -
ﬁ » 7Kg Mg (T,-T,) (5.48)

vhere Nu, = i2. The energy balance, equation (5.47)
becomes g

*ro [1 NS (“Ew i To)] ¥ ‘#‘Kr'ﬂuf (Ew"Tu) @ +F)
- (5.49)

The subscript f denotes conditions evaluated at the
average temperature between the fluid and the wire. The
major difficulty in evaluating the heat loss due to con-
vection is determining the value of the wire support
temperature. The solution of equations (5.48) and (5.49)
is difficult,l but it can be solved in an adeguate form.
A simpler technique was developed by Kovasgnay® by
assuming the wire support temperature is that of the free
stream. The ratio of the actual heat transfer Nusselt
number, N , to the measured Nusselt number, N " can be

written as

LBaldwm, LV.; Slip Flow Heat Transfey From Cylinders in

_Subsemic AirsTredms, NACA TN 1269, 1388,

RKovasznay: L.5.6.: Tovbulent Me2surémenls, wl. IX
'Phr.srca{ Measuremenls in 6as Oynanics and Combuslon,

Princelon Univ. Press, 1959,
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N, :
o 2 (5.50)

where

# 1 (5)
cl-SE- TANH S a*

h;lﬂl

1 4 % .
G R ) :

The reference temperature of the wire,ftemperature-resis

calibration),is taken at T_ rather than 32°F to simpl
a

the calculations. The solution of a* as a function of |

is shown in figure (5.19). Use of figure (5.19) togetl

with equation (5.50) is a quick means of correcting for

heat loss to the supports. i
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Figure 5.19 - Solution of &/e* ae a function of 35




130 Transient Operation - The major application of
the hot wire anemomcter is in the measurement of transient
velocities rather than mean velocities. Thus, we need
consider the response of the hot wire to a transient, which
causes a change in the wire temperature. The energy
equation for transient operation may be written as

(ENERGY STORAGE BY WIRE) = (INPUT ENERGY) - (CONVECTION
ENERGY OUT) - (CONDUCTION ENERGY OUT)

The relation is written as
Qg = 95 - 9 - Y (5.51)

The storage of energy per unit time in an elemental volume
of wire is

2
q5=7—”£— och‘t' (5.52)

wvhere p is the deﬁsity of the wire material and c¢ is
the specific heat of the wire material. The product pc
is the wire heat capacity. We are assuming that the

temperature is uniform within the wire material. The ef-
fect of radial temperature gradients in the wire is treated
in detail by Benson and Brundrett.~ Using equation (5. 52)
together with equations (5.26), (5.28) and (5.34) in equa-
tion (5.51) gives

¢ pc% = %{4 lf"(Tw-To)] - mD (T,-T)

D2 a2 '
- : (5.53)

1
Benson, R.S5., and Brundrett, G.W.; Development of a Resist-
ance Wire Thermometer for Measuring Transient Temperature i
Exhaust Systems of Internal Combustion Engines. Temperature,
its Measurement and Control in Science and Industry. Vol. 3

(Reinhold Pub. Corp. New York( (196 )
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Equation (5.53) may be written as

LT 4o, 08, e
whereﬁl and.ﬂz are defined as in equation (5.36). The

.boundary conditions for the case of a cold wire heated
suddenly up to a hot operating temperature is

¢ Tws'l‘s,x=f{ at all times t
Initial condition
T, = Tg t = 0 for all x

Details of the solution of equation (5.54) is given by
Baldwin and Sandborn.l

Briefly, we know the "steady state solution for the finite
wire, equation (5.39). So we can assume a solution of
the form:

ty, (e ,t%) = U (x) + v (x, %)
where W (x) is equation (5.39) and U (x,t) must be computed
(1) t,=©+ T end (2) ar(x,t) = w (x,t) e ~ t/rr

1
e o L e
- k B
This leads to pe gw _2%w
x It Fx2

Assume a product solution (e.g. ref., Wylie, C.R.
Advanced Engineering Mathematics, McGraw-Hill Book Co.
New York, (1951)

1
Baldwin, L. V., and Sandborn, V.A.; Hot-Wire Calorime-
ter: Theory and Application to Ion Rocket Research
NASA TR R-98, (1961).
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w(x,t) =T (t) X (x)

the equation becomes

i B T Lo
or _(.\zkt} :
w(x, t) =C e “pec cos Ax

Only way to fit the boundary conditions is to require:

cos%:D !

So
"1"“; (n 7+ -E: ) 4 cigenvalues, n =0, 1, 2

The solution can be written as
oo
r"l A2 k
AR ‘52 g Zce(
w 81 B
cosuf-%— n=o

(5.5

Where the constants C_  are the Fourier coefficients
half-range cosine expaﬁsiun (e.g. Wylie}

The length average solution is

: mmf/’T%J 8. g
B ﬁ ,Jg >_:__+2né&
w7, "\ 5,/-31} £
=

STEADY STATE SOLUTION ' TRANSIENT SO
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The usual technique employed in transient response
analysis leads to solutions of the form va tf fora

first order system, where is termed the Lime constant
of the system. For example, if a simple sysiem, such as a
hot wire, were subjected to a change in temperature from
Tu to Tl, ve might require that the t.i.me rate of change

%—E be proportional to the temperature difference. This

would be expressed as

T e -1) (5-57)

where the time constant T is just the constant of
proportionality for the relation. Equation (5.57) is a
first order system with a solution of the form -t /) .
Figure (5.20) shows the solution of equation (5.57) plotted
as a function of T~ for a ratio AT,/AT_ so the solution is

-

o "0 As may be seen @ occurs at .63 of the final

ratio of 1.0.

Examination of equation (5.56) shows that the
transient solution is of the form of

oo t
Z cre T (5.58)
n=o
. Where
1 Anpc kS
f;'TL+T (5.59)

For this equation the solution is a series of first order
solutions, so it is evident that the finite hot wire docs not
respond exactly as a first order system. However, for general
applications it is found that the "higher order" (n =1, 2, 3
*+vs...) terms in the transient solution can be neglected com-
Pared with the n = O terms. Thus, the transient solution is
approximately

o0 £ . ¥
zcn*e'i’;a Cre o (5.60)
nro
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1.0 Y 0 T
|-
-t/T)
6 OTy/8To = 1 - @
AT,
Ty
'4
2
1 ] L 1 (1 1 1 L]
. % i ir n "y
Time

Figure 5.20 - Trensient Response of a ¥irct C
System to a Stcp Function.
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The relation for the zero order time constant becomes

25 g

1o [dee L Al [0 40 & - () Tae]
(5.61)

It can be shown that the exact first order time
constant for an infinitely long wire is

2 2
"':%“ &2 ; T (?45") 5 (5.62)

Likewise, the results of Baldwin and Sandbornl for a con-
duction controled wire leads to the result (for roughly
the same approximation as made in equation (5.60) )

|1 ek 2
Tovnio L Ot (for 1+0) (5.63)
Thus, as might be expected equation (5.61) is a linear

combination of the two cases of convection controled and
conduction controled heat loss.

A detailed evaluation of the time constant for a
resistance thermometer is given in Chapter VI. The actual
application of equation (5.61) may be limited, since the
conduction term is very small in room air conditions. The
conduction term is important only for vacuum conditions
where h is very small. For operation of hot wires in the
slip region we might expect to find an area where all terms
in equation (5.61) are important. The solution, equation
(5.55) was obtained by Baldwin in 1961 and we have not had
time to check more that the end points of pure conduction and
pure convection. Some rough checks? were attempted and the
trend for the time constant in the slip flow region appeared
Treasonable, however, the accuracy of the results were ex-
tremely limited. »

i
Baldwin, L. V., and Sandborn, V. A.; ibid.

2

Sandborn, V. A.; A Hot-Wire Vacuum Gauge for Transient
l(leassgu:;'emenbs. Avco Corp. Wilmington, Mass. RAD-TM-63-41,
1963).



i Convective Illcal Transfer - The convecbive heal
transfer from hot wires has received much experimenlal
attention. Baldwin, Sandborn, and Lawrcncelgive an
extensive review of rcported hecat transfer measurcments
from cylinders made up until 1960. The correlations
are the basic results upon vhich the many different ap-
plications of the resistance temperature transducers can
be related. The gencral approach in the consideration
of convective heat transfer will be mainly to employ
experimental data rather than theoretical predictions.
The flow around a circular cylinder is complex and as a
result theoretical evaluation of the flow is difficult.
For potential flow around a cylinder the problem can be
handled theoretically, however, for the actual case of a
viscous flow the analysis becomes very complex. i
Numerical solutions have, of course, been obtained over
wide ranges of flow conditions, but general relations
are not available. For free molecule flow general solu-
tions can, of course, be obtained.

One important fact must be kept in mind in con-
sidering the convective heat transfer from cylinders as
applied to the applications of the resistance-temperature
transducer. This is that it may not be adequate for a
particular application to have only an engincering type
representation of the heat loss from the wire. If |
transient applications are considered, the heat loss must
be accurately known so that the first derivative of the
curve can be obtained. Thus, in the following discussion
the very general overall type correlations are not E
attempted, as they may be very misleading in the transi
measurements with the transducer.

In the following sections the convective heat
transfer has been considered in several different flow
regions. The present division is made basically as to
the density effects the heat transfer. The parameters
that determine the heat transfer characteristics are:

1

Baldwin, L.V., Sandborn, V.A., and Lawrence, J.C.; Heat
Transfer from Transverse and Yawed Cylinders in Continuum,
Slip and Free-Molecule Flow.
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(1) Nusselt number = — =N , (2) Reynolds number =

_Q_}I:_D =R, (3) Mach number = 1:- =M and (%) Knudsen number =

D& = K“ vwhere

- heat transfer coefficient u - coefficient of viscosity
- cylinder diameter a speed of sound

thermal conductivity 2 - molecular near free path
- flow velocity p = fluid density

(=8 - -4
1

The convective heat-loss rate, equation (5.28) or
(5.29), may be taken as a definition of the heat transfer
coefficient h. The Nusselt number is a dimensionless heat
transfer parameter, which is the ratio of conduction to con-
vection. The Reynolds number is a dimensionless flow
parameter, which is the ratio of inertia to viscous forces.
The Mach number is a dimensionless compressibility parameter,
which is the ratio of flow velocity to the local speed of
sound. The Knudsen number is a dimensionless flow regime
parameter, which is the ratio of molecular mcan free path
to wire diameter. The three fluid parameters, Reynolds,
Mach and Knudsen number, are interrelated, and any one can
be expressed in terms of the other two.

From free molecule flow the mean free path between
molecules can be related directly to the density of the gas,

-9
aG.}. 7.7166 x 10 (5-6“‘)

p (gm/en®)

This result is obtained by assuming the gas is composed of
hard elastic spheres. This assumption is valid for gases

as long as large molccular temperatures are not considered.
Using equation (5.64), it is apparent that the Knudsen number
represents the effect of density in the problem. Likewise,
Mach number represents the effect of velocity in the problem.
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Reynolds number contains information avout both density
velocity. Again from free molecular f{low theory, the
viscosity of a rarefied gas composed of hard elastic s
having a Maxwellian velocity distribution is

U= 0.bogTFp A " (55

where the mean molecular speed can be related to the
acoustic speed by

o 7 RL (5.66)

where ¥ is the isentropic exponent. Using these mole
flow relations the relation between Reynolds, Mach and
Knudsen number becomes =5

M
xu= l.ESF ‘ﬁ';"

Equation (5.67) indicates that only two of the
parameters are necessary to express the flow conditions.
most revealing correlation has proven to be a plot of N
number versus Reynolds number, with lines of constant Mach
and Knudsen number denoted on the figure. In this type
plot the effect of velocity and density on heat transfer
easily separated. In the sections which follow the dis
sion is divided into continuum, slip and free molecule
flow regimes. These divisions are basically defined in ¢
of mean free path, and as such can be divided according to
Knudsen number.

The subsonic convection of heat from small cylinde
in continuum flow has come under theoretical study for Y
years. The work of Boussineq+, in 1905 appears to be the
first formal attack on the problem. King?, in 191l extend
the work of Boussineq to the first theoretical application
of the hot wire anemometer. The results of King's solution
is still taken as the starting point for many modern thesis
on hot wire anemometry. As applied to the mean heat loss
from hot wires in a subsonic continuum flow the engineering;

T &
Boussineq, 'Comptes Rendus,' vol. 133, p. 257, 1905
2 1
King, L.V., On the Convection of Heat from Small Cylinders
in a Stream of Fluid: Determination of the Convection Con-
stants of Small Platinuum Wires with Application to lHot-Wire
J(xnemﬁnjetry. Phil, Trons. Roy. Soc. London A 214, 373-432
1914).
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predictions of King arc surprisingly good. Unfortunately,
the most used applicalions of the hot wire ancmometer is
for transient measurcment, where the equation for the heat
loss must be accurate to the first derivative. King's
"potential flow" relation for heat loss may be expressed as

i2

R
(R - Ra]

This relation is still employed extensively in many hot

wire anemometer studies. Unfortunately, the results of
King are limited to at best continuum, high Reynolds number
flows. At the limits the power of U can vary from near
zero to one. For continuum flow at low Reynolds numbers the
sensitivity to velocity becomes

e | (5.68)

et 1088 = b | (5.69)
106 (a/0)

which is the zero end of the scale. For free molecule flow
the heat loss varies as the first power of the velocity.
Thus, no one heat loss curve can represent all of the pos-
sible relations for heat transfer that can be encountered
for the hot wire._

Figure (5.21) shows thc possible variation in heat
loss, as a function of_ Mach, Knudsen and Reynolds number
for a cylinder in air. The lines of constant Mach number
correspond roughly to lines of constant velocity, while
constant Knudsen number corresponds {o constant density.
This curve shows, as might be expected, that the hot wire
is sensitive to both velocity and density as well as
temperature. The curves of figure (5.21) are an engincering
correlation of a great quantity of experimental measurements.
Thus, each curve is roughly accurate to + 15%, and could never b
used as the exact calculation curve for hot wire measurements.
Each use of a lot wire will require an individual calibration
curve of mean velocity versus heat loss.

>

1
Baldwin, L.V., Sandborn, V. A. and Lawrence, J.C., Jour. of
Heat Transfer. ASME Trans., Ser. C., Vol. 82, No. 2. 1960.
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Figure 5,21 - Correlation of convective lLeat
transfer from transverse cylinders,
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Figure 5,22 - Experimental measnrement of the
heat transfer from a not wire,
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Figure 5.22 is n nlot of measured heat loss from a
0.0002-inch diameter tungsten wire operating near room
air flow. Here the dimensional term, (i%R)/(R - R_)’ for

a

heat loss is plotted against measurcd velocity. The varia-
tion of the density was at most 4 percent, and hence for
simplicity the data are treated as incompressible (NM = 0).

The hot-wire-anemometer output can be annlyzed by relating
the root-mean-square vollage fluctustion to the correspond-
ing velocity fluctuation graphically by using the best
faired curve through the data of Fig. 5.22.

For the evaluation of turbulent fluctuation from
anemometer measurements it is preferred to use an empirical
cquation between heat loss and velocity. The slope of the
empirical equation at the measuring velocity will be used
to relate the heat loss and the turbulence. Thus, the
equation not only must represent the data, but also must
give a good first derivative. Several empirical equations
are fitted to the data of Fig. 5.22. It was found that, to
obtain one equation to fit all the data, the power of the
velocity must be less than one-half. An equation of King's
form, but with a power of 0.43 gives a representation
over the range of velocities covered. ?;gie that, for

U - 2i0 ft/sec, Npe ©f the wire is 22.) The data could

be approximated by King's law if two differenl slopes and
intercepts were used. Likewise, simple power laws without
an intercept represent the data well over limited regions.
The data of Fig. 5.22 were all token with a constant-
temperature hot-wire anemometer at the center of a 4-inch-
diameter fully developed turbulent pipe flow.

The relation between the mean heat loss and the mean
velocity appears to be best fit by the relation

i®R
__R-R = A + Buh (5'70}
a
The value of n is near 0.5, but not exactly 0.5. One may
consider the sensitivity of heat loss to velocity a(I2R)’

dau

and see that it may make a great deal of difference in the
results even for small changes in n.



292 Flow Direction fiersitivity - The mean lLieab luss
a hol wire will elso be a Mnelicn of the flow directio:
The meen heat loss appears o vary roughly as the

of mean velocity noansd to the hot wire axis. rr-um‘S;r
shows a typlcal variation of heat lo2s as a Tiuction o

wire anglo with respect to the flow. Tais hzat troash

curve it cowpared to a cosine curve ; which corresponds

1.0 "‘-’__0.—0-'0

o ‘,ﬂ-

.‘,,EE..S A 8.~ :

H 6 ﬂ/’ ﬂﬂa
2> o g~ o 67.4
‘8 a _4@ 4(, o 105
AR / VSin ¢ < 151
e : A 206
28 2 % v 236

0 — 10 20 30 40 50 60 70 80 90
Angle of Yaw, ¢
Figure 5.23% - Heat Transfer from a Cylinder as a
Function of the Angle Belweon the Cylinder und Flow.

the case where only the norizl velocity eccamonent is .
responcible for the heat transfer. UWhile thers i5 rough

agreemcat bebweon the cosine curve and the measurament it
can be secn thet n marked devietion would be found if the
first derivativa of the cosine and weasurcd curves wera
compared. A geoerel calibration of a hot wire that is o be
ucsed at aogles Lo the flow requires a three-dlinensional
curve such ag that shown in figure 5.24. Here the varia-
tion to mean velocity as a function of angle is plotied.

Actunl use of the hot wire reguires a series of two dimen
sional celibration curves at fixed ongles snd fixed
velocities, as shovn in figure 5.25, to obtain the veloei
and angle scnsitivities.

The effect of slip and free molecule flow on the
yawed hot.wire has been considered by Baldwin, Sandborn |
Lawrence.™ For engineering correlations it is necessary
consider both the Reynolds of the flow normal to the cyl
and the Mach number normal to the cylinder.

lBaldv.v.-in, L. V., Sandborn, V. A., and Lawrence, J.C.:
Ibid.
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Figure 5,24 = Three-dimensional calibration of a
1ot wire as a function of flow ancle and velocity.
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Figure 5,25 - Two-dimensional parametric curves of
the ealibration of a hot wire to flow angle and
velocity,
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Evaluation of Turbulence with the Hot Wirc Anemon
If a hot wire is placed in a turbulent air {low the heat |
will fluctuate with turbulence. As discussed above the
wire can follow a transient change roughly as a first ord
system. A typical hot wire will respond roughly as shown

figure 5.26.

MEASURED IN AIR

SN

T T

T

CALCULATED FOR
VACUUM

100
FREQUENCY, CPS’

Figure 5.26 - Typical Frequency Response Curve for
0.0002-inch Diemeter Tungoten Hot Wire. a

The firequency response may be computed directly from Lgd
step response curve, figure 5.20, by requiring f = AL

hot wire of figure 5.26 can respond to approximately T0
cycles per second without a loss in gain. Above 70 cycle
second the response fnlls off as a first order system.
electronic amplifier is built that can increase gain as a
ﬁ.rat order system, then it is pousible to electronically
"campensate” for the loss in gain of tue hot wire. There
at least three basic electronic networks that will behave &
a first order system.

a) The resistance-copacitance network
b) The resistance-inductance network
¢) The transformer circuit

These systems may be employed to compenstate the loss in
of the hot wire, and thus, increase its frequency respon
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tvo or three deocacdes. These systems are Lermed constent
vurrent not wire anciomecters, since the current through
{he hot wire is5 beld constant.

A 3econd electronic gystem may be employed, which
halences automiticelly the wheatstcne bridge in which a
Lot wire is operating. In other words the electronie
rysten senges pny unonlance in the bridge dve to the
iluetuation in the hot vire heat loss ané feeds current
{o the bridge Lo rebelance it. The electronic system can
follow and balance the bridge for frecuencies up to
%0.000 cycles or greater. Thus, the resistonce (tempera-
ture( of the hot wire is held constant with respect to
iime, and the thermsl storage term, Eq. (5.52), is zero.
The frequency response of this system, which is called
the constant temperature hot-wire anemometer, is strickly
& function of the frequency limits of the electronic
system. Figura 5.27 shows the besic block diagram for the
iwo types of anemometers. The detailed electronic circuits
ere not included in the present discussion.

ConSTRNT mmmm

Figure 5.27 - Hot-Wire Anemometer Circuits.



146 The measurements of turbulence with the hot wire
ancmometer is based on the fact that the output can fo,
low the instantancous changes in the fluctuations.
ability to follow the instantancous variations is
accomplished electronically. The present discussion wi
assume that the anemometier output is following the ins
tancous fluctuations. The second assumption required
the measurement of turbulent with the hot wire anemome
is that a mean calibration between the wire heat loss .
the quantity to be measured can be used to evaluate t
fluctuations. In all cases to be covered it should be
in mind that the main object is to evaluate the fluctue
quantity once the mean calibration is known.

The first part of the discussion is concerned wi:
actual relation between the fluctuating voltage and flue
tuating velocities. As such, it is intcnded as a guid
the approximations involved in the evaluation of hot wi
anemometer signals. Unfortunately, only a token amount
experimental investigation of the errors involved in hot
wire anemometry have been made. Once the approximations
are outlined then example sensitivity rclations between
fluctuating voltages and turbulent quantities can be de
It was chosen to present the general sensitivity relat
for the hot wire in the last part, since specific exs
will better serve to demonstrate the techniques invol:

Velocity Sensitivity of a Hot Wire - In this sec
two possible types of hot wire operations are considered
First the case of a wire normal to the mean flow, and se
the case where the wire is yawed to the mean flow. Fig
5.2k is an example of the relation between the wire
required to maintain a constant wire resistance and mean
velocity as a function of yaw angle. An angle of yaw of
is when the wire is normal to the flow, and an angle of
is for the wire parallel to the flow. For convenience ©:
discussion it is assumed that all flow properties except
velocity are constant. Likewise the wire is maintained
constant resistance, so that there is no nced to express
heat loss in terms of AR. Thus, figure 5.24 is a comp.
calibration for a hot wire under these conditions. A 4
fluctuating voltage, e , about sone .alue, Em, can be
related directly to a fluctuating velocity by a graphic i
tion, as demonstrated in figure 5.28. Note that in all |
analysis to follow, the objcct is always to do exactly
demonstrated in figure 5.28. The problem is made comple
because there is more than one turbulent quantity being !
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Wire voltage

Velocity

Figure 5.28 - Graphic Solution of Turbulent Fluctua-
tions.

by the hot wire anemometer.

The specific question that must be answered first
is what velocity is sensed by the hot wire in a threc-
dimensional turbulent flow? The problem of a wire normal to
the mean flow is shown in figure 5.29. The total velocity
is the vectoral sum of the mean and fluctuating velocities.

Upp =V (Ut )% 72 (5.71)

If the heat loss from the hot wire is a direct function of
the total velocity then the output of the hot wire is related
to the mean and fluctuating velocities as given by equation
(5.71). For the present discussion there is no need to
assume that the heat transfer is due only to the normal com-
ponent of the total velocity.* Thus, equation (5.71) is more

¥ TNote that if only the normal component were assumed, then
v would not be included in equation (5.71).
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Figure 5.29 - Hot Wire Normal to the Mean Flow.

general than is normally assumed. The fact that in
figure 5.24 there is still a velocity sensitivity for a
wire parallel to the flow (zero degrees), suggests that'
scme sensitivity to v may be present. The value of
v2, no doubt, should be weighted by a factor Somewhere
between O and 1, therefore equation (5.71) over esti-
mates the wire sensitivity.

Equation (5.71) may be rewritten as

F el (3 oo

'In order to simplify equation (5.72) it is assumed that
|u) |vl=lwl ana Ii;l«um, thus
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24 G o o) e

Yor = 1e2(f) (5.74)

For many turbulent flows the fluctuations are only about
onz tenth of the mean velocity, so thet order of magni-
tvde acswiptions made in equationa (5.73) are walid.
Hewever, for such flows &s a boundary layer (near the
well) values of u_ as great as 0.4 sre cbtained. Un-

m
fortunntely, no information has ever been published to
dexonsirate jusi when equation (5.7h) is no longer valid.
This validity must be deiermined for each turbulent flow.
Teroughout the following discussion on the evaluation of
noet wire signals it will be assumed that the velocity
2em be expressed as a mean cuvantity plus a turbulent
component., (Um +u'). 9he turbulent component u' will

be a function of & u, v and w, such as given by equa-
tion ($.71), however, for wost flows it may be possible

0 ure the relation given by eguation (5.74) (i.e. U'~u).
Nete that in nemrly every discussion of hot wire aneme-
metry to be found in the literature, it is assumed thet

u' = u without a thowgni bring given to secondary efiects.

The second proble=m to be answered is what velocity
is sensed by a wire yawed to the mean flow. For this flow
it 1s necessary to assumc some further relation between
vclocity and heat transfer. For the normol wire it wus
not necessary to assume a specific relation between the
tetal veloeity sand the wire heat ftransfer. For Lhe yawed
Wire cnse the wiual assummtiion is that only the camponent
of total velocity normal to the wire centributes to the
heat trensfer. If the heat trznefer is due only to the
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stagnation line along the leading edge of the hot wire,
then the normal component of the velocity is theoretic-
ally correct. Unfortunately, for the heat transfer from
a2 hot wire more than the stagnation region must be
considered. Thus, the normal component of velocity
represents at best a first approximation to the heat =
loss. For the present discussion it will be assumed
that the normal component of velocity is the most im-.
portant, however, in the final analysis of the hot wire
signal the graphic calibration curve is suggested as the
only accurate method of evaluating yawed wire data.

Figure 5.30 shows the coordinate system for the
yawed wire. The component of total velocity normal to
the wire in the x-y plane is

U por (xy) =V Ut d) 402 Gintpssa) (575

L

where now §¥ can be either positive or negative depending

Figure 5.30 - Hot Wire Yawed to the Mean Flow
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on the sign of v. The component of total velocity normal to
the wire in the xz plane is

U, =w (5.76)
N i
Thus, the total normal component is
U = AU+ u)? + v2Hsin? (@ + 60)} + w? (5.77)
tot =
This relation can be expanded by using the relations
sin( + &P) = sinwcagﬁlp + cosflsindy (5.78)
where .
sindy = L
‘%‘Eﬂ - u)z + y?
{5.79)
cosdy = et
, + u)? + v?

Equation (5.77) may be rewritten as

Uy =AU + u)?sin®p + 2(U_ + u)vsindcosP + vicos?P + w?

tot (5.80)
or
UN
tot - L AE Ao SO 2uv
= sinp{l + +(3-)2 + oty + ot
h LR S b

+(§;g=eot2¢ ¥ (g;g sy

for moderate angles of | it is reasonable to assume that
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linear approximations cen be nade

%or g »-{-"éﬂ' %mtww,-fcot’r
or&:ﬁr‘,

however, for small angles of ¢ the second order terms
cannot be neglected. Again, just where the sccond
order terms start to become impertant is not known.
Most experimencers limit their neasurements to angles
greater than 300, however, it is termpting to operate
the wire at very small angles in order to obtain
greater sensitivity to the v component.

To first order it is assumed that the yaw wire
is sensitive to u and v only

E‘*If. snpyfiedf 3 ey (5.60)

Iinearized Evaluation of Snall Armlitude Fluctuations -
Censiont Current ilot Wire Aneriomeicr - The practical
evaluation of the hot wire anemometer output requires a
minimun of two electrical mecasurements: The mean, d.c.
voltege and the r.m.s. of the a.c. voltage. Tor a
single wire nommal to the mean flo these two measure-
rents sre sufficient to compute the longitudinal turbu--
lent velocity. Once the mean and fluctuating voltages
are measured, it is evident from the discussion in the
previous secticn, that these two measurements can be
used with the voltage- velocity calibration curve to
compute the turbulent velocity fluctuation. These two
measurcments are not sufficient to determine much of the
detail of the Tluctuation, such as cymmetry or flou
reversal. Thus, the analysis of the present section
must assume from the start that the fluctuations are
symmetrical about Ez' and no flow reversal occurs- The
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general approach to evaluating the anemometer outputsg
to consider the flow composed of a mean velocity, Uy, ,
and a fluctuating component, u . Likewise, the voltage
is divided into a mean and a fluctuating component

bl s } (5.82)
E,,,:Em +

the fluctuating component has both positive and negative
values. For the present constant current case it is
necessary to specify that the fluctuations in wire re-
sistance are small compared to the total circuit resis-
tance, so that no fluctuations in wire heating current
occurs.

To demonstrate the procedure in evaluating the
anemometer signal, it will be assumed that the voltage-
velocity calibration curve can be represented by an
empirical relation of the form given in equation (5. 70).

2
i. f :A+BL" (5,700
E-ik,

where E is substituted for iR . This procedure requires
that the mean and instantaneous relations between voltage
and velocity are the same. This requirement is present
in all the transient evaluations of the resistance-
temperature transducers. The error due to the use of the
mean calibration curve would enter through the effect of
turbulence on the wire heat transfer. This effect is
unimportant for most hot-wire anemometer measurements.

Using the definitions, Eq. (5.82), for E and U
equation (5.70a) can be written as




12(Em +€)

(Em+e)=iRy =A+ B(meu)” (5.83)

Equation (5.83) is the general type of relation, between
the velocity fluctuation, u, and the voltage fluctua-
tion, e, obtained for the hot wire anemometer. The
exact form of equation (5.853) will, of course, depend on
the empirical relation used to represent the voltape-

velocity calibration curve. The assumptions nccessary
to obtain equation (5.83) are: 1) no fluctuation in

the current i, 2) the mean vollage, E , corresponds

to the mean velocity, U, and 3) the mean and instan-
tancous relation between” voltage and velocity are the
same. Actually the sccond and third assumptions are not
independent. To cmploy equation (5.83) it nugt be =Eg
written in terms of the measurcd quantity, e rﬂ’
This requires that cquation (5.83) be squared and mean
values taken.

The mcan square expression is

P Bt
{[{ g A w(t&.«-)w’«&a«fcs.ah)

vhere the bar denotes the mean value of the fluctuating
quantities. Equation (5.84) is complex and does notb
yield a unique relation between the measured voltage
—

2 and the fluctuating velocity wu®. In fact, equation
(5.81) shows that no one to one correspondence between

¢® and u® exists.

¥

Equation (5.84) is of mathematical intecrest,
since it represents the concise relation between the
statistical voltape fluctuation and the velocity fluc-
tuations. However, for practical evaluation of the hot
wire anemometer output, such a relation as equation
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{5.81) has never been emloyed _The praJ,u.pul approach
is to find a relation between

restricting the analysis to small ﬂnctunt.ions gu‘t-
ing with equation (5.80), the velocity term, (U+u)
is expanded in an infinite series

=1 5 -2) -

" =y al.l.('_ )..Jrl“ “!1 u.(‘ 2) 2

i - (5.85)

m-ﬁn-zz) u ™9y o mEeD L eNeD) (N R
$ - a

The power series places the restriction lukl:l on

equation (5.85). The mean voltage-velocity relation
may be taken out of equation (5.85) to give

-i%R sl
(B, -iﬂ o) (Ete-iR )l

nnu"

s

coupled with the restriction ;ul <Y, is the fact that

(5.86)

(u/Up) > (u/Up) ?>(u/Up)? ... . Thus, to first order it
is required that Up>>u, so that higher powers of (u/Up)
can be neglected. Coupled with this first order restric-

tion is the fact that Ep >>e, so that equation (5.86)
to first order becomes d

.

iR e i A
(CRETE [a P J' Un : : (5.87)

The negative sign in equation (5.87) denotes that
an increase in u cools the wire so that e decreases.
The relation between r.m.s. voltage and velocity becomes

o = Wy
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3Rz /&2 - T
"l iRe) Bl U i

Equation (5.88) is the linearized relation between the
hot wire anemometer measured r.m.s. signal and the

velocity r.m.s. An insight into the linearization can
be obtained by considering the differential of equation

(5.70),

29R v
% ,ﬂj)x soun = (5.89)

where E replaces iR. If now idR = de is replaced
by JZ5, @V is replaced by,'}:_ﬁ, and E and U are re-

placed by the mean values, then equations (5.88) and
(5.89) are identical. This demonstrates that the
linearization process is equivalent to replacing the
calibration curve by its tangent at the point Em' and
requiring that e and u can be neglected compared o
Em and Un.

The practical evaluation of the constant current
hot wire anemometer output usually employs a form quite
simular.to equation (5.88). The special case, where
n=1/2, is of course the classic example

2iRa/ & _ JE
(RRayBA Um b

(where now E_ = iR has also been used.) The value of
B and U  are obtained from the mean, calibration equa-
tion. The accuracy of the linearized evaluation will
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will depend first on how well the empirical relation
(5.70) fits the meen calibration daia. As couid be
demonstrated by equation (5.89), the empirical fit of
the meun data must be accurzcis to the first derivative.
Tris reguires that a gooc deal of care in filtting the
enpirical relation to the calicration curve. Tails curve
CitLing requirement is egually true for either constant
aurrent or constant terperalurc operation of the hot
wire.

b) Constant Temperature Hot Wire Anemometer -
For const:nt teperature hol wire anemometer operation
che wire resiatance is held ~onstsnt end only the cur-
rent or voltage varies. Equation (5.70) is assumed for
the starting empirical relation for the calibration
cirve. The equation i8 modified by employing the
voliage instead of the current

E? +8U"
P ARl (5700

The perturbation relaticn equivelent to equation (5.85)
beccmes

2
%31- = A+ B(Up+ W' (5.91)

snd the relation between the moan sguare of the voltage
fluctuation and the velocity Tluctuation is

E—E = n {5.92)
ATR-Ra) A+ B(%+u)

Equation (5.92) is perhsps simpler than the constant cur-
rent relaticn, Bg. (5.87), but it _}lco indicates that a
unigue relatior between ani u* only does nol exist.
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To obtain a useable relation the infinite series expan-
sion of the term (%ﬂl) , which requires |ul<U s is

made.

2E,04et )y, ) (4 ye
R(R-Rz) BnUy () + 2] (%) !
) (n-2) N3, .. (5.93)

+0_".1%§"_‘2. 6{%’) b £

To first order, the higher powers of(g_) and (g_)l.re
U

neglected, so that the relation between the r.m.s.
voltage and the r.m.s. velocity for the constant temper-
ature hot wire anemometer becomes

2T | tuf B
R(R-R2) Bnln = Up (5.9%)

A simple substitution will show that equation (5.94) is
equivalent to the derivative of equation (5.70) if

Rii =Ve? and av =VuS. The special case, n=1/2,
gives the following relation

1EmVE _ _ /T (5.95)
 R(R-R3)B8VU  Um

The accuracy of the turbulent velocity evaluation
will depend on the accuracy with which the empirical
relation, Eq. (5.70), fits the calibration data. In .
figure 5.22 a calibration curve for a 0.0002 inch diametel
tungsten hot wire was shown. This data was taken with a
constant temperature hot wire anemometer. The root-mean-
square voltage fluctuation was also recorded for each
measured point. The hot wire was operating at the cent
of a b-inch-diameter fully developed turbulent. pipe flow,’

1Sgndborn, V.A.: Experimental Evaluation ot’ Momentum
Terms in Turbulent Pipe Flow, NACA TN 3266, 1955.
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A direct coaparison between the turbulent fluctuations,
evaluated by each of the suggested empirically fitted
conrves shovn on figure 5.22, is shown on figure 5.3%L.

As a stenderd for comparing the different equations,

_the crosshatched curve represents ues obtained graphi-
cally from the measured E  and and the calihra-

tion curve. The spread in the graphic evaluated éata
is In part dve tc the curve reading. The accuracy of
the equations is best at the high Reynolds numbers.
None of the relations are adequate at the low Reynolds
muhers. Figure 5.31 demonstrates the King's lav with
n=1/2 1is no better than the other empirical relutions.
This also points up the fact that measurements o' the
turbulent fluctuations with the so called "linearized"
anenometers are not necessarily a great improvement.

=N r 'Y eheaal & Toubs r 1 4
e S ot s e By vl o
Most of the early measurements with the hot wire
anemometer nave used the square root relation of King.
In reny instances it was realized the relation of King
did not correlate the calibration data. Much of the
misfit was blamed on dirt or other external effects. The
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author,? encountered the deviations from King's law in
boundary layer measurements before it was realized tha
such effects existed. Under the assumption that dirt

was affecting the wire calibration, a new King's law e,
curve was fitted to approximately every four or five
points measured in the region near the wall. This
technique can be employed to improve the accuracy of
the evaluation shown in figurc 5.31, however, it soon
becomes just as easy to graphically evaluate the flue-
tuations. Considering the results shown in figure
5.31, it would appear that no one empirical rclation of
those considered will be adequate over the complete
Reynolds number range. Above and below a pipe Reynolds
number (based on pipe radius] of between 6 and 8 x 104
(hot wire Reynolds number of 6 to 8) the turbulent
intensity changes morc marked 4than the empirical rela=-
tions can indicate. The accuracy with which a set of
turbulence measurements are evaluated will, of course,
depend on the specific research program. In the past
the interest was mainly in trends of the turbulent
intensity rather than absolute value, so that only
approximate values were necessary.

The turbulence data shown in figure 5.31 is typi-
cal of measurements that would be made with a hot wire
anemometer. This data represents the effect of Reynolds
number on a statistically steady isotropic turbulent
intensity. Of the many possible turbulent flows the
fully developed turbulent pipe flow should be the most
repeatable and well defined. This flow was usad by the
authorl, to compare the measurements of the turbulent
intensity witha constant cuxrent and a constant tempera-
ture anemometer. The results of this comparison is
demonstrated in figure 5.32. This data was evaluated
using King's law, simular to the relation shown on figure
6.22 for U_ from O-to 120 feet per second (see also .
figure £.227) Measurements reported by other exper

3
Sandborn, V.A,: Experimental Evaluation of Momentum
Terms in Turbulent Pipe Flow. NACA TN 3266, 1955.
Sandborn, V.A., and Slogan, R.J.: NACA TN 3265, 1955.
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arc also included on figure §.3Z. From an accuracy
standpoint there is little to chose between the two
methods of measuring the turbulent intensity.

. The fully developed turbulent pipe flow is the
jdeal facility to check out a net hot wire anemometer
system. It is recommended that researchers just start-
ing to develop techniques for measuring turbulence with
the hot wire consider first attempting to make measure-
ments at the center of the pipe. A check of the tur-
bulent intensity and the trend with Reynolds number will
insure that the anemometer is functioning properly.

Several alternate methods of evaluating the hot
wire anemometer signal can be found in the literature.
Of interest to the engineer needing a quick answer
without an elaborate calibration curve is the method which
uses the intercept rather than the slope of the calibra-
tion curve. A derivation of the intercept method of
evaluating constant temperature hot wire anemometer data
is given by Lawrence and Landes.l The one ncw assumption
of this technique is that a measure of E_ for no flow
is sufficient to define the calibration curve intercept.
Such an assumption cannot be justified either theoretic-
ally or experimentally, but for moderate or high velcci-
ties the calibration curve has only a minor dependence on
a small error in the intercept value. The resulting re-
lation, subject to the same linearized assumptions as
equation (5.95) is

4 VeZ R
m . - -'_U_“ (5.96)
B Tait U=g m

For the 0.0002 inch diameter tungsten wire sensing ele-
ment, " equation (5.96) was found to give turbulent
intensity values within from 20 to 30 of the values
shown in figure 5.32.

T y
Lasrence, J.C., and Landes, L.G.; NACA 2843, 1952.



162

SANDBORN, 4—IN. PIPE CONSTANT-
LAUFER, I0-IN. PIPE CURRENT
LAUFER, 5-IN ~WIDE CHANNEL | OPERATION

o poOD

SANDBORN, 4—IN. PIPE  CONSTANT TEMP.
OPERATION

<o

TURBULENCE INTENSITY,
4+

E o o bt o Pl R ]y T P o g
0 40 80 120 160 200 240 280x10%
PIPE REYNOLDS NUMBER

Figure 5.32 Comparison of measured turbulence intensity
at the center of pipes from hot wires
operated by constant current and constant

) temperature anemometers,

%asuremen‘t of the normal turbulent velocity c
nent ~To demonstrate the evaluation of the turbulent
fluctuations from the yawed wires, employing an empirical
relation, the normal component of the velocity may be
assumed to represent the hecat loss. The heat loss from
the yawed wire, as a function of velocity and angle,
is written similar to equation (5.70) as

i?R
Rt il ) uy (5.97)

The relation for Uy» @iven by Eq. (5.81) is expanded

simular to the method employed for Eq. (5.85). The
expansion retaining only the first order terms, gives
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u: = q: sin"p + nU"l sin(“'nv['ﬁ; sinpg + -:-,: cosf](s.ga)

Thus, the output voltage from the hot wire may be
related to the velocity fluctuations by

(constant current)
i3el?.a X & 2
- - = siny + cos¢ (5,
[GREURE Blnu::sin(n-n g g T, (5.99)
(constant temperature)
25 _e+e? 1
11}
R{R=Ry) Blnl.l:sin(n'ni

where B is the slope of the calibration curve of
i%R versus Unsinni
(R-Ra) y /

An alternate example would be the assumption that
the heat loss varies as (sin@)™, where m is the power
determined from the angle calibration data. The
anemometer relations become

? (5.100)

= = si; + 2~ cos
LAy 7

(constant current)
13
. i‘e Ra 1
iR )2 &
(Em ma) Bln{)‘:sin(m ”’
(constunt temperature)

= % sinp +(3) = cos¥(5.101
'ﬁ;’ ' n U- (5 )'

: =3
2E ete 1 -0 ging oD \ﬂr_ dosy (5.102)
R{R_Raj Bnl]:sin(m"l)' Ua B

The effect of the angle relation shows up directly as a
change in the wire sensitivity to the v component
only. Thus, equations (5.101) and {5.102) point out the
importance of having the correct angle variation.

If equation (5.99) and (5.100) are written in



164

terms of the mean square voltage and velocity fluctua-
tions, a new velocity term UV appears. For the case
corresponding to equation (5.97) the relation becomes

- = - 7z
kZe? = 2? sin?p + 2 'l-}u% siny cosyp + ﬁ-; cos?y (5.103)

m m m
where ;
1SR 2
k? = = nl STy (comstant current)
(En—ika)“ sznzui sin ]
42
kZ = (constant tempera-

nz(n-n )2 anzUznsinz(n =1y ture)

The term u= can be determined with the wire
normal to the flow, however, the ¥V and components
are not evaluated from a wire parallel to the mean flow.
As will be seen, the variation of heat loss for the small
yaw angles does not follow a simplec angle dependency. A
systematic set of measurements should be undertaken to
decide on the useable range of angles that might be used

the valuation of turbulent velocities. To evaluate

and Uv it is necessary to operate the wire at two
different angles of yaw. In this way two equations with

and uv as unknowns can be solved simultancously.
For maximum accuracy two different angles which are
equally sensitive to uv and v® would be chosen.
Typical angles employed are 45° and 135°. In figure
5.30 it was assumed that a positive value of v was in
an upward direction. Consider now the case of a wire
yawed at an angle-{ to the mean flow. For an angle-¢
the normal component of the total velocity may be writ-
ten to first order as
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U, = (U, +u) Sin@ -vcos @) (5.104)

Thus, for a wire gnw& at an angle - ¢ (which would
correspond to 135°, since the yaw angle is measured
clockwise from the mean velocity direction), the mean
square voltage - velocity relation becomes

5. 2
Kigi= L{, Sin@f - Zuva‘:uﬂcu#W%‘m'?’{s 105)

As an example, equation (5. 105) and (5.105) can be
solved for the case ¥ = 1550 ¥ = 135° to obtain a
unique value for Ww/U ®

ﬂ - (’fae—r ‘sn-(kzé‘);;;'
u:. 4 (5:106)

The relation for -'\;E/K.Im2 is

— =

{7 (5.107)

; o
Vi (K& e +h&: “2%';
p-s

An assumption inherent in evaluating UV and V2 is
that_the &re at cach angle of yaw sces the same value
of A%, and Uv. If the wire were a point measuring
device then the assumption would be exact, however, the
wire will have a finite length which sweeps out a finite
area as it is yawed. Thus, a question will arise if the
turbulent field over the length of the wire is not uni-
form. A discussion of the effect of nonuniformity of
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the turbulence in the evaluation of yawed wires will be
covered in more detail in part (c) of this section.

Single Wire Mecasurcments of the Three Turbulent
Velocity Componcnis - Two techniques have Leen used te
evaluale the transverse turbulent components from ya
wires. The first is to rotate a single wire to se
anpgles and the second is to employ two hot wircs at
fixed angles. The two fixed wircs will be referred to
as ab X-wirc and will be discussed in the ncxt section.
The single rotating hot wire probe appears Lo be the
best means of measuring the transverse and correlation
corponents. However, there arc many times when it is
inconvenient to rotate a hot wire probe.

Figure 5.24 is a typical calibration map obtained for &
rotating hot wire. The three variables, wire voltage,
mean velocity and yaw angle are ploited on the three
axis. A two-dimensional calibration plot with yaw ang
as a parameter is shown in fipgure 5.25b. Note that

a wire parallel to the mean flow there is still a
dependency of heat loss on the mcan velocity. Thus, it
is evident that an analysis bascd on the normal velocity
component only is at best only approximate. The most
accurate evaluation of the yawed hot wire appears to be
a semi-graphic approach, where no specific curve fitting
is attempted.

Considering the calibration curves of figure 5.25,
it is possible to state that the fluctuating voltage
output of a hot wire is a function of the fluctuation in
mean flow and flow angle. This may be written as 5

2E 2E
de=Spu+ 5P 5y (5.108)

The differentials arc replaced by pertibations, e, u
and §¥. The angle §¥ can by referring to figure 5.30 be
expressed as



167
LN vy
§@=Tan 'mﬂ.l % Ut = f\;:' (5.109)

where u and u® can be neglected comparied to u.

These assumptions are equivalent to the linerizztion
made in connection with equation (5.87). Equation
(5.108) may be written as

2E 2E
etjiru""a-&ﬁ-” (5.110)

It could have been shown that equation (5.110) is
equivalent to equation (5.99) or (5.100). Equation
(5.110) can be evaluated directly from the experimental
calibration curves by measuring the differentials.
Figurc 5.33 shows the values of 2E/?2U and 2E/2¥
evaluated from the calibration curves of figure 5.35.

A comparison of the teims shows that DE/® ¥ incrcases
much faster than ©Efpo U decreases. As a result, it
wvould be expected that the hot wirc output voltage

(root mean square) will increase as the wire approaches
the parallel condition. Figure 5.34 shows the actual
measured output of a hot wire as it is yawed to the flow.
The maximum output occurs at an angle of approximately
10 degrees between the hot wire and the mean flow.
Evaluation of the hot wire output at these small angles
may be of value, since the signal level is much improved.
However, it is necessary to reconsider the linearization
of the equations. A question is always posed that the
hot wire supports may interfere with the flow at the
small angles. If interference were of great importance
it would be expected that the zero angle output would be
much greater than that recorded in figure 5.34. It
appears worthwhile to further explore the possibilities
of operating the hot wire at angles nearly parallel to
the mean flow.
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A check of the yawed wire esnalysis has been

made by computing the corponent as a funclion of
angle for the data shown in figure 5.35. 'This data
was token at the cenler of o fully developed pipe fluw,
thuz W is cqual to zero. The fact that is not
independent of ungle is difficuli to undersiand. A
greal nuiber of measurementis have all indicated that
ninirum value of v= is elways found around an engle
of 40 degrees. The variation of v¥ must be accepted
at the present time as the mccuracy of the measuring
tachnique. Again further work is indicated to better
understand the yawed wire measuring techniques.

As T 1 T

40 o
Ty i
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w
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ANGLE OF YAW ¢, DEGREES

Figure 5.35 - Values of A as a function of
wire yaw angle.

¢) X-vire - The X-wire probes employ
hot wires yawed at angles Y and - ¥ with respect to
the mean flow. These wires operate identical to the
single yawed wire, so that equations (5.99) and (5.100)
can be applied directly. The X-wire probes are used to
evaluate both the v ard w veloeity components, as
well as the correlationa between the velocity componentsz.
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The present discussion treats only the measurement of
the v component, but it should be obvious that
placing the same probe with its wires yawed in the
xz-plane the w component will be measured.

The output voltage from the two wires may be
written, following equations (5.99) and (5.100), (the
same could also be done for equations (5.101} and
(5.102) as

(Ke)w--&-"sinv+ﬁ cosy

(i(e).v l{Sm(ﬂ' -&“cos(o (5.111)

From an electronic standpoint it appears a simple
matter to match K +¢ and K-¥ and then subtract
& v 'r) to obtain a unique relation for
/U technique was developed by Schubauer
ebnno » in their early work on the applica-
tion of the ancmometer to turbulent boundary layer re-
search.

The mean square of the instantaneous difference
between the two X-wire voltage outputs can be
determined frm equation (5. 111) as

r—'ar. & sime[ 3 - kw 2%, Pl o
-!--—cos“ﬂP[ *'Lt-] (5. 112*

From equation (5.112) it is evident that if
K+¢= K- ¥ = K then

(er.v- e-v)‘ = f;-{ecas % 4 (5.113)

Eq.lmt_.ion (5.113) demonstrates the i:mtica.l

lﬂchubausr, G.B., and Klebanoff, P.5.¢
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problem is one of matching the two wires of the
X-wire probe. Schubaner and Klebanoff solved this
problem by rotating the X-wires about their axis
until the mean voltage from the two wires are equal.
Figure 5.36 is & plot, obtained by Schubouer and
Klebanoff, of the mcan voltage from the two wires of
an X-probe, as a function of angle. The differcnce
voltage between the two wires is also plotted on
figurc 5.36. It may be seen that the curves for the
individual wires are far from linear in the region

&lac Sl ar.
B T e
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Figure 5.36 - Matching of the X-probe Wires to
Measure the v and w Turbulent Veloeity Components.

However, the difference voltage is nearly linear over
an angle range of 30°. The slope of this voltage
different curve is the reciprocal of the sensitivity
of the X-wires to v or Ww. Expressing the slope in
volts per radian, there exists the relation



172

v’ Z
uu. AE/Av (5'Dh;

Where AE/AY is the slope, and (e g~ e_)"’- is the

r.m.s. of the instantaneous difference between the
two wires. In operation the value AE/AY can be
determined for each specific measurement so that
knowledge of the mean wire calibration is not required.

A possible error appears in that it is impossi
ble to place the two wires in the same plane. Thus,
the two wires do not see exactly the same turbulence.
This requires that some information be known about €h
"correlation" between the turbulent velocities over
the small separation distance between the two wires.
The correlation coefficients R“, R and Rmr may be .

defined as Ty ;
3 R:eg iy i o o
e ST e ) -

The values of w and U, correspond to the

turbulnztjg& velocities seen by the two X-wires. Even
though uy uy there is no way of knowing what

value uy will be, other than that it will be less
than J/uj ./ug. Rewriting equation (5.111) for the
case K g K _p =K, but denoting by subscript 1

or 2 the turbulent velocity corresponding to the
+¥ or -¢¥ wire, gives

Brpege S8 "+ 2B o)

rl:‘l
(5.115
- -—-ﬁ;’f; (v +w)*

note that the correlation coefficient can be defined:
‘as
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Thus the er:or in the u and v terms goes directly
as the correlation coefficient. The crecss correlation
term contains the four quantities et gv'z and
U.V.. In line with the assumption "—& == it
2’1 W= o

appears rcasonable to assume uIvI = W, however,

the other two terms remain unknown.

The variation of the correlation coefficient is
rarely known in a measurement, so it is difficult to
estimate the errors incurred. Scveral researchers hove
reported they were unable to obtain reasonable measurc-
ments with X-wire probes. No doubt it is possible ‘hat
in some cases the correlation between the two X-wires
was causing too great an crror. A good deal more irfor-
mation on systcmatic investigation of X-wire probe mea-
surcments would be of great value.

In boundary layer measurcments, it is not always
possible to rotate and match the two wires of an X-
probe. Thus, a more complex mcthod of cvaluating the
probe outputs must be employed. Basically, equation
(5.106) can be used to evaluate uv and equation
(5.107) can be employed to evaluate 7 (where W is
ocbtained from an independent m?sur;s with a single wire
normal to the flow). Equation (5.106) and (5.107) re-
quire only that ;llz' = %2"', ;;2 = ¥,°, with no uncer-

tainty entering due to the correlation coefficient.
Note that in most cases it is quite reasonable to
equate the statistical average velocities, even though
the correlation might differ from one. To make X-wire
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neasurcments independent of the normal wire meas
the clectronic bum and difference circuit is emplo
In this way a th).rd statistical average equation,
as equation 15) is obtained. Since there are
unknowns, u-, and v, three relations are need
was found convenient to construct the third equa
a measure of both the sum and difference of the
signals. The mean square¢ instantancous sum, cor
to the difference equation (5- 115) is

@rptey) “:r*"”"'[”‘ KipK-p "EJ

7{.’ m‘?ws?[‘l} “-4]4. ‘c.,,l'[‘":

Note that substracting equation (5.112) from equ
(5.116) gives

ﬁ —
m

where -

F; = (e,’ +e_“)‘ and E:(ew"&,)‘
Solvi;g, equations (5.103), (5.105) and (5.117)
gives

0 ..1_- — e PR ‘
B <iaimo [} G 1 05 &, + Boukoe (i 3
and

-1{,‘ ‘_‘1:5[ oGtk e = Z-&) (5
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The sum and difference rclation, cquation §5¢117), con

pe shovn to be in error directly as the correlation
coefficients, much the same as equation (5.113), Ilow-
ever, the uncei&?lnty can be deleimined by comparing the
evaluation of ¥u® / U from the X-wire measuremenls wilh
measurements made with a single wire normal Lo the flow.
Figure 5.37 shows such a comparison reported by Sandborn
and Slogar.l These measurcments were made in a Lurbulent
boundary layer. A comparison, such as shown in fipure
(5.37), gives a good consistency check on the reliahility
of the olher X~wire measurcments -v=, v and uv. For
the particular boundary layer flow studied in connection
with fipure €5.37), it was found that the X-wire measuree
men:s checked the single wira data within + 20%.
Obviously, the X-wire data will be subject to a great
deal more random error than the single wire data. This
means that errors of ¢ 207 might be expected even in
the absence of the ¢orrelation error. However, if Lhe
error exceeds # 20'h the data of figure 5.37 would sug-
gest that other than yandom error is peing encountered.

Several techniques for evalueiing X-wire dats have
been discussed by other researchers,” Thcse methods_are
simular to those outlined above. Flow Corporation,
finds it convenient to work with the instantancous values,
such as (K_'_.' oot Ko ¢_g ) vhere the wire sensitivity

constant K is handled through the electronic circuits,
For a given application this approach can save on com-
puting time. In each and every application it appears
necessary to recach an independent conclusion on whether
equation (5.99) and (5.100), or the more complex relationg
(5.100) and {5.102) must be used. As in the wire normal
to the flow case, one can not rely on previous reported
hot wire evaluation. Only in recent years has it become
obvious that the King's Law approach is toe restricted.
Like the normal wire case, figure 5.22 the mcan heat logs
relations must be valid to the first derivative in prder
to accurately evaluate the turbulence.

Correlation Measurements - The importance of cor-
relation terms in turbulence theory make necessary a great
number of correlation measurements. The previous discug-
8ion on X-wire covered briefly some of the methods of

i Sandborn, V.A., and Slogar, R.J.; NACA TN 3265, 1955.

A See for example: Bullelin Ne. &8, Flow Comp 205 suth slreet
Cc-ﬁ'n'dse ¥2, Mass, 762, $
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cvaluating correlations. The cross correlat.ion measure-
ments of UF and TV are obtained directly from the
X-wire data, equation (5.106). For turbulent shear
flows the uv term corresponds to the turbulent shear
and it is important in the equation of motion.
(Depending on the particular flow coordinates UV or
Tw may be the shear term.) For most turbulent flow
fields, symmetry conditions will require that one of
the cross correlations terms, usually 0w, be very near
zero., Likewise, the term ¥W should be approximately
zero in most turbulent flows, so no technique has been
developed to measure it.

Terms such as u“v _become important in the
turbulent energy relationsl. The triple correlations
can be obtained from the X-wire probes by employing an
electronic multiplier. Starting with equations (5.111)
and obtaining the mean quantities indicated, the fol-
lowing X-wire relations for the triple velocity correla-
tions are obtained.

T

k..p K e_ 2 3 '1'
25 et v ¢ -
Ua: z_smifp % (co (9}[ Kop "? h'*‘ ¥

oy Koy GT € K AP e (5:120)

Iz -’E:“’e-:f -k 1’ 2 = T oz
- - —-
U 2co33p % (tanolny <5 K€

f/q.,, K-y q;-,ep “"w’C; eme;_] (5.121)

e
zw b 2 _T_' 4__-'-'
45 =5 [nl npCle, - 2
Gz ~6[ng Keése, Hegphy €pl.g

L, AL Y (5.122)
“ Qo =K, e_;]

1 s a 3
Townsend, A.A.: The Structure of the Turbulent Boundary
Layer, Proc. Cambridge Phil. Soc., Vol. 47, pt. 2, 1951.
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Modern multipliers now exceed any requirements made of
them in analyzing hot wire data, so that the four op
ations required can be done with about the same degree
of accuracy as the evaluation of mean squarc terms
X-wire data.

The usual measured correlation is for two poi
however, it can be of any number of points and of any
higher moment of the velocity. For the present dis-
cussion only two point correlations are considered.
may be kept in mind that the addition of more hot w.
and the use of multipliers can produce any degree of
correlation required. For the two point correlation
either a multiplier or sum and difference circuit may
be -employed. As introduced previously, the correlat
coefficient can be written as

Gu, (et —(a-d)t

=u, B ] _‘:
Rll mﬁ 4@% (5.12&'

It has only been in the past few years that instantaneow
multipliers circuits have become available. Although

multiplier circuits were reported in the literature
a pood number of years, the operation was marginal.
commercial unils presently available give very relia
results. The sum and difference technique was used
the place of multipliers. A simple sum and difference
circuit, such as shown in figure 2.2% is quite easy to
build and operate.

The correlation coefficients Hv’ Ru and Rmr !
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be determined from two X-wirc probes. These
correlations measurements are a major undertaking, and
as such have not been rcported. A5 an alternate
approach, the autocorrelation technique, has been
employed. The autocorrelation measures the correlation
of the signal from a single wire at two instances in
time.

Scparation of Velocity, Temperature and Density
Fluctualions - The general application of the anemometer
to measurcments of velocity, temperature and density is
by far more complex than the cases treated so far. The
approach in the present section will be to introduce the
all inclusive hot wire sensitivity relations. Note that
the overall sensitivity relations could have been
developed at the outset, and all results in the preceding
Sections derived directly from the general relation.
However, it appeared that the concepts of transient
anemometry could better be grasped by discussing directly
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the simple cases, withoul bringing in the complexity
the general relations. The general sensitivity equa.
tions do in no way eliminate the necessity of indiwv.
wire calibration, but rather, they serve as guides ¢
performing the calibrations. The non-dimensional heat-
transfer correlation for hot wire can be written as:

Nu*a: f(M, Kn“ﬂ"; ;, (0) (58

The choice of (M,Kn) rather than (M,Re) or (Re,Kn
leads to simpler sensitivity expressions. The use of
Reynolds number introduces additional terms in the
velocity sensitivity. The "temperature loading"

parameter, ¥ (=Tw-Te/Ty = AT/Tt) is employed to ac-
count for the second-order, nonlinear dependence of the
Nusselt number on air and wire temperature. The effe
of T on Nu in slip flow causes up to 20 percent
deviations from the general correlation. The recov
temperature, Te, may be expressed in terms of the
recovery temperature ratio, n, and total temperatw
Te-nT,. The heat loss from a wire may be written as

IR=m Rk (Ty-pF ) Na, (5.1

Equation (5.126) assumes that Nut is corrected for
finite wire length, so that I® is thc square of the
measured wire current times the end-loss correction

factor & Im"’. Naturally, if a calibration curve for

articular wire is being used, it is possible to set
%- 1 and correlate data as Nu*. il

It will be assumed that the hot-wire resist
(or temperature) is maintained constant by a fluctuat
feedback current:
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2IRdL = 305 [ 7Pk (Tw-y T INudV + g—o [kl -y 7 Mo

5.127)
o[kl INa]d @ + J,-[xﬂkrmrmjdr

If the fluctuating current dI is set equal to 1 and
small finite flow fluctuations are approximated by &£
to replace the derivatives, equation (5.127) can be
wriLLen as

kT (22 + T kM p-200) 1 22 fr,-p7) 2 [s0r

i= ).m 2IK
.7 4
*[.zm k- yr) * 2R K MR ("5;;)]5/0
i (5.128)
P
[ Zo (T 9T N 5 -ﬁ,.gkﬂuy*%% Kru-p7) %ﬂ‘s-‘:

+[%k~u7}(~§£)+ %ﬁk(z;—:;;) %%E.sz

The following dimensionless groups are introduced to
generalize equation (5.128).

? n-———aK" 2 =- aka\

(5.129)

Using the above relation in equation (5.128), along with
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3 U I _ _n2
the relations M= — and = =%k ('I‘wf'rtﬁ,

results in the following from for the sensitivity
tion

- 2 7
= E[-0: 52 B - Tk (1r B i ]

I
+:z~f%'1%’$ - e 1%

[_r.ﬂ._ 2 _Trn IN4]) §T;
k 9 T M 3T, -

‘-%[—g—% GIVAJ&W

(5.2

Equation (5.130) is the general constant temperat
hot wire anemometer sensitivity. It is a lineariz
relation in that dI was replaced by i and the

other derivatives are represented by §. The relatic
is also restricted to fluids in which the relation

r-1 .

=1+ M2 ana 2T¢ Uas ity for exs
-—-ﬁ = ) PPy (

the relations arec not valid for flows.of air. in whie
the temperaturc excees 2000°%K).

Equation (5.130) is valid for almost every
of acrodynamic flow obtainable in test facilities.
exceptions are the very high temperature shock Lubes
and some are heated facilities. The special eppliet
tions of the transient ancmometer to date are for |
most part limited to values of Kn€0.10. Restrictic
of Lhe hot wire to flows in which Kn<0.10 allows
recovery temperature dependency on Kn and ¢ to b
neglected. Also from figure 5.30 the three dimens
angle 6§ ¢ is approximately cqual to -’l'J:-(i.e. tan §¢@

§¥= V). This assumption is equivalent to assuming
u

the w welocily fluctuations do not affect the heat
transfer from the wire. Inspection of cquation (5
supgrests that simplificaillions are possible by cmm

Joparithmic derivations f]..r-..ﬂulé;{"_’i _ dlegNu
W gMm

. 9k _2losk g
(73 Dlosk  apg:l.
o™ dkek "R SY 2%
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The constant temperature hot wire anemomeler sensitivity
for continuum and moderate slip flow the sensitivi ty
relation may be written as

L[ B B2 - R Oram o ) S |

M

I [otosNa]v. o L [ dtLegh,
+ £ al v gNu
2[ @ JU T a:.«;m.]foﬁ

(5.131)

*I[ng S A, BM-IJ.QI
gy T u.

The derivation of the general sensitivity equation
for the constant current hot wire anemometer starts also
from equation (5.126). An additional derivative enters
such sensitivity term, since the wire temperature is no
longer constant. The constant current hot wire ancmometer
relation, equivalent to equation (5.130), is given below,
where IdR =c

e:IR[(;ruM’Q%%%'ﬂ*?Mﬂ gﬁ __g_,(;.,%)“:m ¥

=3 4 Kn M
+IR[ l'ax.-. s %‘},, ﬁa“ ff
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Morkovin,» has defined a differcnt form of
cquation (5.132), where he considers Hu = £ (M,Re,8).
The quantity © =Tix.is simular to the tempcrature load-
ing term. He obta $15 a more general form in that
the wire temperature is treated as an independent =+
variable. The derivalion does not include the effect
of yawed wires. Morkovin's sensitivity relation in t‘hé,
present notation is given below.

diok _dies u Re, _ Ten aNug _ (M)
€= IRlateg T " deon T, Nog - Nue 96 =& ZRE ‘?’

o dlos L Ky n § Lorun.‘)m OWNug {[

Tae; p- ORe, Nar GM _
INup . T = Py
+ IRL %—:" R t( !*T”?&,%““‘%.Z é (1 ?M")?-g
+ ﬁ’e, _y_ }] sU
(5.133)

Re s
IR[ aa_R;: ?L_?gtg_%er] Y4

IN
+1IR [‘N—,‘t'a—!" 0_%

Morkovin covers in detail the application of this rela-
tion to measurcments in supersonic flow.

Measurcments of Veloecity and Temperaturc Fluc-
tualions - The general senslitivily relalion indicates
the hol wire responds to fluctuations in total
temperature, as well as to velocily and density. In
other words the hot wire behaves as an anemometer, |
resistance thermometer and a manometer all at the same
tire. The present discussion assumes that it is
possible Lo obtain a turbulent flow in which only
veloeity and terperature Tluctuate. If temperature
fluctuations are kept snall (of the order of 5° F or
1ess) and velocity is also low, then a turbulent flow
field might exist in which fluctuations in density cen
be neglected. Whether such a case actually exists has

1)1:7:'1{0\:1:1, M.V.: Fluctuations and Hot ‘lire Anemometry in
Compressible Flows AGARDograph 2k, 1956.
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not been complctely established, however, measurcnents
have been reported based on the assumption that density
fluctuation can be neglected in speecial flovs.

Although there are several papers in the litera-
ture which report velocity and temperature fluctuation
measurements, there is little information on the general
application of the ancmometer in this type of flow.
Assuming ép/p=0, the general equation (5.130) expresses
the linearized sensitivity of the constant temperature
hot-wire anemometer in an incompressible flow is,

= M - ; echu 7,

E[Wsk _p _Tep one)sr  O-B%)
b ek Y Ll

Since the flow is limited to the incompressible case the
recovery temperature term n is equal to 1, and the Mach
number is considered as zero. It is further assumed that
the variation of thermal conductivity with temperature

may be neglected. Thus equation (5.134) can be reduced to
the form

e=[Zun-nZ} Jur FLinus Erir-n3i]e (-39

where £ is the hot wire length, I is the current )
passing through the hot wire, and t is the fluctuationin
From the definition of Musselt number Temperature.

hD _ I°R

M= K kel )

the relation, Eq. 5.135, may be expressed in temms of the
directly measured quantities.

e=’;?ri#“*('m *M}g=§.u vt (5.136)

aT  aT



q
== Equation (5.13G) may be employed to eval
r.m.s. velocity and temperature fluctuation an
velocel ty-temperature correlation. A Lypical
the application of the equation is encounticred i
study of thermal boundary layers. It is desired
determine the usual fluctuations and also the
tion of velocity and temperature on a delay basi.
correlation). For this application it would b
to obtain a hot wire output proportional to c
stantaneous velocity. The instantaneous temp
fluctuation can be obtained by operating the
a resistance thermometer.
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Thus, equation (5.155) indicates thet for a hob wire
held at censtoat temparature (eleccronically), it is
nezessary to know Lhe variation in vire voliapge with
{low Lerperalire and velocity. For tle case of the
resistance therramster it is vossible to oserats tie
"hot ware" ot such a low value of cvrrent (low tempera-
fure) that FE/@V = 0 and eguation (5.136) vecomes

(RESISTANCE THERMOMETER)  dom %—f_g— (5.137)
wheve (I =0)

e possibility was advanced that 9 3HT docs not vary

with increase in wire tampzrature wkarens 4E increase
au

rpidly with wire tamperature. Thue, by operating the

hot vire gt high tenperatures it might be possible to

reéach a condition where aE» 2E.
2T
=8 015
> \
%, BB e s
= \
% - \ -..___\
£ \\ B
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> \ =Ty AT = 389°F
g AT = 203°F
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gm mt‘yc: fr./5ec mdnlndtyaouwmit:olm o
0ois
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£23* oo
T
31,

4] 10 20 30 40 50
Mean velocity, f1./sec b temperature sensitivity term
Flgure 5.39 - Evaluation of the Velocity and
Temperaturg Sensitivity.
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Fipgure 5.39 is a plot of the velocity and
erature sensitivity terms obtained for a 0.0002 ir
dinmeter 90 percent platinum 10 percent rhodium he
wire. The terms are plotted as JE* and as a
oy ?
matter of convenience only. For the Lerms plolLt
figure 5.39 equation (5.1356) would be written as

2Ede=2dvs 2 -:fdr'

These dala were oblained by placing Lhe wire nommal
the [low in o constant tempereture stream. The
ture of the wire, rather than the air temperature
varied. It is knowml thal the heat loss is a f
of (Tw -T) vather than the absolute temperat

80 n change in wire temperature is equivalent
in fluid temperature (the sign of the sensitivity
reverscd). Fipgure 5.39 shows Lhe velocily sensi
term, which is a function of both AT and {low
The velocity sensitivity is preatest at lower wvel
ond highest AT. The Lemperature sensilivily is
measurable function of AT, however, there is a
with velocity. The varialion of Lhe temperature
vity with velocity is due mainly to heat conduct
the supports. An infinitely long wire would Shﬁif'
lesser variation with velocity

Figurc 5.%0 compares the tempcrature se
to the velocity sensitivity as a function of AT
velocity. In order to neglect the Lemperature 8
it would be desired that an error of less than
were made. Only the 10 feet/sec case at AT
would this 5 percent figure be reached. (The ¢
nearly constant values above AT + 12009F.) No
improving the results of figure 5.40 have been

The differentials de, dV and dT are :

1
Baldwin, L.V.: Slip flow heat transfer from ¢
subsonic airstreams. NACA TN 4369.
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Figure 5.40 - Comparison of the Tamperature and
Velocity Sensitivity.

2quiveient to liuearizing the hot wire response egua-
:;ﬂn-i Equation (5.136) in terms of the squared guenti-
es is

& (3w 2{35){;)3,»(@)“%1 (5.138)

?Tif 15 the acturl equaticn whica wouid be obtained

3 % 8 hot wire measuremont. For scuation (5.138) it

5 Atted that thae comparison between the velocity and

t::‘p**;a‘-;ure scnsitivity terms goes s the square. Thus,

tu:-et 2 mean equation it is evidant that the terpera-
term can be negiected compared to the velocity
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terms for AT greater than about 800°F. ‘Thus
flows in which ut = 0 it is possible to mea

r.m.s. longitudinal turbulent velacfllt:}r in the
of temperature fluctuations. This is true for
quantity only and not applicable for measure oif
instantaneous velocity.

For the thermal boundary layer it is by
evident that ut = o. Evidence :t;gge?;swg!)_ oo
i -1 us, equation (5. _
order of "2 2 Thus, eq

best be written as N

& = @) T AHT

|
for the thermal layer. The measurement of ?
is made by operating the hot wire at two values
and solving two simultaneous equations.

Note that the calibration curve of a hof
for evaluation of both tecmperature and velocity
tuations is a three-dimensional curve. Figure
is a typical calibration curve drawn up a
dimensional plot. The vertical axis is wire
while the other two axis are flow velocity and
ture difference.

Measurements of Velocity, Temperature
Fluctuations - The extension of the hot wire
technique to compressible flow has been underway
about 10 years. The major effori has been in ¢
with the study of supersonic flows. Historie
Kovasznayl introduced the original concepts of
in supersonic flow and applicd extended King's
relations to supersonic hot wire measuremenis.
working with Kovasznay has formalized the appro
terms of the general sensitivity equation (5.152,
(5.133). The present discussion follows the

]T(cwasznay, L.S.G.: The Hot Wire Anemometer in
Flow. Jour. Aero. Sci., Vol. 17, No. 9, 1950.

a}brkovin, M.V.; ibid.



5.4 1-Summary of a hot wire velocity-temperature calibration
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of Kovasznay and Morkovin, but it will be keﬁt
that King's law does not necessarily apply to ‘I:hé b
heat loss data.

The voltage output from a hot wire normal to
mean flow can be expressed as
op §u
Ae=4Cp 5 +t4C 7 +Aa8g; g_[
From the hot wire sénsitivity relations the value
Aep, Aey and Aeg are determined as given in te
TABLE V.I.

4< '11-_[?' kn N oxnj (Const, Temperal. '...-.

=IR .._'LQ_& Kn 29 _ Kn QNu
£ YT Sk Na oan] (OmE

- L3
IR[ ::am‘: _!2.&9;—@1. ( morkovin)

ae,= LG22 -%gaﬁi’ﬂ‘)ﬁ« b
(Cowst: T@mperali

=1'Rﬁ»§"n5\ﬁ_ = (1 EnYEZE %_v(h- ‘

A (onst. cwnen“)_

-IR[E: a&mo'—"’dﬁ%% t?{a' ”9? 3 ;

( Mevkovin)

:I'R[ddus 'j—f:% gﬁ z%m’f)*yf' ;

diogal 1
Gt 7B S  S ] e
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i The mean square outpul of the hot wire (equa-
‘gion 5.137 squarcd) contains 6 fluctuation terms:

]

.s?’ 5';.2, §T°, Sudp, SudT, a.ndﬁ)a'l‘. This requires that
6 independent cquations must be obtained in order to
‘evaluate the turbulent terms. Applications of the hot
‘wire anemometer to compressible flow have not faced up
to the general rclations. The practical evaluation of
‘information from hot wire measurements, where more than
hree unknowns were considered, is not known to the
‘authors. Instecad, the hot wire is generally operaled in
uch a way that the number of unknowns is held to three
less. Such a case may be found in the use of a hot
wire at supersonic sreeds. As was demonstrated in
Pigure 5, the s nsitivity of the heat loss is approxi-
mately equal to either density or velocity. Thus, for
- supersonic flow it is convenient to express the output
in terms of a mass flow fluctuation sensitivity, Aem,

sezdep, 2L, pe BT (5.138)

%

‘The mean square of equation (5.138) is

Ly S (o) )BT 572
Ae* =ae} W!-Jdenéet%s?r-lan% (5.139)

_ Equation (5.139) is the relation used in evaluating the
supersonic hot wire ancmometer output. The number of
Unknovn fluctuation terms is only three, as in all

Iprevious cases considered in detail. To improve the accur-
acy of measuring the terms the hot wire may be operated at
many different temperatures and a sta.tiit_ical approach to
the evaluation can be made. Kovasznay, has introduced a

Jxo"‘sznﬂ}'; L.5.G.: ibid, and Turbulence in Supersonic Flow.
our. Aero. Sei., vol. 20, no. 10, 1953.
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"fluctuation diagram" graphic technique to in
evaluation of equation (5.139). Although Ko
technique has been employed mainly [or the eval
supersonic data, it is apparent that it can be
any case where three unknowns are present.

Resolution Limits of.the Hot Wire ;
The above discussion of the transient hot wire
has attempted to cover the important considerat
necessary to make accurate measurements. For thi
arcas of application considred the present ancmo
systems arc adequate. However, as the need for:
fined measurements arise and also applications o
present area of usc are made, then it is necess
sider errors that are normally of sccond order.
present discussion is concerned with both these
order effects in transient hot wire anemometery .
ments, and alsc the limits attainable with the i
The present approach will be to note possible e
reference literature where more detail is ava
is impossible to ascess the importance of the
sidered.

The ultimate limits of the anemometer
determined by the electronic and aerodynamic 1
frequency response. The space resolution pos
the hot wire will depend on how small a length
used. These considerations together with the
of the electroniec circuits will determine the
measuring ability of the hot wire anemometer.

Problems Associated With Transient Hot
Anemometery - Unfortunately, what is a second O
problem in one measurement may be a major problem
another application. In the present section &y
of major concern to most researchers are singled
specific consideration. First the wire breakage
is discussed. At the start of a program in which
wires are used for the first time, breakage will
great deal of concern. Secondly, the frequency
problem is discussed. This frequency problem
the inexperienced researcher and lead to incorrect
surements, which might not be realized.
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Wire Breskage - The ultimate objective of the
present. chapter might be to cnable the rescarcher to
obtain a correct turbulence measurerents on his first
4ry. Unfortunately, cxperience indicales that the
researcher will be lucky if the first wire lasts until
4t is mounted in the flow. Unlike other types of
measurcments, the problem of the hot wire is to get it
‘in the flow intact, rather than just thc preblem of
analyzing the output. To go one step further, once the
wire is in the flow the chances are good that it will
~ break or be burnt out upon heating. The only encour-
agement is that it can be done without breakage, and
once perfected wire breakage is a rare occurence. It
is doubtful that adequate informati n can be given to
prevent some flusteration with the initial atfempts at
operating the hol wire.

The first attempts at the handling and operat-
ing the hot wire in a flow might better be done without
the ultimate in perfection. If a 0.0002 inch diameter
wire is to be used it is probably best to start with the
correct diameter wire. The handling ability between a
0.0005 and a 0.0002 inch diameter wire is quite different.
‘With only a minor amount of caution, the 0.0005 inch dia-
- meter wire can be handled and operated by inexperienced
‘beople. The 0.0002 inch diameter wire is at lcast an
order of magnitude more difficult to handle. To begin
~ with, a probe with strong wire supports with a minirum
‘amount of "Spring” is recommended. The inertia of the
‘Wire alone is not great cnough to break the wire even un-
der 50z acceleration loads, but a small moverent of the
Support can stress and break the wire. The jeweler's
~ broaches used in the very fine, minimum disturbence,

Probes are not recommended for the inexperienced. Instead,

8 probe with wire supports made from tapered steel

Paper clips" are found to work much better if breakagze

is a problem. Seccondly, while it is nice to have a tight

strung wire, slack wires last longer. A slight amount of

Slack in the wire does not greatly affect the output of

the wire and at the same time cub$ shock breakage to a
Znay and Morkovin even go one step further and put a
of rubber cement at the junction of the support and

the i/wre. This "shock mounting” technique is found quite

useful in obtaining a fairly tight wire, but with slack
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available at the ends to prevent wire breakage.
Obviously, the shorter the wire supports the less
ment occurs.

Once mounted in a flow the wire will not
to aerodynamic loads, but rather due to external
If a constant current anemometer is being used,
likely wire failure will be wire burnout. A s
procedure employed by the authors for both cons
rent and constant temperature anemometers is to «
probe with a light bulb in place of the hot wi
standard.... lamp has a tungsten wire filament
characteristics to the hot wire. This light b
can be heated up just as a hot wire is heated,
operation of the circuit checked without fear of
Any sudden surge of current can readily be ob:
the light emitted from the bulb. A smooth woi
control system is essential to prevent wire bw
a wire appears erratic in resistance on heat up,
trouble is most often traced to a poor solder je
between the wire and the support.

The air stream in which the hot wire is
must bc reasonable clean and free of dirt partic
Note that the hot wire has a very small frontal
that chance collision of "dirt" particles is
if there is a large number present. In the la:w
tory (NACA-Lewis) air supply it was found tha
particles were present to cause trouble. Af’
tempts at filtering the air, it was found tha
filters are by far the best. Such materials a
found to increase the "dirt" problem. If at al
a dry paper air filter should be installed in
air supply before a program with hot wires is
Paper eir filter systems are available for ext
mass flow rates, so thoy should not be ruled ou
velocity faecilities. For very accurate work wi
wire anemometer, particles too small to break
should also be eliminated from the flow. These
of "dirt" can possibly change the calibration ¢
To obtain the very high degree of filtering, I
with high electrostatic charges are used to ati
trap the particles.
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Frequency Response - Once the wire breakage
problei is under contrel the task of interpreting the
data begins. The most common soirce of error in early
ancmorcter measurements was related to frequency
responsc. Such problems as wire compensation and
pecurate reproduction of turbulent fluctuations are in-
‘cluded in the general problem of frequency response.
o properly account for all aspects of the frequency
problem the researcher must become familiar with the
ecamplex electronics. There is no short cut; some
knowledge of the frequency response is necessary. Per-
haps the logical approach for the researcher in fluid
mechanics is to make measurcments of turbulent fluctua-
‘tions and compare them with known values. Specifically,
the turbulence level at the center of fully developed
turbulent pipe flow could be used as the knowm source
of turbulence. The measurements of figure 5.16 show
the variation of turbulent intensity with Reynolds number.
Attermpts to measurc the turbulent intensity in the center
of a fully developed turbulent pipe flow will show if
‘trouble exists. In the development of the constant cur-
Tent anemometer used in the measurements the original
bridge design contained wire wound variable resistors.
As a result, the bridge had a resonant frequency at
about 1000 cycles per second. At low Reynolds numbers
the 'indicated turbulence level was high, but not exces-
Sive. However, -at higher Reynolds numbers, where the
higher frequencies were more important, the turbulent
intensity increase with Reynolds number instead of the
expected decrease. This result led to a more thorough
check of the irstrument, including measuring the frequency
response, which shoved the bridge circuit was not usecable.

Instrument Resclution - The resolution of the hot

¥ire ancmometer is limited to both space and time. The
Upper frequency response limit will be the determining
f_actor in the instrument time resolutions while the wire
length and size will determine its space resolution., The

t&ird Tactor in resolution is the "noise level" of the com-
Plete system, which will determine the minimum signal

level that can be measured.
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Time Resolution - The time resolution of
wire anemometer can be expressed, following Ko
in terms of a resolution length in the flow dir
A length Q.= U/2f is defined in terms of the
velocity and the upper frequency of the a
f. Figure 5.42 shows this resolution length as a
of U and f. The present upper limit for the
compensation is between 300,000 cycles per sec
500,000 cycles per second. The limits are impo:
maximum gain available from the electronic amplif
used in anemometers. There is no indication that
actual limit of amplifier design has been reach
that higher frequecncies may be obtainable in the

The ultimate limit of time resolution mus
determined by the transfer of information from
across the viscous layer around the hot wire.
‘words the wire boundary layer will determine the
frequency response of the anemometer. An exact ti
cal analysis is not available for the magnitude
upper limit. An analysis made by Mr. C. E. Shepa:
NACA Lewis Laboratory for the idealized case of
derical boundary layer about the wire. This ane
gested the ratio of the wire time constant to w
layer time constant is approximately

o Jtoo Na { For Nu>20) (
t’n

This relation suggests the upper limit of freque
be of the order of 2 megacycles. The analysis as
the "capacitance" and "resistance" of the bounda
could be lumped together, when in reality they ari
distributed. However, the simpler relation was e
to obtain an estimate of the ultimate time resolut
the hot wire ancmometer. Certainly, the operation
and free moleculer flow will not be restricted by t
limit.

1
Kovasznay, L.S5.G.: Physical Measurements in Gas
Dynamics and Combustion. Vol. IX (High Speed Aerodyn
and Jet Propulsion) Princeton University Press, 193
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Space Resolution - The length and diameter of the

_yire detcermine the space resolution of the anemometer.
The diameter of the wire is negligible compared to the
‘wire length and nced not be considered. If the wire
length is comparable with the characteristic length in
the turbulence, then the space resolution will introduce
an error in the measurements. For maximum signal output
the hot wire must be quite long, however, the space resol-
ution requires a point source hot wire. Thus, these two
requirements are in direct conflict. The Space resolution
of the hot wire anemometer has received considerable
attention. These analyses have been reviewed by F'renkiel,l
and Corrsin.® Corrsin also has examined the problem when
conduction along the wire is important. The present dis-
cussion follows the development presented by Frenkiel.

The variation of the fluctuating wvelocity, u,
along a wire cannot be neglected. In other words the
scale of the turbulence must be larger than the wire length
for a true value of u to be measured. To examine the
‘effect of non-negligible the voltage-velocity relation for
the hot wire, equations are expressed in the form

et) = K, u(t) i
K,=Em -iﬂ;fﬂn U™ (Constant Current)
i Ra

K- Mm (Constant Temperature)
i

If the turbulent velocity, u varies along the wire
1-::3, then the voltage e(t) may be defined by the in-

e® =K, [ u(st)ds (5.242)

;enkiel, F.N.: Aero. Quart. Vol. 5, 195k

orrsin, 8.: Turbulence: Experimental Methods, Handbuch des
sik’ vol. 8’ 1%2-
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where s is the coordinate along the length of
The mean square voltage for the case where the
can be neglected is

and for a wire of non-negligible length

g: K"‘[lju(;t)dﬂz

The integral is transformed into a double integ
the condition that the average of the integral is
equal to the integral of the average employed.

Al
§=K‘2[[u(s”t) uls,, t)ds ds,

The teim in the integral can be expressed in terms
correlation coefficient (where y is in the dir
s)

Ry(y) = blnozDaltyzt) f‘{““ 2

Also for homogeneous turbulen the length of
wire it is required that G*=[ulxg=,t2]*=Lal%Y)

Thus, equation (5.145) can be written as



ot i
&= ’“[[ Rulsy=5)dsds,  (5.47)

The relation can be reduced to a simpler form by setting,
'*?f'f' and requiring R, to be an even function, ref.

G2 T (- IR (rdls  519)

Equation (5.148) gives the value of c; meagyred with a
wire of non-negligible length. _ The values and Ru.

are the true values of the turbulent terms. Comparing
equation (5&1&8) to equation (5.143), which is the true
‘value of e when wire length is negligible, gives the

following ratio
e* 2
% = j.gi_[(ﬂ-s)ku (s)ds (5.149)

‘Since RuE R, the turbulent voltage measured with a.hot
wire of non-negligible length is smaller than the true
Value of voltage.

_ Signal Resolution - The last major resolution factor
for the hot wire anemometer is the minimum turbulence level
that can be measured. The noise level of the system will

in all cases determinc the lower limit of measurement. For
measurements of the overall turbulent intensity a ratio of
Signal to noise of 3 is considered sufficient to obtain
Telisble data. However, if the spectral distribution of
‘the turbulence is to be measured, then a much greater. signal
%o noise level will be required. The noise spectrum is
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generally of constant omplitude which exbends
useable frequencies of the amplifier. On the oih
hand, the turbulent spectrum decreases rapidly w:
inereasing frequency, so that the two signals n
of equal amplitude at the high frequencies.
Techniques are available in communication
wherein signals can be extracted from noise.
in the case of turbulence the signal does not |
‘greatly in wave form (at a given frequency) from
noise wave form. The practical method of lower
signal to noise ratio of the hot wire anemometer
increase the output of the transducer, and at the
time lower the noise level of the amplifier. In
pasl the constani temperaturc hot wire ancmometer
been viewed with disfavor, since its noise lew
somewhat high. The constant current anemomete:
simpler a.c. amplifier, can be made with lower
levels. The improvement of the transducer output
is also a possible line of attack. If, for insi
the semi-conductor elements can be employed as hi
the output signal can be increascd by an order of
tude. Another approach is to employ a very thin
coated on an insulated cylinder, sc that a very
registance metallic eleient is formed. Here ags
resolution of the anemometer is more than adequate
most applications, and it has by no means reached
The Laser Anemometer.- The most recent advances in trans
measuTements has Been in the area of light scattering optical
These advances were made practical by the development of the "
Amplification by Stimulated Emission of Radiation (LASER)" light
The laser is in pTinciple equivalent to the electronic sine wave ¢
that employs ux:lifiers and feedback, except that the laser op
the range of 10'* to 10'% hertz.! The basic properties of the
high intensity, high monochromaticity and directivity of its o
Electronagnetic radiation is emitted from a material when atoms O
material drop from one energy level to a lower energy level. The
action is that of "pumping” or exciting a collection of atoms in
such that a selected transition will have more atoms in its upper
level than in its lower energy level. When the excited atoms
are forced to contribute to the electromagnetic wave that u:!dy :
the neighborhood. Thus, all atoms emitt in phase with the exist
and a high degree of time coherence is achieved. The structure
is that of a resonator, so that the freq ies g ted are con
specific modes of the resonator. This confining results in a high
of space coherence. The wave length of radiation is determined by
energy levels of the active material, which may be either a gas or
A broad range of frequencies can be obtained by considering all p
materials.

Present discussion taken from; T. H. Gee, An Introduction to T
von Karman Institute for Fluid Dynamics Lecture Series 39:
in Aecrodynamic Measurements. 1971.
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The laser anemometer measures the velocities of microscopic particles
nded in a gas or liquid flow. The principle of the laser anemometer
s on a Doppler shift of the frequency of light scattered from the
ing particles. It would be desirable to employ the molecules of the fluid
35 the light scatters, however, the light intensity required is generally
available in continuous form. Secondly, the magnitude of the light
psity required to measure scattering from molecules would also cause
ble changes in the molecular structure of the fluid. The present
r measurements employ particles which are large compared to the molecules.
problems of size and dispersion of particles have been encountered.
cles must be able to follow the fluid velocity accurately. Ome
question whether any particle which is large compared to the molecules
follow accurately the turbulent motion.
~ Comsider monochromagic radiation of wavelength )y and speed c, emanating
£rom a non moving source®. Figure 5.42 shows the ation passing in the
direction defined by the unit vector ki. and illuminates a particle having a

.;?'( X Yae " p

welocity v (where |v| <<c ).
Lt
Mecachromatic H ” H ~
Light Sowrce \

Figure 5.42 Frequency shift for light scattered from a moving particle.

v u

1f the particle were motionless, the number of wave fronts s or
striking) its per unit time would be c/A. (of v;). From a mmmt(:ic
;.m!hnpin:; the difference betwoen the velocity of the particle and the
E on 1is

€= ?'ki
 The mumber of wave fronts incident upun the Wiclﬂ r unit time (or the
Apparent frequency of the particle) is i

Yo = (e - vekg)/A (5.150)
This is also the number of wave fronts scattered per unit time by the moving

Particles.

. Consider now a fixed observer toward which a moving particle is emittin
,‘(:.r--umrmg) radiation in the direction defined by the wnit vector Ky .
! m;:unt frequency to the moving particle is Vp, and the apparent wave-

A= fesevrp)n (5.151)

After nf-hn scattering of one wave fromt, the particle moves toward that wave
lflnm % :.hmthe speed v.k__. Thus, when the next wave front is scattered
interval n%ia by U'U’ s the first wave front is a distance of

: p (e=vek, ) /“p

:':ﬂ‘ivltion is taken from; Golstein, R. J. and Kreid, D. K., Measure-
""-‘:'irw““ Flow Devel t in a Square Duct Using a Laser Doppler

- ASME Trans. Ser. E, Jour. Applied Mech.Vol.34, p.813, 1962.
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away from the particle. Thus, to a fixed observer, #he ap
length of the scattered radiation is ¥

— c-v-k“ vy c-v-ir.“
sC "p : i\ c-v E.i

and the frequency of the scattered radiation is

c-vek rl St
ol e ¢ ¢ .!
Yse "i:(c-v-ku) -TILI 3 v-:u _,{

The total Doppler shift vp is determined from

Y * Ve 7V

For |v| << ¢
.
o

where A, is the vacuum wavelength of the incident radiation
the index of refraction in the medium surrounding the parti
directions of the incomming and scattered light beams are
frequency shift gives the component of velocity in = given d
(kse - ky).

The Doppler shift for a laser of wave-length 6328 R
shown as a function of scattering angle and various angles of
is shown in figure 5.43.

L S
wehanwo® CHINEE (MaLH i)

ML BT el
§

\\
AN |

| /

=T

. H . - " - . .

seaTTimes assie § (el

Figure 5.43 Doppler shift versus scattering angle for val
angles of incidence. From Rolfe, E., Silk, J.
Booth, S., Meister, K. and Young, R. M., Laser.
Velocity Instrument. NASA CR-1199, 1968.



205
fhe frequency shift is determined by optical heterodyning of the scattered
laser radiation with an unscattered portion of the beam from the same laser.
This is done by combining the two beams on the photocathode of a photo-
sultiplier. The resulting beat signal is analized to determine the frequency
difference (Doppler shift) of the two beams. From this value and the geometry
of the beams, one can determine the component of the velocity in the
di {kn - ky).

The optical system employed by Goldstein and Kreid is shown in figure
§.44. The laser light is incident upon the splitter plate, where there is
a division of amplitude of the beam due to partial reflection into a main
beam and a reference beam. The main beam is focused by a lens into the
flowing fluid. Some of the incident illumipation is scattered in the di-
yection of the photomultiplier with a Doppler shift as determined by
equation (5.155)

The reference beam is reflected by a mirror and is focused by another
lens onto the same region of the fluid as the main lens. The reference
beam is directed toward the photomultiplier and the two apertures, which
aid in limiting the volume element (and angular direction) that the photo-
multiplier sees. The two beams (scattered and reference) incident upon

the thode produce a heat signal with the frequency of the Doppler
\Mwnm.muﬂmmmthnfmmm

Beam Dismetes = 16 el
AR ot Fivid is Weler ok T

Photomuiliplier
with 1'50,000 Conceniration
of 0.5575 Poipsiyrene  + 3720 Ressonse
° JPariiches 2

Figure 5.44 Typical Laser Doppler Anemometer.

- equal angles with the plane normal to the tube axis. The Doppler shift
is therefore proportional to the velocity component parallel to the axis.
From equation (5.155) and figure 5.44

Y, - -E- (sin 8,) (5.156)

The photomultiplier output is scanned with a spectrum analizer. The
Doppler shift corresponding to the mean velocity is usually related to
peak output frequency.

Measurements of all three, turbulent, velocity components can be made
with the laser anemometer. Recently, the evaluation of the turbulent shear
. Stress, 4y, has also been donme with a laser system. Figure 5.45 shows the
_"_:‘:_:?loyed by Bourke, et. al.l to measure the Reynolds stress. The

1
Bourke, P.J., Brown, C.G., and Drain, L.E., Measurement of Reynolds
Shear Stress in Water by Laser Ancmometry.DISA Info. No. 12, Nov.1971.
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Flow tube
Figure 5.45 Laser A for ing the Reynolds Stress.

apparatus measured the velocity components X, and X, at 8/2 on each side
of the axial direction in the tube.

A
(5.157)
K= o sin(e/2) D :

The mean velocity was determined from

u, = X/ cos (8/2) (5.158)

where ¥ is the mean value of X.
~ The axial u, and radial v turbulent velocity components are obtained,
similar to hot wire anemometry, by

= u COS in (8/2
X =u (8/2) + v sin (8/2) (5.159)
X, =uCos (8/2) - v sin (8/2)

where x is the turbulent component of X. The sc.ymhls stress can be
€alculated from the relation

W (x, +x) (x, - x;)/ [4 sin (8/2) COS (6/2)] (5.160)

The Doppler technique can be applied to any i electromagnetic
¥ave, and is not limited to just the laser light source. Microwave Doppler
LE.“- are employed as velocity ing instr s in the atmosphere.

© #coustic Doppler anemometer appears to be of major interest in the
ement of blood flow.
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Chapter VI

MEASUREMENT OF TEMPERATURE

Temperature is defined in terms of the average k
energy of the molecules of a material. For the temp
in which we live this definition is quite adequate,
if the ordered motions of the molecules approach the
motion of the molecules then we will find that 4iff:
arise in how to; first measure temperature accurately,
second for extreme velocities how to define tempera
Because the motion of molecules are random, tempers
no directional property in the kinetic theory of heat
liovever, if we impart very larpge uniform motions to &
cules, it is possible to arrive at a condition where,
defintion). the molecule may have temperatures in the
of thousands of degree in the. uniiorm direction mot.
near absolute zero in the direction normal to the uni
tion. Thus, while for most fluid mechanic measur
temperature is well defined, there exists a remot
free-molecule high energy particle flows where prob
definition can arise.

Through the present discussion we will be mainly
in the measurement of temperature according to the
kinetic energy concept. The measurement of fluid
appears to be well in hand, from temperatures app:
lute zero to roughly 3,000 or 4,000°F. The upper lir
course, vauge because of the calibration ability. m&
"Inlernational Temperature Scale" can be defined up tO
melting point of materials such as tungsten, but maj
are cncountered in the measurcment of temperature at
treme conditions. There is a major interest and eff
to measure temperatures well above 4,0009F in fluid
and the related special area of plasma physics. Thus;
5till a major area of research type work available in
of temperature measurements.

A. Mechanical Temperature Measurements - The m
means of measuring temperature is the liquid in glass
This instrument makes use of the phencmenon that d
materials expand at different rates upon being hm;ﬂ&_-
pancion of glass is extremely small with temperature
liquids have large variations in expansion with
Liquid in glass thermometers are available with
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-190°C to upwards of +500°C. The upper limit being set 'n:;?
the mechanical properties of glass at the high temperatures.
The liquid in glass thermometer is calibrated by established
temperatures, such as the ice point, melting point, boiling
poinl and related standard temperatures. The liquid-in-glass
thermometer is no longer employed to measure the highest pre-
cision of standards, however, they are useful, and in fact
indispensable, laboratory and plant tools for making a great
variety of temperature measurements.

There are several problems associated with liquid-in-
glass thermometers. Thermometer bulbs, vhether used or not,
are subject to propgressive changes in volume. Such changes
will not exceed 0.19C for pgood grade thermometic glasses,
provided the thermometer has not been heated above 150°C. It
is for this rcason that the National Bureau of Standards will
issuc certificates showing corrections only to the nearest
0.19C or 0.2° for thermometers not graduated above 150 C or
300°F. 1In addition . to the permanent: changes in bulb volume,
there are temporary changes resulting from heating, which may
require consideration in thermometers graduated in 0.1 or 0.2
degree intervals.

Some liquid-in-glass thermometers are pointed and graduated
by the maker to read correct or nearly correct temperatures when
the bulb and entire liquid index in the stem are exposed to the ‘
temperature to be measured. Other thermometers are so pointed
and graduated that they will read correct or nearly correct
terperatures when the bulb and a short length of the stem only ‘
are in the bath. Thermometers of the former class are known
as "total immersion” and those of the latter class are knowm as |
partial immersion"' thermometers. Use of these thermometers at |
Other than the calibrated condition requires a correction for
Stem conduction effects and also for vapor pressure effects
Within the thermometer.

Tollerances and coIrectirms for liquid-in-glass thermometer
4re tabulated by Busse.

Metalic expansion thermometers find wide use in direct
Teading type instruments. These devices are simply not accurate
i"-—-__________—

Busse, J.; Liquid-in-Glass Thermometers. Temperature Its Mea- .
'(*{g‘]il;!;t and Control in Science and Industry. Am. Inst. Physics.
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cnou.gl'? f‘gr research use, and are of interest only for
quick reading.

B. Resistance Thermomeber - The possibility of e
ing the temperature dependency of resistance in metn;g
means of measuring temperature is credited to Sir W
Sicmens (England( in 1871. The idea did not meet
approval, and was challenged by a commission of er
scientists. Improvement in purety control of metals
construetion techniques has, of course, made resis
meters practical. H. L. Callendar was perhaps the
of the early experiments who developed and demonsts
essential elements of a resistance thermometer.

The information available on resistance thermo
steady state temperature measuring instruments is qui
sive. Indeed it would not be difficult to write &
book on the resistance thermometer alone. The pres
is only a brief review ol the state of the art as
to the resistance- temperature transducer family.
interest will be the application of the resistance
to transient and fluctuating temperature measuremen
of the thermometer for transient measurements has
little attention as compared to steady state applica

The general concept of resistance temperature
was to divide them into three groups: Metalic cond
Conductors, and Insulators. The division is mainte

esistance thermometer. The metalic conductors are of
value in the measurement of temperatures from roughly
1,00000. The semi-conductors are of specific interes
very low temperatures, although their large variat
sistance make them desirable at ambient temperatures
sulabors are considered for very high temperature m

Metalic Conductors: - Of the many possible condu
platinum is perhaps the best known and most importan:
tance thermometer. Other metals used for resistance
include copper, nickel, tungsten, silver, iron, tantall
molybdenum, Iridium, rhodium and their alloys.

a) Platinum - Because of its many desirable
such as high melting point, chemical stability, res
oxidation, and availability in a pure form, platinum
chosen as the international standard of temperature =
from the lianid oxygen point ( -182.97°C ) to the ar



it 630.5°C ). For this purpose platinum is dravn inko wfg:p

+h uilmost care to maintain high purity, ana the wire is
formed into a coil whiech is carefully supported so that it
will not be subject to mechanical strain caused by differ-
ential thermal expansion.

The resistance-temperature relalbionship for platinum
is miven by the Callendar-Van Dusen equation.

oD o 2l Y ]

where R, is the element rcsistance at °c 3 Ro is the

t
element resistance at 0° g: vand G, 5, ana & are
constrants for each individual platinum element. is
zero above 0°C, that is, the term is omitted. Inspec-
tion of Equation (5.1) shows that measurement of R, at

any four values for T will permit the constrants R,

& , & ,ana £, to be computed. This is the princi-
Ple upon which "calibration” of a pure, annealed strain-free
platinum sensor is based. R, is normally measured directly

by ovservation of Rt at 0°.. XKnowing Ro’ can be most

¢asily determined by measuring R, at 100°C. At 100°C
~Equation (5.1) reduces to:

Ryoo = R (L + 200 ot ) (6.2)

sere R,
determined from a third measurement at the boiling point of
Sulphur (LLL,60C). _& is determined from a measurement of
the element's resistance at a tcmperature below 09C. Usually
8% the boiling point of oxygen ( -182.97°C ). Typieal values
are o = 0,00392, § = 1.49, _& = 0.1 for negative T, and

= Zero for positive T.

is the element resistance at 100°C. £ iy

Van Dusen, M.S.: Platinum Resistance Thermomctry at Low
ratures, J. Am. Chem. Soc. Vol. 47, p. 326 (1925).
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Fipure 6.1 shows the resistance temperatur
tionship and its rate of change (first derivati
dT) for the pure platinum resistance thermometer.

A good indication of the impurity and built
strain of a platinwa element is the value of ok
tion 5.1). For unsirained, annealed, pure platint

a equals 0.003927. NBS certifies platinum te
sensors with an & of 0.003920 or greater. Typic
of & might lic between 0.00391 and 0.003925.

For most applications the platinum sensing e
is protected by some type of housing. An open-wir
ment, would be best for fast response and conductiol
rors, but it is most subject to strain and dirt.
operation in fluids such as water the element n
ceramic coated to both insulate and protect it.

b) Other Metals - Materials used as resiste
mometers are selected on the basis of their: 1.
ture coefficient of resistance, 2. Resistivity, 2
streqth and ductibility, 4, sStability, and 5. L:

Tor a resistance temperaturc element to be usec
long periods of time it must be stable under a wi
of environmental conditions. The sensing element
annealed to obtain a stable resistance. In add
tance thermometry requires the element to be chi
metallurgically stable over long time periods. s
conductors are quite stable, however, stability is
objection to semi-conductors.



Sensitivity-ohm / °F

Resistance ~ ohms

Figure 6.1 - Resistance vs temperature
characteristics of a platinum resistance
temperature sensor. (Resistance at 32°F
is 1.00 ohm.)
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Fipgure 6.2 shows the nonlinearity as a funct
temperature for typical resistance thermometer ma
The curves were computed by calculating the deviat
the true curve from a straight line having interc
32 and 952°F. The deviation from the straight 2
then plotted as a function of temperature with the
ordinate normalized for a 900°F temperature span.
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Figure 6.2 - Nonlinear Effect in the Resist
Temperature Curves of Metals.

Table VIlsurmarzies the properties of various
tors which are used as resistance thermomefer elen

Table VI.l- Resistance Thermometer Materials

Material Res, 32°F
o‘:%/ cmf

Platinum 9,1
Tungsten 30.3
Nickel 36
Copper 9.3
Rhodium 2k,3
lolybdenum 311
Iridium 29.5
Silver 8.8
Iron 53.1
Tantalum 7e3
Plat-Ird. 5%)| 115
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Hickel is perhaps ithe most widely used materials for

istance thermomcters. It together with copper are

in applicaticns where temperature conirel is main-

with the thermometer. Neither nickel or copper are

for great accuracy measurecments. The alloy of 70

i - 30 Z Fe ( Balco ) is employed for its large resistancefl20)
n ohms/cmf. It has a relatively larpge tcmgemt.urc

officient of resistance.(2-5%07 2R/R/F

Tungsten is, of course, very attractive becausc of its
t strength. Also tungsten has a fairly linear resis-

3 temperature curve. though tungsten melts at

O09C°F - it is not necessarily a goed high temperature
iterial. Tungsten oxidizes at temperatures in excess of
O°F. Of the materials listed, tungsten is least affected
uclear radiation, and, therefore, can be employed in

Bar reactors.

In general the metalic resistance thermometer is em-
ed for the middle range of temperatures. Metalic

e 5 can be operated at cryogenic temperatures, however,
T very low resistance makes accurate measurcments
ficult. At the very high temperaturcs most of the ele-
its suffer from oxidation or are so weak that strain
Oblens appear. In general resistance thermometers are
Wailable with ranges up to roughly 1800°F, however, most
@plications are limited to values below 1,000°F.

~_ Operating Techniques for Resistant Thermometers - Sev-
eral niethods can be used Lo measure the resistancc of a
:::laance thermometer. These may include; potentiometer

2 3 _Wits, as shown in fipure 2.6; wheatstone bridges, figure
:ﬂ;'?_a or Kelvin bridge, figure 2.10. For moderate accuracy

fie Wheatstone bridge is employed. For standards type
;::"""MY the Kelvin bridges, such as the special Mueller or
SEth bridge, would be used. The Kelvin type bridges are
batle of eliminating lead resistance and are available
s cially. There are many circuits available commercially
o Dorate resistance thermometers, including servo-balanced

hcludm? DProblems encountered in using resistance thermometers
hlﬂhhe’ Joule heating effects, calibration uncertainty,

o 2Pility of the sensing element, conduction of heat to the
_ﬁgms. lead resistance, stray thermal e m f and time lag.
s’ I the thermometer is in a flowing stream the Mach

T effect on recovery temperature must be considered.
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The Joule heating will limit the amount of ¢
that can be put through the element before it is
internally. Any asmount of current will produce g
ing of the wire. Thus, the problem is strictly ¢
deciding how accurate the "cold" resistance of th
eclement is to be measured. In other words what
minimum temperature rise that can be detected by
resistance measuring equipment. The heating of 1
element can be determined from an experimental me
of the temperature versus current as shown in fig
The heating will be a function of the physical p
of the sensing element and also of the heat co
abilities of the surrounding fluid.
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Figure 6.3 - Temperature Increase with heat

for a 907 platinum - 107 rhodium wire at atmos]
ditions.

Figure G.4 shows a typical temperature rise
for an element of 19,000 ohms resistance and the
ment material with 100 ohms resistance. The diffe
in internal heating with the element in air and i
is also demonstrated in figure 5.k.
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Figure 6.4 - Sclf-Heating of Typical Commercial
Resistance Thermometers. ;

The calibration of the resistance thermometer is
usually done against a known temperature standard. In
typical calibration laboratories the standard is a
Platinum resistance thermometer. The exact calibration
technique depends on the known boiling or melting temp-
eratures of certain elements. Once calibrated the ac-
curacy of the resistance thermometer is dependent on
the stability of the sensing element.

If the body of the resistance thermomecter is not
at the same temperature as the sensing element, there
Will be a loss of heat to the probve body. The present
analysis of stem coiduction is from the work of Werner,
Royle and Anderson.

Figure 6.5 is a generalized sketch of the steady
State heat conduction situation for an immersion temp-
erature sensor, illustrating how heat is conducted
¥irough the boundary layer of fluid to (or from) the
element, and thence along the stem to the head of the
Sensor (and to the wall or external environment). There
is a resistance to heat flow (Rint) which cannot always

be ignored, and this is also illustrated schematically--
an example of Rint would be a sensing element mounted
inside a thermowell with appreciable air gap between the
inside of the well and the external surface of the
Sensing element. Wnen the stem is exposed to the flow

'I—--__

Werner, r.p., Royle, R.D., and Anderson, L.E.: Rosemount
ering Co. Bulletin 9622.
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as shown in Pigure 6.5 there ie additional heat
direcbly to the stem and thence to the head, as
by the lighi arrows. A more accurate picture

tate heat trangfer situstion will usualiy show
Leat conduction detail, but the model shown in ¥
will be sufificiently sccurate for most
ing and will illustrale the principles involved.

nierral Thiae e 1 i
S 1M Layer, L..-Al

Figure 6.5 - Heat Fiow in a Tomperature

Tne nicady state conduction of heat can be ¥
gore easlly oy considaring its elactrical analog.
cafe, & tamereture drop corresponds to & voltegs
the quaniity of heat flowing per unit time corres
the elactrical current. Tuus, one recognizes that
gquivalent resistence is in the form of degrees pé
wtich is tne reciprocal of the usual vnits of heat
tence, wavls per degree (or BTJ'c per degree per &
or other units of heat flow rate).



Accordingly neglecting hest cconiuected to the ::tnf.l ?
Figurc 6.6 is the equivalent clectrical cireuil Siou-
ing the resistance to heat flow in the boundary laycr,
the internal resistance, and the resistance due to the
sten of the sensor.

SENSVG :’mmavr Heao oF

F&' S&nNSOR
T, Rei Rwr ' Rsmm To

<MEAT Frow

Y
8%=T,-T

Figure 6.6 - ﬁlectrical Equivalent of Simplest
Stem Conduction Problen.

From the circuit one can show that the error of
temperature measurement is:

8Ty = ATy (Ryy + Rypy) / Ry + Rypy *+ Repon) (6.3)

The symbols and suggested units are as follows:

§T;, = error due to stem conduction, °C.
Ts = fluid temperature, °C

o = sensing element temperature, °C
LS = head (or wall) terperature, %

T, = ambient (external) temperature, °C

a1y - -1,



218

0,
ATy » Ta. - 'I'f c
o
AT, =T, =T, :C
Ry = thermal resistance of the boundary
oc fuatt
Rint = thermal resistance between the element
the inner surface of the boundary y
o¢ /watt
B = thermal resistance of the stem, %/wtﬁ
in = natural logarithm
Ty = inside radius of a well, cm
r, = radius of outside of sensing element, cm
1e = length of sensing element, cm.
ls = length of stem, cm
As = cross sectional area of stem, cm®
kg = thermal consuctivity of stem, watt/cm
K = thermal consuctivity of g%p between
& element and well, watt/em C

Bbl’ the thermal resistance in the boundary

is calculated from boundary layer theory, and the:
have been described in detail in various text books
heat transfer to the sensing clement through the b
layer should be specific among the specifications
irmersion temperature sensor, under definitely stat
conditions. TFor other fluids or other flow conditi
the heat transfer theory will allow one to make r
cstimates, based on this specified condition. It :
stantially the same as the "self-heating" effect s
usually be specified under this Heading. As cuh, it
usually given in watts per °C (a conductance), and
reciprocal of this number is R, in °C/watt.

R ne? the internal thermal resistance, may be

i
roughly if the details of construction are known, OF
calculated relatively well if this thermal resistan
mainly in the air gap around a sensing element fit
a thermowell, a common industrial practice. In this
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it is given uy

. . 6.
Ry, = 1o (r‘_‘jch Vi 4 : 5 kg. (G.4)

For many kinds of high performance immersion sensors
such as often used in missile and rocket testing, the
internal resistance may be ignored, that is Rin“ is

assumed to be zero.

When the stem is of uniform cross sectional area,
.Instem is easily shown to be the following:

Rstm = la”ks As' (6.5)

When there is moderate variation in the cross seetional
oarea, for example a small taper, the simplifying assump-
tion of using the cross seciional arca ai the mid point
or some olher reasonavle approximation to the mecan value
may often be justified. An exact caleculation for non-
uniform cross seciional area is relatively complex and
15 rarely justified because of the approximate nature of
the calculations.

Methods of minimizing stem conduction error for in-
‘stellations in tubing ere shown in Fig. 6.6.

Dotted lines showa insulation which is always
desirable when acccptable. In large pipes or tanks, a
~ long stem on the sensor vith deep irmersion will
Ordinarily serve the purpose, and total immersion should
be considered where feasible.

In the design of a sensor, stem materials having poor
thernal conductivity, such as stainless stecl are recon-
mended, and the cross sectional arca should be as small as
Practical, consistent with structural requirements. Heat
conduction along the connecting wires inside the stem is
Usually neglected. For minimum stem conduction errors,
dttention should be given to providing rcasonably good
themal contact between the lcad wires and the stem. A
fiollow stem with numerous holes as large as feasible is
highly recommended as a means for suppressing stem conduc-
tion. Fins can be helpful, although they usually increase
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Figure 6.6 - Minimizing Stem Conduction Error.

the diameter of the stem inconveniently.

In the case of nonconducting fluids at mode:
or low velocity, perhaps no technique is so e
as the use of a truly "open-wire" element type.
this, reference is made to the resistance sensi
ment types in which the resistance wire is suj
on a ecage or on posts so that the fluid can eire
all around the resistance wires. In this case, :
scen that the conduction of heat from the stem
be via the wires of the supporting cage, and tf
the fine wires of the resistance element itself
gives ample opportunity for exchange of heat wi:
fluid whose temperature is to be measured, so
conduction errors can ordinarily be expected to
negligible. Should error estimates be necessary
cage, the cross sectional areas of the supporti
of the cage, the lengths of these wires and their
mal conductivities are necessary, so that they |
treated as if* they were the stem of the sensor.

The problem of lead resistance can be ove:
employing the Kelvin type bridges. . For less
measurements the lead resistance is simply me
and there after accounted for in each reading. 1
thermal e.m.f. voltage is eliminated by mainta
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junctions between lead wire and the reaistance thermo- b

peter at constant temperature. Becond, junctiona between
digeimilar metals are avoided to eliminate the thermo-

couple effect.

Semi-Conductors ~ The negative slope of resistance
va. temperature elements such as thermistors, carbon
resistors, and technical semi-conductors are considered
under the broad heading of semi-conductors. As discussed
4n Chapter I not all these elements are atrictly speaking
gemiconductors, however, the resistance-temperature
characteristics behave in a similar manner.

2) Anbient Temperatures - Figure 3.1 shows s typical

comparison of a metallic conductor, semi-conductor
(thermistor) end an insulator, temperature-resistance
variation. Tn the range of amblent temperatures it is
gean that the thermistor has a much wider variation in
resistance than the metallic conductor. Figure 6.7 is a
linear comperison of a typical thermistor and common
metallic conductors. The sensitivity of thermistors to
temperature changes around 0° many times greater than the
metallic conductors. The resistivity of the thermistor
is many times that of the metallic conductor, so the output
mﬂnoftmmmwwbemm“u
temperature up to 200 C or more.

L L L L .

[
L=

Thermistor

Rp/R,
I

0 400 800
Temperature, i
Figure 6.7 - Semi-conductor Resistance-temperature
Calibration Compared to & metalic conductor.



222

The thermistor as a temperature measuring i
can only recently been developed. Although the s
conductor resistance-temperature characteristics
knowm for 150 years, their potential as a measur
strument is only now being developed. The problem
producing thermistors with reproducible and stab
erature-resistance characteristics was difficult
come. Since most of the materials used as the
ceramic in nature, they absorb moisture. Present
tion includes a coating of glass or other non-poro
material about the thermistor to protect it from al
moisture. The repeatability of modern thermistors
tremely good. Thermistor units are presently avail
commercially in almost any shape or size desired.

) Cyrogenic temperatures - At temperatures
about 10° K metallic resistance thermometers become
tively useless as a temperature sensor. At the
temperatures the germanium semi-conductor has been
as a temperature sensor.

50

40

1.0

Figure 6.8 - Low Temperature Calibration of Se j
Conductors and Metalic Conductors.
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Figure 6.8 shows a set of curves of typical semi-
eonductor type sensors conpared with metallic condue-
tors. Avove 15°K the percentage change in resistance
for platinum, is actually greater than that for
germaium, however, the resistance of platinum is very
small as compared to germaium. The carbon resistor is
also employed as a resistance thermometer at the low
tomperatures. The development of the semi-conductor
‘as a cyrogenic thermometer is wvery reccent and no doubt
will be of great value ag this field of research in-

creases.

Insulators - It is important to note that the in-
sulator_is now beinpg considered as resistance thermo-
meters.~ As temperatures in excess of the melting
point of metals are reached and studied, the ceramic
insulator is almost the only material that appears
possible to withstand the temperature.

Resistance Thermomeber Sensitivity - The sensiti-
vity of a given resistance thermometer can be computed
directly from the resistance-temperature curve. Figure
6.9 is a typical resistance-temperature curve for a
90 platinum-10° Rhodium wire. This particular wirc has
been fully evaluated for use as a transient measuring
resistance thermmometer.® Over the range of temperatures
shovn in figure 6.9 it was assumed that the resistance
is a linear function of temperature. Thus, the relation
between temperature and resistance is written as

R=R [1+ex (7-7 )] (6.6)

Or in terms of the ambient temperature and resistance

U E SR
anoz..._._"’._-i‘___..,ﬁ (6.7)
(-rw-ra} AT

3 i its leasur
Anderson, A.R. and Stickney,T.li.; Temp. 5 .
Control :’{n Sci. and Ind. va'.’(. 3, pt. 2, 1962,
2
Chao, J.L., and Sandborn, V.A.: A Resistance Thermometer
for Transient Temperature Measurements. Fluid Mech. Paper
No. 1, Colo. State Univ.
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Figure 6.9 - Resistance-Temperature Relation

90 7 Platinum - 10 7, Rhodium Wire.

where I 1is the current through the wire. Fig

is a plot of sensitivity. AE/AT computed from
(6.7) for different length of the wire shown in !
6.9. The longer the wire the greater the value
thus the greater the sensitivity. Note that a s
state resistance thermometer would employ several fi
of wire to greatly increase the sensitivity. Equat:
(6.7) is equally true for either steady state or

transient operation. The amount of current OUg
wire is limited by the self heating problem.

0.)6G
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WIRE CURRENT, MiLiAAPS
Figure 6.10 - Sensitivity of a 90 {, Platinum - 106
Rhodium Wire To Temperature Changes.



‘For this particular wire a current of just under 102025
microamps causes a measurable heating of the wire.
Figure 6.3 demonstrates the actual temperature rise
‘of the wire as a function of current. It is quite
possible that the wire will still be a good resistance
thermometer eventhough it is heated internally by the
detection current. In other words, the actual cross-
‘over temperature at which the anemometer effect of
convective heat transfer becomes important determines
the limit of use of the neated resistance thermometer.
Unfortunately, this limit does not appear to be
‘established. Again the problem is one of how accurately
resistance is detected with the electrical readout in-

struments.

C,Thermoelectric ‘I‘henwmetryl— Study in the field of”
thermoelectricity began in 1021 with the discovery of
Seebeck® that an electric current flows continucusly in
a closed circuit of two dissimilar metals when the
Junctions of the metals are maintained at different
temperatures. In the early investigations of thermo-
electric effects the rcsults were expressed more
qualitatively (in terms of the direction of the current
flowing in a closed ecircuit) than quantitatively, because
the relations between the measurable quantities in an
electric circuit were not well known at the time.>

A pair of electrical conductors so joined as to pro-
duce a thermal emf when the junctions are at different
temperatures is known as a thermocouple. The resultant
emf developed by the thermocouples generally used for
Teasuring temperatures ranges from 1 to T millivolis when
Uhe temperature difference between the junctions is

If a simple thermoelectric circuit (Fig. 6.11) the
eurrent flows from metal A to metal B at the colder
Junction. A is generally referred to as thermoelectri-
cally positive to B. In determining or expressing the
emf of a thermocouple as a function of the temperature,

T

m;’:esent discussion taken from an article by Roeser, W.F.:

e ;m?electric Thermometry. Temperature Its Measurement
Clence and Industry, Am. Inst. Physies, (1941).

Seebeck, T.J. Gilb, Anm, vol. T3 (1823)

The relation between the current and potential differecnce
Ohmm‘} electrie circuit was first clearly stated by G. S.
in 1826. sSchweigger's Journal, 46, 137 (1826).
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C, and that of one composed of C and B, both wit

Jjunctions at Tl and '1'2.

or) Byp ™ By % Bop

From this statement of the law it is seen tl
the thermal emf of each of the metals A, B, C, D,
against some reference metal is known, then the ¢
any combination of these metals can be obtained
ing the algebraic differences of the emfs of each
metals against the reference metal. Investigators
tabulating thermoelectric data have employed va
reference metals, such as mercury, lead, copper,
platinum. At present it is customary to use pla
because of its high melting point, stability, re
bility, and freedom from transformation points.

Law of Successive or Intermediate Temperature
The thermal emf developed by any thermocouple of ho
geneous metals with its junctions at any two temp
Tl and ']!5 is the algebraic sum of the emf of the

couple with one junction at T, and the other at

other temperature T, and the emf of the same thes

thermocouple as a reversible heat engine and a
the laws of thermodynamics, to the circuit,

from which it follows that

- ) T
2 5

25 $ ar + j f ar
=5 %2

This law is frequently invoked in the calibra
thermocouples and in the use of thermorouples for me
ing temperatures.
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Law of Intermediate Metals - The algebraic sum of
the thermoelectromotive forces in a circuit composed of
eny number of dissimilar metals is zero, if all of the
circuit is at a uniform temperature. This law follows as
a direct consequence of the second law of thermodynamics,
because if the sum of the thermoelectromotive forces in
such a circuit were not zero, a current would flow in the
eircuit. If a current should flow in the circuit, some
parts of it would be heated and other parts cooled, which
would mean that heat was being transferred from a lower
to a higher temperature without the application of external
work. Such a process is a contradiction of the second law
of thermodynamics, and therefore we conclude that the
algebraic sum of the thermoelectromotive forces is zero in
such a circuit.

Combining this law with that for a homogeneous circuit,
it is seen that in any circuit, if the individual metals
between junctions are homogeneous, the sum of the thermal
electromotive forces will be zero provided only that the
Junctions of the metals are all at the same temperature.

. Another way of stating the law of intermediate metals is:
If in any circuit of solid conductors the temperature is uni-
form from any point P through all the conducting matter to

& point Q, the algcbraic sum of the thermoelectromotive forces
in the entire circuit is totally independent of this interme-
diate matter, and is the same as if P and Q were put in
contact. Thus it is seen that a device for measuring the
thermoelectromotive force may be introduced into a circuit at
any point without altering the resultant emf, provided that

the junctions which are added to the circuit by introducing

the device are all at the same temperature. It is also

Obvious that the emf in a thermoelectric circuit is indepen-
dent of the method employed in forming the junction as long as
all of the Junction is a uniform temperature, and the two wires
make good electrical contact at the junction, such as is ob-
tained by welding or soldering.

A third way of stating the law of intermediate metals is:
The thermal emf generated by any thermocouple AB with its
Junctions at any two temperatures, T, and T,, is the algebraic
Sum of the emf of a thermocouple compdsed of- A and any metal
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one junction is maintained at some constant refl
temperature, such as 0°C, and the other is at
temperature corresponding to the emf. In Fig.
Tl is the reference temperature and the current

in the direction indicated, the emf of thermoco
AB will be positive, and the emf of thermoco
will be negative.

Figure 6.11 - Simple thermoelectric circuits

The law of the Homogeneous Circuit - An e
current cannot be sustained in a circuit of a 8
homogencous metal, however varying in section, by
application of heat alone. As far as we know
principle has not been derived theoretically. It
been claimed from certain types of experiments
non-symmetrical temperature gradient in a homo
wire gives rise to a galvanometrically measurable
thermoelectric emf.

In the present paper, we accept as an exper
fact the general statement that the algebraic sum
the electromotive forces in a eircuit of a single
genecous metal, however varying in section and
ture, is zero. As a consequence of this fact,
junction of two dissimilar homogencous metals

tained at a temperature Ty and the other juncti



The above are all the fundamental laws requireﬂzzg
in the measurcment of temperatures with thermocouples.
They may ve, and frequently are, combined and stated
‘as follows: The algebraic sum of the thermoelectromo-
tive forces generated in any given circuit containing any
number of dissimilar homogeneous metals is a function only
‘of the temperatures of the junctions. It is seen then
ﬂm‘b if all but one of the junctions of such a given
‘eircuit are maintained at some constant reference tempera-
~ ture, .the emf developed in the circuit is a function of
‘the temperature of that junction only. Therefore, by the
proper calibration of such a device, it may be used to

measure temperatures.

It should be pointed out here that none of the
fundamental laws of thermoelectric circuits, which make
it possible to utilize thermocouples in the measurement
‘of temperatures, depends upon any assumption whatever
‘regarding the mechanism of interconversion of heat and
‘electrical energy, the location of the emfs in the cir-
‘cuit, or the manner in which the emf varies with temper-

‘ature.
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a simple thcrmnclcctric circuit of two
A and. B (Fig. 6.12) there exists four scparate .
distinet electromotive forces: Lhe Peltier emf
the two junctions and the Thomson emfs along t
of each wire which lies in the temperature gradi
The only emf that can be measured as such in this
cuit is the resultant emf. The identity of the
dual emfs can only be established by observations
reversible heat effects. The Thomson emf will be
considered positive if heat is generated vwhen the
rent flows from the hotter to the colder parts of
conductor, and negative if the reverse oceurs.

heat effects in the temperature gradient of the ¢
tors (Thomson effects) as well as those at the
(Peltier effects), and applied the laws of therm
to the thermoelectric circuit. A complete discuss:
this application, together with the kwpoﬂlfsis
is given in the original paper by Thomson.

Consider a simple thermoelectric circuit of"
metals, A and B (Fig. 6.12) and let P and P + AP
the Peltier emfs of the junctions at temperature
T + AT in degress Kelvin, respectively, and let

B be the Thomson emfs per degree along conductors
and B respectively. Let the metals and temperatu
such that the emfs are in the directions indicat
arrows. The resultant emf, AE, in the circuit is |
by

AE = P + AP - P +oa AT -8 AT
AE = AP + (eA-«D) AT

or in the limit

L_.Ly (r--0)
a7 ar

T
Thomgon, W.; Trans. Roy. Soc. Edinburgh, Vol. 21, I
(1851)/



23

A s
T T+ AT
pl o+ ap

B -—0gAT

Fig, 6,12, Location of the electromotive forces
in a thermolectric circuit

By the second law of thermodynamics ), % =0,

for a reversible process. If then we regard the thermo-

couple as a reversible heat engine and pass a unit charge
of electricity, q, around the circuit, we obtain by con-

sidering only the reversible effects.

F(Praf) gP ¢GAT gger
TraT v *'7-“421--7_*‘21.:0{6,13}

Which may be written
aT
A(_;.)+f¢.-6‘;1_ o (6. 14)
T+ x

or in the limit

1) tG-giz0 19
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or

(G-)=+-3£

Eliminating (er - o) between (6. 12) and (6.16)
B S

we have P= TE-':I‘_

Substituting (6. 17) in (6. 15) we have

o diE
(0p ~og) = T2

From (6.17) it is seen that

t
o =

E-J)TdT—fdndT
i t

which is the expression referred to earlier,

The Peltier emf at the junction of any two
similar metals at any temperature can be calct
from Eq. (6.17) and measurements of the variati
the thermal emf with temperature, The magnitu
the emf existing at the junction of two eissimilar :
ranges from 0 to about 0. { volt for the metals g
used in temperature measurements,

Although the thermoelectric theory as devi
above does not enable us to determine directly the
nitude of the Thomson coefficient in any individ
metal, the difference between the Thomson coeffi
in two metals can be calculated from Eq. (6,18)
measurements of the variation in thermal emf with
temperature, Various types of experiments indici
that the Thomson effect in lead is extremely sm
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not zero, at ordinavy a‘mospheric temperatures. Con-
gequently some information regarding the magnitude of
the Thomson ccefficients in other metals ai these tem-
peratures can be determined if it is assumed that this
coefficient is zero for lead. On this basis, it is found
that the Thomson coefficieat at 0” C In microvolts per
®c is -9 for platirum, -8 for iron, +2 for copper, -23
for constanten, -8 for alumel, -2 for 90 platinum -10
rhodium, and +9 for chromel P.

Jiwcrion . / JWETION
N

INSTRVMENT

Fig. 6.13, Simple thermolectric thermometer

The simplest form of a thermocouple of two dis-
Similar metals which develop an emf when the junctions a
are at different temperatures, and an instrument for
measuring the emf developed by the thermocouple is
shown in Fig §.13.

As long as the instrument is at essentially a uni-
form temperature, all the junctions in the instrument,
including the terminals, will be at the same temperature
and the pesultant thermel emf developed in the circuit is
Bot modified by including the instrument. If the reference
Junction is maintained at soma referepce temperature,
8uch as 0°C, the emf developed by the thermoccuple can
be determined as a function of the temperature of the
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measuring junction. The device can then be used
measuring temperatures. It is not necessary to |
tain the reference junction at the same temperatu
during use as during calibration, However, the
ature of the reference junction in each case must
known, For example, let the curve in Fig. 6.
relation between the emf, E, and temperature,
a particular thermocouple with the reference jui
at 0°%C, Suppose the device is used to measure
temperature, and an emf, E_, is observed when
reference junction is at 30°Cx We may add the ob:
emf, E , toE (;he emf given by the thermocou
when one junction is at 0 and the other at 30°C‘)
obtain from the curve the true temperature t
measuring junction. Certain types of instrume its
are used with thermocouples in the manner shown
Fig. 6.13 are such that they can be adjusted manu
for changes in the reference junction temperature,
the emf, E,, can be read directly on the instrur
?

E
Bfeq-m——m — ————————— -
|
'.
I
Ex
l
I .
A -3
30° T

Fig. 6.14. Illustrating how corrections m
be applied for.variations in the
temperature of the reference J



} Inasmuch as the curves giving the relation
between emf and temperature are not, in general,

- straight lines, equal increments of temperature do not
correspond to equal increments of emf,

' In many cases the thermocouple is connected to
‘the instrument by means of copper leads as shown in

‘Fig. 6. 15.

KEASURNG
JUNET o 0] METAL A

Fig. 6.15. Diagram for thermoelectric thermo-
meter with copper leads for connect-
ing thermocouple to instrument

If the junctions C and C' are maintained at
the same temperature, which is usually the case, the
c!rc\_xit shown in Fig. 6.15 is equivalent to that shown
i“‘Flg- 6.13, If the junctions C and C' are not main-
tained at the same temperature, the resultant thermal
emf in the circuit will depend not only upon the thermo-
Couple materials and the temperature of the measuring
Junction but also upon the temperatures of these junctions
and the thermoelectric properties of copper against each
of the individual wires, Such a condition should be, and
- Usually is, avoided,
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Circuits such as those shown in Figs. 6.1
are used extensively in laboratory work where it
convenient to maintain the reference junctions,
0°C by placing them in a Thermos bottle filled
or shaved ice and distilled water, or at some other
veniently controlled temperature,

In most commercial installations where it
convenient to maintain the reference junctions at
constant temperature, each thermocouple wire is
nected to the instrument with a lead of essentially f
same chemical composition and thermoelectric ch:
istics as the thermocouple wire, in the manner s
Fig. 6.186.

Fig. 6.16. Thermoelectric thermometer with
extension leads.

This is equivalent to using a thermocouple with the
junctions at the instrument terminals. Leads which!
the same thermoelectric characteristics as the ther:
wires are called extension leads. In most installatic
of this nature the instrument is equipped with an ‘auto=
matic reference junction compensator which auto
changes the indication of the instrument to compens
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for changes in the temperature of the reference ju.ctions,
thus eliminating the necessity of measuring or controlling
the reference junction temperature. Such automatic
devices are usually part of the instrument, and in such
cases the reference junctions should be located in or at
the instrument or at some point which is at the same
temperature as the instrument,

In some cases where expensive thermocouple
wires are used, extension lead wires of less éxpensive
materials are available wyich give practically the same
temperature emf{ relation as the thermocouple over a
limited temperature range, usually 0 to 100 °C. Although
the combined leads give practically the same temperature
emf relation as the thermocouple wires, the individual
lead wires are not identical thermoelectrically with the
thermocouple wires to which they are attached, and
therefore, the two junctions where the leads are attached
to the thermocouples (C and C' in Fig. 6. 16) should be
kept at the same temperature. This is not necessary
in the case of thermocouples where each lead and thermo-
couple wire to which it is attached are of the same material,

Although a thermal emf is developed when the
Junctions of any two dissimilar metals are maintained at
different temperatures, only certain combinations of
fnetals have been found suitable for use as thermocouples
in the measurement of temperatures. Obviously these
4 thermocouples must be such that;

(1) The thermal emf increases continuously with -
increasing temperature over the temperature range in |
Wwhich the thermocouple is to be used. .

(2) The thermal emf is great enough to be measured
With reasonable accuracy.

(3) Their thermoelectric characteristics are not
3ppreciably altered during calibration and use either by
mte:_:-nal changes, such as recrystallization, or by con-
tamination from action of surrounding materials,
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(4) They are resistant to any action such as
oxidation, corrosion, cle. which destroys the wire,
(5) The melting points of the metals used m

be above any temperature at which the termocoupls
to be used,
(6) The metals are reproducible and readily
obtainable in uniform quality. o

The combinations of metals and alloys extel
used as thermocouples for the measurement of temp
tures in this country are listed in Table VI. 2, toge
with the temperature ranges in which they are gen
used and the maximum temperature at which they
used for short periods. The period of usefulness of
thermocouple depends upon such factors as the te
ture, diameter of wires, accuracy required, condi
under which it is used, etc.

TABLE VI. 2. Types of Thermocouples and Temper
Ranges in Which They Are Used,

L

Type of Thermocouple Usual
Temperature Range Te

(°c) (°F)

Platinum to Platinum-

Rhodium : 0 to 1450 0 to 2650
Chromel P to Alumel -200 to 1200 -300 to 2200
Iron to Constantan -200 to 750 -300 to 1400

Copper to Constantan -200 to 350 -300to 650

There are two types of platinum to platinum
rhodium thermocouples used in this country, the
to 90 platinum-10 rhodium and the platinum to 87 P
13 rhodium. These thermocouples develop, at high
eratures, 10 to 14 microvolts per °C as compared to 4
to 55 for the other thermocouples listed in Table
platinum to platinum-rhodium thermocouples at ten
tures from about 400 to 1600 °C, being more stable th
other combination of metals, are used (1) for deﬁnin@
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freezing point of gold, 1063°C, (only the platinum to 90
platinum-10 rhodium thermocouple is used for his purpose);
(2) for very accurate temperature measurements from

400 to 1500°C; and (3) for temperature measurements where
the lower melting point materials cannot be used, They are
not suitable for temperature measurements below 0 °C be-
cause the thermoelectric power (%') is only about 5 micro-

volts per °C at 0 °C and decreases to zero at about -138 °C,

The nominal composition of the chromel P alloy is
90% nickel and 10% chromium. Alumel contains approximately
95% nickel, with aluminum, silicon, and manganese making
up the other 5%. Chromel P-alumel thermocouples, being
more resistant to oxidation than the other base metal thermo-
couples listed in Table VI.2, are generally more satisfactory
than the other base-metal thermocouples for temperature m
measurements from about 650 to 1200 °C (1200 to 2200 °F),
The life of a No. 8 gage (0.128") chromel P-alumel thermo-
couple is about 1000 hours in air at about 1150 °C (2100 °F).

Constantan was originally the name applied to copper-
nickle alloys with a very small temperature coefficient of
resistance, but it now has become a general name which covers
a group of alloys containing 60 to 45% of copper and 40 to 55%
Pf nickel (with or without small percentages of manganese,
iron, and carbon) because all the alloys in this range of compo-
sition have a more or less negligible temperature cocfficient of
resistance, Constantan thus includes the alloys made in this
€ountry under such trade names as Advance (Ideal), Copel,

‘Copnic, Cupron, etc., most of which contain approximately

55% of copper and 45% of nickel.

Iron-constantan thermocouples give a slightly higher
€mf than the other base metal thermocouples in Table VI, 2.
They are extensively used at temperatures below about 760 °C
(1400°F), The life of a No. 8 gage iron-constantan thermo-
couple is about 1000 hours in air at about 760 °C (1400 °F). -
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Copper-constantan thermocouples are general

used for accurate temperature measurements below
350 %C (660 °F), They are not suitable for much highe
temperatures in air because of the oxidation of the co

Combinations of metals other than those list
Table VI, 2 are sometimes used for special purpose
examples, at temperatures above -200°C (-300°F) ch
P-constantan gives a thermal emf per degree somewl
greater than that of any of the thermocouples listed
Table VI. 2 and is sometimes used when the greater e
required. Graphite to silicon carbide has been recon
for temperatures up to 1800 °C (3300°F) and for cert
in steel plants.

Reproducibility of Thermocouples - One of the
requirements of thermoelectric pyrometers for gener
industrial use is that the scales of the instruments sh
graduated to read temperature directly, Although th
cations of the measuring instruments used with thermo=
couples depend upon the resultant emf developed in the
cuit, the scale of the instrument can be graduaied in
of temperature by incorporating a definite temperatur
relation into the graduation of the scale. The tempe:
can then be read directly if the temperature-emf rela
the thermocouple is identical with that incorporated
scale of the instrument.

All the thermocouples which have the same no
composition do not give identical relations between e
temperature, As a matter of fact, in most cases, twe
samples of metal which are identical as far as can be ¢
mined by chemical methods, are not identical thermoell
trically. This is due in part ot the fact that the thermo
properties of a metal depend to some extent upon the g
condition of the metal,

It is not practicable to calibrate the scale of an
instrument in accordance with the temperature-emf re
of a particular thermocouple and to change the scale &



the thermocouple is replaced. Consequently the scufgsf
of such instruments are calibrated in accordance with a
particular temperature-emif relation which is considered
representative of the type of thermocouple, and new ther=
mocouples are purchased or selected to approximate the
particular temperature-emf relation.

If the temperature-emf relations of various ther=-
mocouples of the same type are not very nearly the same,
corrections must be applied to the readings of the indi-
cator, and the corrections will be different for each ther-
mocouple, When several thermocouples are operated with
one indicator, and when thermocouples are frequently re-
newed, the application of these corrections becomes very
troublesome. For extreme accuracy it is always necessary
to apply such corrections, but for most industrial processes,
thermocouples can be manufactured or selected with tempera-
ture-emf relations which are so nearly the same that the
corrections become negligible.

The accuracy with which the various types of ther-
mocouple materials can be selected and matched to give
a particular temperature-emf relation depends upon the
materials and the degree to which the temperature-emf
relation is characteristic of the materials available. The
differences in the temperature-emf relations of the new
Platinum to platinum-rhodium thermocouples available in
this country rarely exceed 4 to 5°C at temperatures up
to 1200 °C, Consequently, there is no difficulty in select-
ing a relation between emf and temperature which is
adequately characteristic of these thermocouples. The
temperature-emf relations used in this country for platinum
to platinum=rhodium thermocouples are such that new
thermocouples which yield these relations within 2 or 3°C
Up to 1200 °C are readily available.

The differences in the temperature-emf relations
of base-metal thermocouples of any one type are so large
that the selection of a temperature-emf relation which
might be considered characteristic of the type of thermocouple



21‘} difficult and more or less arbitrary. Ther
generally used for some of these thermocouple
some manufacturers have been changed from tin
time because of differences introduced in the tl
electric properiles of the materials by variation
materials and methods of manufacture. How
relations in use at the present time are such
ials can generally be selected and matched to y
adopted relations with an accuracy of about + 3%
400°C and to + 3/4 per cent at higher temperatu
In special cases, materials m 3( be selected to
adopted relations within 2 or 3 °C for limited ten

ture ranges,

ednmmm

have been measured in great detail! |
plot of the relation for several of the common

+5

OUTAVT, MiLU VOLTS

Fig. 6. l? 'I'ypic zauhrunon curves for
. ml:!les

Tm Its Measurements and Control in Scienc!
and Industry. Am. Inst. of Physics, (1941) and (19
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Semi-Conductor Thermocouples - The semi-
conductor has a high output emf as a thermocouple. As
such, the semi-conductor is used-mainly for the Peltier
cooling effect. The stability problem with semi-
conductors has limited its use as a thermocouple.

Comparison of the nesistance and Thermoelectrit

Thermometers - The thermocouple covers the
same range of temperatures as the resistance thermo-
meter. Likewise mechanical thermometers can be used
for many applications, The present discussion is limited
to only the electrical transducers, although it should be
evident that the platinum resistance thermometer has
been chosen over all other temperature sensing devices
.~ touse as a standard calibration instrument.

Thermocouples have some advantages over the
resistance thermometer. The temperature-sensing zone
~ of a thermocouple can be extremely small as compared
to steady state resistance thermometer. The thermo-
couple is better suited for the extreme high temperatures,
The tungsten-Rhenium type thermocouples can measure
temperatures up to 3000°F ., The thermocouple is self
contained in that an external source of voltage is not
required. Neglecting read out equipment, the cost of
a thermocouple is a great deal lower than a resistance
thermometer,

The advantages of steady state resistance sensors
over thermocouples include the following:

1) A much higher output voltage can be obtained.

2) Related recording, controlling, or signal
conditioning equipment can be simpler, more
accurate, and much less expensive because
of the higher possible bridge output signal.

3) The output voltage per degree for resistance
o sensors can be chosen to be exactly as desired
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over wide limits by adjusting the e
current and/or the bridge design.

4) A reference junction temperature
pensating device is unnecessary,

5) The shape of the curve of output vs,
ture can be controlled, within limits,
certain resistance sensor bridge des

6) Because of the higher output voltage, m
elecirical noise can be tolerated w.
resistance sensors; therefore, longs
wires can be used,

7) Sensitivity to small temperature ch
be much greater,

8) In moderate temperature ranges,
accuracy of calibration and stability
bration for resistance elements can
better by a factor of 10 to 100, :

D.Measurement of Temperature in a‘Flowi
An unheated cylinder placed in a flowing fluid
a steady temperature, which depends on the fl
tions. This is true, whether the cylinder is a
thermometer, thermocouple, or a liquid-in-gl
meter. In a low speed incompressible flow, the
simply measures the static temperature of the
the velocity increases the cylinder experience
heating. A further increase in velocity produces
pression of the fluid in front of the probe with
increase in the temperature of the cylinder.
necessary to know the relation between the flow
and the temperature of the cylinder.

For gases,/both effects may be described
equation, one convenient form of which is:

> Z 2
TrfTa t+ 0.5 (y-1)M*°,
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where T _is the temperature of the surface (or ''recovery

temperatﬂre"}. T_ is the temperature of the undisturbed
gas (or "'static temperature'), r is the recovery factor,
y is the ratio of specific heats ¢ _[c, and M is the
Mach number, In this case, whelper is 1,00, equation
6. 20 describes the full temperature rise due to compres-
sion heating alone, for the case where the gas is deceler-
ated to zero without addition or loss of heat. In this case
T becomes the total temperature, usually designed as

. When there is frictional heating alone, for example
whlen there is a thin °flat plate inserted into the flow with
flow parallel to the plate, a typical value for r for most
gases is 0, 85 when the boundary layer is laminar and 0, 88
when turbulent, Therefore, it happens in gases that the
two sources of temperature rise are of roughly equal
magnitude, The fact that the two sources of heating are
of comparable magnitude is directly the result of the fact
that the Prandtl Number is near to 1. 00 (actually it is
between 0.7 and 1, 00 for gases). The Prandtl Number for
liquids is in the vicinity of 0. 01 for the liquid metals and
above 1,0 for all other liquids, being as high as 10, 000 for
some liquids, The Prandtly Number Pr is given by:

Pr = e ulk, (6.21)
where c_ is the specific heat at constant pressure, u
is the vidcosity, and k is the thermal conductivity. High
Prandtl Number is largely the result of high viscosity in
the case of oil, and in the case of liquid metals, lower
viscosity and high thermal conductivity cause very low
Prandtl Number,

For liquids, the theory has been worked out in
detail only for a few special cases, For the case of flow
Parallel to a flat plate at sufficiently low Reynolds Number
to give laminar flow, results of established boundary
layer theory show a temperature rise as follows:

T/, = 1 +(Pr”*v?) [ (2¢ 3 g T,  (6.22)
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where T, is the temperature of the plate res
from fric[tional heating, 'I‘a is the temperatur:
fluid at a distance from the plate where its tem,
is undisturbed by the frictional effect, Pr is
Number, V is the velocity in fps, g is the ac
due to gravity, 32,2 fps, J is the Mechanical
of heat, 778.2 ft lb/Btu, and c_is heat capac
liquid in Btu/lb°F. This equatibn can be rew
CGS units

T/T, = 1+(Pc” V%) [ (2 x 107 T

While these equations apply for laminar
a flat plate, and therefore do not apply for rea
accurate prediction in the case where flow is turl
particularly, where the geometry of the part ins
the flow is not a flat plate, nevertheless calculs
the temperature rise by equation 3 or 4will give
idea of the temperature rise to be expected on :
temperature sensor. A typical temperature s
usually in the form of a cylinder with flow norma
cylinder, and it is most commonly, though not
Reynolds Number sufficiently high to assure tur
flow. It may or may not have a perforated cylindi
guard outside the temperature sensor, There is
to expect that for an arbitrary shape, the equat
ing the temperature rise may be of the form:

& n.2
T‘JTa— 1+(fPr'V );’(Zchp 'I‘a)

where [ is arbirarily defined as the "frictional I
factor'' and the exporent n may be different fro
By comparison with frictional heating of gases,
expect that n is determined by whether the flow |
inar or turbulent, and that {f is dependent upon
figuration, e.g. a cylinder or other shape. These
hypotheses remain to be established,
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Table VI.3 shows calculations for selected

ds according to equations (6.23)or (6.24). It may
noted that the liquids with high Prandtl Number show
effect most prominently, It is evident that tempera-
. measurement of high speed liquids can involve sig-
ant errors because of frictional heating.
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TABLE VI. 3

Friction Heating for Laminar Flow Along a F‘-l_a‘,-ﬁ-
for Various Liquids

The effect is proportional tothe square o
velocity. This table will give a rough idea of
in an ordinary temperature sensor.

Liquid Prandl o Bi/Ib% Tem
Number p ;
Liquid Hydrogen 2.5 2.5 36. 65
Liquid Oxygen 2.1 0.394 162.5
Water 7.5 1.00 528
Engine Oil 10, 000 0,44 528
Mercury 0,024 0,033 528
NitrogenTetroxide 4.8 0.36 522
JP-4 13.6 0,47 510
MIL-0-5606 392 0,475 510
ERROR _

¥E¥ e | foed V =10 fps AR ¢
Percent 4/ i Percent °F _ Percent
. 000034 . 000012 0034 .0012 0,34
., 000045 . 000073 . 0045 .0073 0.45
. 0000105 . 000053 .00105 .0053 0,105
. 00085 . 0045 . 085 .45 8.5

. 0000175 .000093 .00175 .0093 0.175
. 0000234 .000122 .00234 .0122 0.234
. 0000161 .000181 .00316 .0161 0.316
. 000104 . 000838 .0104 .0838 1.64:
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Figure 6.18 is a summary set of figures slowing
the measured recovery temperatures over several

different shaped bodies,
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Fig. 6.18. Recovery 'femperature for different
shaped bodies.
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As may be seen from Fig, 6,18, the recove
temperature approaches the total temperature o:!
flowing gas. In other words the body acts as a tr
ducer to convert the thermal and velocity energy ba
to thermal energy. The compression process is o
partly efficient for most shapes of probes. Howeve
if is possible to design specific probes, which :
almost the complete total energy of the flow,

striking presult : ory is |
tailed for the recovery temperature. If a cylinder
considered in free molecule flow, it is found both t
retically and experimentally that the recovery tem
tufe of the cylinder may be greater than the total
temperature of the gas stream. This result is in
contrast to the continuum result discussed above,
Fig. 6.19 shows the theoretical and experimental :
temperature for cylinders.
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Fig, 6.18. Recovery temperature diameter
the cylinder for a wide range of
Knudsen Number
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Both Continuum and free molecule results are shown on
Fig. 6.19. The parameter that determines if a flow is

‘a continuum or free-molecule is the Knudsen Number,

Kn
Kn = 2= (6.25)

where A is the mean-free-path between molecules and
d is the diameter of the cylinder. ]

The recovery anomaly can be explained by consi-
dering the magnitude of the incident and re-emitted mo-
lecular energy.l The incident molecular energy is
computed using the total velocity resulting from the com=
bination of the stream mass velocity and the random
thermal velocities. When the total velocity term is
squared, there results a cross=-product term, 2Uv . This
cross-product term effectively increases the apparent
internal energy of the gas from the continwum value of
(3/2) kT per molecule to a value of 2k T:or (5/2) kT .
The actual value depends directly on'the speed and orienta-
tion of the body, The apparent energy is (5/2) kT for the
high speeds and for angles of attack greater than zero,

The (5/2) k T is equal to the internal plus potential energy
per molecule of a cube of continuum gas.

For air the recovery temperature ratio approaches
1,168 at high Mach number, A monatomic gas gives a
higher recovery temperature than a diatomic gas. The
diatomic gas can remove more energy by virtue of the
internal energy component due to molecular rotation.

The effect of angle between the cylinder axis and
the flow direction effects the recovery temperature.
Figure 6. 20 shows the recovery temperature as a func-
tion of M sin ¢, where ¢ is the angle between the
flow and the cylinder axis, for both free-molecule and

1

Stalder, J, R., Goodwin, G., and Creager, M. O., A
Comparison of theory and experiment for high speed free
molecule flow, NACA TN2244, 1950,
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Figure 6.20 - Recovery temperature as a
function of flow angle.
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continuum flow, It has been assumed that the character-
istic length of the wire would change with angle of attack,
However, the results of Fig. 6. 20 suggest that d is the
only length of importance even when the wire is parallel
to the flow, More work is needed to fully evaluate the
recovery effects of yawed cylinders in supersonic flows,

E, Temperature Evaluation by Sonic Methods = In a
still gas the velocity of sound in a gas of molecule weight m
m is given by the approximate relation

L o \/.1132 : (6. 26)
m
Thus, the absolute temperature of a gas may be expressed
as
e A8 (6.27)
YR A

The measure of the sonic velocity will in turn be a mea-
sure of the temperature for the still gas, since m, y
and R are constant, The measurement of sound velo-
city is quite simple in a non-flowing fluid, however, it
requires the measure of mean velocity in a flowing fluid.
Consider Fig, 5.14, which shows a source of sound and
a pickup down stream, The source might be pulsed and
the transient time to the pickup measured. The velocity

of propagation willbe V= a+ U= 2 , where t is the
; L
time between pulse and arrival. The velocity of sound

can be calculated from an independent measure of the
flow velocity, A second approach might be to place a
§econd pickup at a position £ , away from the source,
but not along the direction of flow. The time measured
by the two pickups could then be used to solve for both
U and a. This procedure requires that we know the
Mean flow direction. If the mean flow direction is un-
Own, then a third pickup would be employed to give

three equations in terms of t for the unknowns a, U,
and flow angle, a .
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spark gap, or a piezoelectric crystal operated in
(a voltage suddenly applied 10 a crystal will produc
change in shape), The sonic pickup is usually a
phone or piezoelectric transducer, These device:
been used in some applications, but they have not
general use. At extreme high temperatues this
measurement is not of direct value, since in equ
(6.27) neither y or m will be constant with ten
This method of measuring temperature is not g
aifected by recovery temperature, if the distance
is large compared to the size of the source and
pickup.

F Special Temperature Measuring Techrnigue
The measuremen: of iemperatures by means oi 1
or inirared radiation is widely used, Tnis meti
mzjor imporiance in the study of solid materiais
than fluids. The use of radiation 10 measure fluid:
peratures is possible, but not as yet well develo
The problem is simply one of how to relate a mesa
radiation energy from the fluid, such as air to i
temperature,

Certain materials, such as '"'superlinear
are found to change their luminescence wiih tem
This phenomenon is associated with the excitin
molecular structure of the material., Here also, |
technique is of interest in measuring suriace tem
but not a direct indication of the fluid temperatur

The schlieren and interferemometer are
which measure density. Thus, these instrument
with the measure of pressure can be used to m
temperature, For flow speed flows, where dens
temperature vary directly without appreciable efl
the pressure, these optical techniques are used
direct measure of temperature gradients in flul
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A possible measure of temperature at the extreme

high temperature, low pressure, gas flows is presently

~ being explored at CSU. The concept is to measure directly
the kinetic energy of the gas ions in the flow. If the
temperature is sufficiently higher than ions of the gas
will exist in the flow, and there kinetic energy may be
measured. The measurement priacipal is to employ a
"langmuir probe'' technique, The Langmuir probe is
basically an aerial set in the flow, as shown in Fig.
(6.22). The aerial or ion collector is operated at nega-
tive voltages, so the ions are attracted to the probe, The
‘number of ions attracted will depend on the voltage of

‘the probe, the number density of ions present in the

fluid, and the kinetic energy of the ions. g

! Top View
ow&'—mnnmw-'—\\
=
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Fig. 6.22. JIon knetic energy measurement

If a jon has a trajectory near the collector, then it can

be collected if the attraction of the probe is sufficient

to alter its path. A curve of the eollected current versus
collector porential will be an indication of the velocify

distribution of the ions. If we assume that the ions (and

also the molecules) have a Maxwellian velocity distribu-

ton, then the relation between the kinetic energy and the
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temperature is known. While the collector te
a possibility theoretically, it still requires a gr
of experimental development. ]

The resonate frequency of specific crys
found to vary with the temperature of the crystal.
a quartz crystal plate of generalized orientation

£(T)= £(0)(L+a T+BT?+yTY

It is possible to determine a crystal orientation
which the second and third order terms vanish
Thus, a "Linear Coefficient' of frequency with
ture quartz thermometer is commercially avail
(Hewlett-Fackard Linear Quartz Thermometer)
system can measure the temperature over a ra
-40°C to + 230 °C with a resolution of 0. 0001 °C
accuracy of this system is by {or greater than
tained by most temperature measuring instruments.

G. Transient Temperature Measurements =
measurement of transient temperatures can be dg
with the resistance thermometer, Tne thermoco
and sonic thermometer can be employed for mode
transient response, but they are not likely to ap
the development of the resistance-temperature |
Thus, the present discussion is limited mainly to &
resistance-temperature element. Actually, the
of the thermocouple? follows the same laws as
tance thermometer, with the major limitation beil
size to which a wire thermocouple can be made.
response of a thin film type thermocouple can eqg
that of a thin film resistance-temperature element.

!Hammond, D. L., Adams, C. A., and Schmit, P
A Linear Quartz Crystal Temperature Sensing El
ISA preprint No. 11, 2-3-64, 1964.

?'Scc for example Shepard, C.E., and Warshawsky,
NACA TN 2703, 1952,
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In Chapter V the general time constant of a wire
was given as
1
t= 56!
kW AR (i) -
X D2 pc pc

Thus, the evaluation of the time constant requires a
knowledge of the physical properties in Eq, (5.&/). For
pure materials the physical properties such as; thermal
conductivity k, density p, specific heat ¢, and resis-
tivity o, can be obtained from handbooks, For alloys
these properties are not always available, Thus, to fully
evaluate a transient resistance thermometer, it is nec~
essary to evaluate the wire physical properties.

Physical Properties ~ Sufficient information was
given in Chapter V to obtain the wire physical properties
irom steady state measurements (with exception of
Specific heat), Specific heat is so to speak the heat
storage capacity of the wire and thus, it must be deter-
mined from a transient type measurement. Fortunately,
the specific heat is not greatly affected by alloying, so
it can usually be estimated from tabulated properties of
the major element of the alloy. Table VI.4 lists the
Physical quantities and the steady state measurements
required to evaluate them for a given wire material.




TABLE VI 4 E

Physical Properties Evaluation of a Transient
Resistance Thermometer Sensing Element

l-!:quauon for Type,of
Parameter Evaluating Parameter Measurement Remarks
Wire length : Dimension Optical type measure-
2 ing instrument
Wire Diameter b Optical or Electron
D . Dimension Microscope instrument
Resistivity «D* If ¢« is known for large
'3 o= o7 R, (Eq. 1, 5) Resistance and wire sample, can use o
. known dimensions to determine wire diameter
Thermal Conductivit R s ; :
K L o, $R,2 i (Eq. 2) ‘Wire resistance 2;:::‘““‘, dtu: t:‘::.u —
37D° - A(R ersus wire current GEL Q0% 02, =
W Say fn_- xg_éﬂgiﬁ_ with great accuracy
Ileat Transfer : I* Ry Ry @ Wire resistance ver- hD 'is a function of flow
Coefficient x wire hD= AR R sus wire current Velocity density
diameter w Ry in Alr
hD == : 4
Density Volume-weight - Need determine before
P . measurement drawn into very small wire
Specific Heat ¥.a» Time constant of Limiting case for [—20
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The wire dimensions would be determined from

direct measurements if possible. It is sometimes dif-
ficult to measure wire diameter, As a result, the resis-
tivity of the alloy might be determined from a large sample,
and it in turn used to estimate wire diameter,

The thermal conductivity of the wire material is
determined by making resistance-current measurements
in a regime where conduction is the major heat transfer
mechanism. This regime of conduction controlled heat
transfer is the case of a wire in a vacuum, Figure 6,23
shows the measurements made for the platinum-rhodium
wire in a vacuum, The value of k calculated from the
slope of the curve is noted on the figure. .The measure-
ments in a vacuum are affected by radiation heat loss
from the wire, The insert on Fig. 6. 23 indicates the
estimate of radiation heat loss for the wire.

The heat transfer coefficient is obtained from
resistance vs. current measurements in a regime where
convection is the major heat transfer mechanism. This
regime of convection controlled heat transfer is the case
of a wire operating in air., The value of hD is a func=
tion of flow velocity, density and temperature, so it must
!Je specified for each particular flow in which the wire
18 to be used,

Figure 6. 24 shows the measurements made for
the Platinum-Rhodium wire in still ambient air, An
€stimate of the correction for conduction loss by the wire
1s shown as an insert on Fig. 6. 24.

For the platinum=-Rhodium wire evaluated it was
assumed that handbook values of p and ¢ could be
used. A value of p for the 90-10 alloy was available in
the literature. For ¢ a value was found for a 87-13 alloy,
Which wasg only about 10 per cent greater than that of pure
Platinum. The 87-13 alloy value for ¢ was employed
as a first approximation in the evaluation of the wire time
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constant, Obviously, a measure of the wire tim
for a very small current step in a vacuum was em
as a check of c, '

Figure 6, 25 is a plot of the oonvection, ¢
(a constant), and wire temperature terms appea
the time constant equation. These values are for a
0, 0000278 inch diameter, 90 per cent Platinum-10
cent Rhodium wire,

[~
y I
02278210
...... e
T FO00—yso08 W CONDUCTION TERM !
@ = 0000859 °F * =i
:f: soo0| evreesio Sowm- m ﬁ(}}"‘"’“ ol i

& 20500 -m::‘c
#1997 gm s oy y
2 20001 o iem s spmc SEE

+5 :'a FX] 10
WIRE CURRENT, MA
&) Wire Temperofuce Term

as 1o

Fig. 6.25. Variation of the thermal time consts
terms
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Figure 6. 26 compares the computed time conzs‘;a.nt
for the wire with actual measurements made both in a
vacuum and in still air. The time constant in a vacuum
is apparently controlled by radiation heat transfer for
wire currents greater than about 0,05 millamps.

¥
U
52 i

TIME CONSTANT, MILLISECONDS
k
P
-
2 Y
TIME CONSTANT, MICROSECONDS
S
of

[ ar o o3 af o5 (- 05 10 5 20 25 30
WIRE CURRENT, MA WIRE CURRENT, MA
a) Vecvum b) Room Air ( mo fiow )
Fig. 6.26. Comparison of predicted and measured

time constants.

The estimate for radiation given in Fig. 6.23 had
Suggested that values of current up to 0, 10 millamps
Would be useable, The fact that the vacuum measure-
ments seen to extrapolate to the I —> 0 case of the theory
Would seem to justify the values of the wire physical
Constants used, The measurement of time constants was
SO0mewhat crude, as can be seen by the data of Fig. 6:26.
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The computed time constant curve is certainly reason:
compared to the data, and again justifies the physical
constants evaluated,

An idea of the variation of wire time constant
flow conditions is demonstrated in Fig. 6. 27,

3
8

}’/

5000 : =

\

:

o{., “CORNER" FREQUENCY, CYCLES/SEC
g
)

Q

20 40 60
VELOCITY, FT/SEC

Fig. 6.27. Comparison of predicted and me
time constants in moving air

Using the curves of Fig. 52} it is possible t
estimate the variation of hD with velocity and [or den
Figure 6. 27 shows the value of corner frequency pred
for the platinum-rhodium wire as a function of flow
A set of three measurements taken at a velocity of 45
per second is shown for comparison in Fig. 6,27.
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Measurements of temperature fluctuations - The
platinum-rhodium resistance thermometer is employed
in the authors laboratory to measure temperature fluctva-
tions in the boundary layers of a heated flat plate. The
frequency response of the bare wire is adequate to
measure the fluctuations without need of further electronic
compensation. A simple Wheatstone bridge circuit, shown
in Fig. 6. 28 is employed to operate the wire at a constant
current of 0, 1 millamp. The output of the bridge was
amplified and read with a true r.m.s. voltmeter. The
resulting evaluation of both the mean and fluctuating
temperatures is shown in Fig. 6.29. The frequency
distribution obtained from a spectral analysis of the
resistance thermometer output is shown in Fig. 6.30,

The evaluation of the temperature fluctuation
irom the r.m.s. output of the wire is done very similar
to the evaluation of anemometer signals. The resistance
temperature curve can be represented by equation (6. 6)
so that the fluctuation equation may be written as

V t* = 1a Rov e? ~ (6.29)

4 more complex equation would be required if the
resistance temperature curve is not linear,
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Chapter VII
MEASUREMENT OF PRESSURE

Pressure is perhaps the most often measured
quantity in fluid mechanics, The measurement of veloe
usually is resolved to a pressure and temperature e
ation., Likewise the measurement of density is resol
a pressure and temperature evaluation. In Chapter V
details of total pressure measurements were discusse
without reference to the actual pressure measuring tr
ducers. In the present chapter we will discuss the
measurement of static pressure and the transducers
are employed, An attempt is made to consider only
transducers which actually measure pressure. Thu
large class of vacuum 'pressure'' measuring trans:
is not considered until Chapter VIII, where these i
ments, which are turly density measuring transduc
are treated.

Pressure is characterized by a compressi
exerted uniformly in all directions. It is a potential
since in theory,its compressive work can be comple
recovered, The basic principles which govern the
ment of static pressure is that a force is produced
pressure at a surface. Pressure is proportional tc
kinetic energy of the random motion per unit volume
Pressure is defined as the force per unit area which a
liquid or gas exerts on a restraining surface., The me
ment transducer for pressure will be some form of {
measuring transducer.

When no flow exists it may be assumed that
pressure of most fluids is equal at all points in the £l
This is true in general except in vacuum facilities, ¥
transfer of information is slow. In a vacuum facility a
pressure gradient may exist for long periods of tim
however, theoretically the pressure should equal out to
one common valve in time., A similar effect exists for
temperature and density properties in a vacuum.
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A. Static Pressure Measurement.- In a moving
fluid there is a force due to the static pressure and also
a force due to the uniform motion of the fluid. In order
to measure the static pressure the force due to the uni-
form motion must be eliminated from the measurement,
In general, this suggests that we will measure the static
pressure-force in a direction at right angles to the mean
motion. If a probe is employed, it must be so construct-
ed that it does not disturb the flow in a manner that will
cause a change in static pressure. It is not possible to
design a probe which does not disturb the flow to some
extent. However, it is possible to design a probe which
measures very closely the static pressure at some point
behind the noise where initial disturbances have subsided.

The nose of the probe will cause the flow stream-
lines to curve, thus causing a variation in local static
pressure. If the probe is a cylinder with its axis paralled
to the flow, the streamlines will tend to return to their
original direction after a given length. For a round nose
probe with a circular cylinder body the flow field has
been calculated. Xs/p

+3

+2)

Lo 4 |
N
N—

k:
‘{N

P-Rs

Xn/p
Figure 7,1 - Static Pressure Variation Along the
Surface of a Cylinder,
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Figure 7.1 shows the variation of local static pr

along such a probel. Also shown on Figure 7.1 is
effect produced by a stem. The general approach
of a static pressure probe is to optimize the op
effects of head and stem, so that the two effects
cancel each other, Typical static pressure probes
shown in figure 7.2. Holes are equally spaced
cylinder, so that any non-symmetrical flow effec
reduced,

9.60——-—-’2.90]-0-*_
g _r)*
4 to 8/‘/
HoLes

PrawnoTL Tuge

= 16D she— 8D — e

2P

i L
! 8 HoLes
NPL TuBE

Hoces 0.09 in. Diama, , EQuALLY SPACED

Figure 7.2- Typical Static Pressure Probe Designs.
The geometry of the hole through which t .
pressure is transmitted may also have an effect on th
measured pressure?, Any hole in a wall will producs
some curvature of streamlines. The smaller the hi
the smaller the effect. The effect is always to rais
local pressure above the actual static pressure.

1C’wer, E. and Johanson, F. C.; The Design of Pit
Static Tubes, ARC R and M 981, Aeronautica
Research Council, 1925,

£ Rayle, R. E.; An Investigation of the Influence of O
Geometry on Static Pressure Measurements
Thesis, Mech, Engr., Mass, Inst. of Tech., L
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If actual flow separation occurs the pressure
below stream static pressure. Figure 7,3 shows
errors associateq with different size static holes,
results of Rayle suggest that a hole 0,020 to 0,
inches in diameter, counter sunk a half diamet
eliminate burrs, will give a near error free stati
pressure reading.

Mach Number Effects.- For subsonic
numbers the effect of compressibility on static
measurements is extremely limited. At Mach
of the order of 0.7 or greater local shock waves
formed on the probe. The acceleration of the fl
the nose of the probe is sufficient to produce loc
of supersonic flow, Thus, local shocks are formi
will cause an increase in the local static pressure
measured. Above Mach number of 1.0 the shoc
is either a detached bow wave ahead of the probe,
attached directly to the nose of the probe. If the
is a detached bow wave, it may be considered as
normal shock wave. The ratio of static pressur
of a normal shock wave, Pm , to that behind a no¥w

T
shock wave P, , is given by the relation

P" =0
oz AL 2 T5L 7.1
P THIM TR (
Equation 7.1 is plotted in figure 7.4, For a
number of 3 the pressure behind the shock wave i
times that ahead of the wave.
For very small probes it is possible to
the bow shock as a local disturbance. Thus, i
tap is located well behind the nose it is possible for
static pressure to return to the free stream value.

1
Rayle, R. E.; ibid,
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Also from slender-body theory it is possible to de
a probe chich measures static pressure independen
Mach number at supersonic speeds 1. For the pri
shown in figure 7.5, slender-body theory gives the
following pressure coefficient variation with x ,

CP{X) = [Pﬂ"] -R.] / i-‘pv"' e
=7 {S'{x]x,o nx+S) In [Vpﬁ.):JM‘-IJ

| +ﬁn(x-t)as”(t)}-[n?x>]’ (

P, = static pressure in the undisturbed

where

R(x) = body radius at a distance x from tk
S(x) = ﬂ'[R(x)_]z the body cross-section
S" = second derivative of S with respect to:

0.5 . ——m 70

A~
Tiree EQuAtLLy SPACED
0.02I 1v. Din. Hae

Figure 7.5- A Static Pressure Probe that is Indepe
of Mach Number.

lI\r‘lollo--('hr'isl.ena:cn, Landahl, and Martuscelli; A S
Static-Pressure Probe Independent of Mach
Number. Jour, Aero, Sci,, 1957, p, 625.
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The pressure coefficient Cp (x) becomes independent
of M if the orifices are placeat at point x, where
§'"(x,) = 0. The experimental evaluation of the probe
in figure 7.5 is shown in figure 7.6. A 5- degree
conically tipped probe pressure coefficient is also
shown on figure 7.6.

o 2

o = L
.00 125 1.5 1.75 2.00
MACH NUMBER

Figure 7.6- Effect of Mach Number on Static Pressure
Measurements.

le of Yaw Effects,- In order to minimize
angularity effects the static pressure probe has several
taps around its circumference, For small angular
deviations the static probe is usually insensitivity be-
Cause of the holes, However, at large angles of yaw
the flow may actually separate on one side of the probe.
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Figure 7.7 demonstrates the effect of flow direct;
on a typical static pressure probe. In general the
in insensitivity to small changes in flow direction, b
has a marked effect at larger angles. One may emp
a static type pressure probe to determine the actual
flow direction.

+
o

-
=

-]

FERCENT FR0R N U2
»

8 12 16 20

1
»

o
=y

ANGLE OF YAW, DESREES

Figure 7.7- Effect of Flow Angle on Static Pres:
Measurements,

Effect of Turbulence.- The pressure indi
by a pressure tap is the stagnation pressure of the
in the hole. For the ideal flow of a gas directly p.
hole the pressure should be equal to the stream static
pressure. If turbulence exists in the stream it will
the streamlines of the fluid such that we may find a
velocity component directed into the static hole. For
this case the pressure measured by the probe will be

ij= P‘;q-‘%pw (7.3}
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An error of 1 9% in static pressure measurements would
be obtained for a 10%turbulence level.

For a static pressure probe the holes are
located symmetrically around the probe, so that the
effect of turbulent fluctuations is not as well predicted.
If the fluctuations are symmetrical then it appears that
no measureable pressure effect could be predicted.
Secondly, one may show that if the static pressure
probe is insensitivity to yaw angles of the order of
+10 degrees, then the effect of turbulence in changing
the direction of the total velocity can have no effect on
the measurement.

Effect of Velocity Gradients.- For flows in
which the stagnation pressure varies can cause three
dimentional flow patterns along a circular cylinder.

The fluid that is stagnated at the nose of the probe is
subject to a pressure gradient in the direction of the
regions of higher velocity. The pressure gradient gives
rise to a flow that results in a slight downwash of the
stream in the vicinity of the probe. The viscous
forces also are such as to contribute to the downwash.
The downwash is equivalent to a slight change in yaw

of the probe. The effects of the velocity gradient in a
boundary layer are made more complex by the presence
of the wall. In general the static pressure probe is not
recommended for boundary layer measurements, how-
ever, there is a need to evaluate static pressure across
the boundary layer. The equation of motion in the vei'tical
direction in a turbulent boundary layer appears to be

—
PV® = =
P~ Py (7.4 )

—

Volluz, R. J.: Wind Tunnel Instrumentation and Operation,
Handbook of Supersonic Aerodynamics, NAVORD

5 Report 1488 ( Vol. 6).

Sandborn, V. A. and Slogar, R. J.: Study of the Momentum

Distribution of Turbulent Boundary Layers in Adverse
Pressure Gradients, NACA TN 3264, 1955,
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Thus , it is possible to evaluate the static pressurg
from a measure of the vertical turbulent velocity
component. Unfortunately equation (7.4) has not been
checked experimentally with sufficient accuracy to
completely justify its use,

B. PRESSURE TRANSDUCERS.- There are
many possible forms of transducers that are employed
to measure pressure. We have discussed pressure
measurements which are employed to evaluate velocity
as well as the more direct static pressure measurement.
Obviously, the same transducer can be used to measure
either static or total pressure, however, it may be
necessary to use different transducers for different
magnitudes of pressure. As noted in Table IV.1 it is
possible to require pressure measurements from 0 to
10,000 psi in even limited areas of fluid mechanic
research.

The major instrument employed to measure
pressure is the manometer, This instrument uses the
force of gravity to counter balance the force produced
by pressure. The manometer is closely related to the
dead weight testor, which employs a solid mass rather
than a liquid column to indicate force. There are many
electro-mechanical devices that have been developed
and used as pressure transducers. Figure 7.8 is a
schematic diagram of typical systems employed both
to change pressure into a measurea.lile movement, and
also the electrical read out system. =~ The different tyoes
of transducers are covered in detail in the following
discussion,

—

!

Lion, K. S.: Pressure Transducers Survey, ASME
Symposium on Measurements in Unsteady Flow.
Worchester, Mass., 1962.
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Figure 7.9 - Range of Pressure Transducers

Figure 7.9 is a summary of the range of the
different types of pressure transducers, There is of
course many ways in which the range of a given type of
transducer may be extended, so the end points of each
instrument is somewhat uncertain. In the vacuum range
of pressures ( below 10° mm Hg) the transducers do not
measure pressure, but rather the number density of the
molecules are measured.
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Manometers.- The most widely used pressu
transducer is the liquid manometer. The manome
may serve as a laboratory standard for pressure,
manometer takes advantage of the gravitational for:
a column of liquid. Figure 7.10 shows the types of
nometer employed in pressure measurements. The
simple U-tube manometer is the most common emp.
manometer. The pressure can be computed from ti
height h of the column of fluid, For a manometer .
of density Pm and a fluid of density p, in which the
pressure is measured, the unknown pressure is

p=ghlp -p)) + p, (7.5)

1f the fluid in which the pressure is measured is
the manometer fluid is water for example, then it is
evident that Pm> Pg and so Py can be neglected.

i t"’ P=o i~
. [ Y
i £es

U-T7uBE  ABsorure

WYY T

-

INCLINED MANOMETER

{ T

AN NN

SCREW

DRivE M;cnoMAMﬂME"Eﬁ

Figure 7,10- Liquid Manometers
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The height h is in all cases the vertical height of the
column, so that the gravitational mass of the fluid is
properly accounted for. The slant tube manometer is
designed to produce a large movement of the fluid
column for only a small vertical rise in h. The slant
tube is a means of expanding the variation in pressure
over a greater scale.

The density of manometer fluids are a function
of their temperature. Thus, accurate evaluation of the
pressure requires that the effect of temperature on
manometer fluid be accounted for. Figure 7.11 is a
typical plot of the density variation with temperature
for various manometer fluids.

The well type manometer is a common type
of pressure measuring manometer. This type manome-
ter usually employs a scale along the smaller diameter
tube which reads directly the height. The scale is
calibrated to account for the slight drop in the well
level. The actual height h' from the zero level to
which the column rises is given by the relation

4z

= ] -

p=gh' (2% + 1)(p - p) +P, (7.6)

For a well with a very large area A, compared to A,

the factor Az is small. In some applications it is

possible to nleglect the slight change in well height.
For the measure of very small pressure

differences the movable well type micromanometer is

employed. It is possible to indicate variations as small
as 0,0001 inches in the column with a micromanometer.
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For pure frec molecule flow the molecular nm

péath is large compared to the body dimensions. For
molecule flow the following relation is obtained.t

P O S T = S

Pressure measurements in freemolecule flow is compli
that pressure may not be equal at all places along
Detailed experimental studies of the impact tube in
ecule flow are still lacking.

B. Drag Mecasurements - There are several tra
that employ fluid drag as a means of measuring flow
or mass flow. Typical instruments are the rotameter,
bine flow meters, cup-an=mometers and related inst:
Each of these instruments makes use of the fact that
a function of the Reynolds number. Figure 5.12 is a
of the measured drag for different shapes of bodies
drag is a function of the shape, and the Reynolds
the flow. The curve of figure 5.12 is for contin
only. For slip and free molecule flow the drag b
function of Knudsen number (density), as well as
numbers.

-
Chambre, P. L., and Schaaf, S. A.; ibid.
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McLeed Gauge. - A special type of manometer
employed ip the measure of low pressure was described
by McLead. Figure 7.13 shows a typical McLead Gauge.
The chamber, A, is first exposed to the pressure, p, to
be measured as shown in figure 7.13 ., The mercury
is then raised into the chamber traping the original gas
at pressure p in the chamber. As the mercury is
raised past the point ''s'" the gas in chamber A is
compressed. The final reading -
has compressed the original volume of gas in chamber A,
denoted by V, , to the small volume contained in the
capillary, denoted by V. . The pressure of the gas in
the capillary is given by v
p.=p A (7.7)
Ve
This relation assumes that temperature of the gas be-

fore and after the compression are still identical. Thus,
the McLeed gauge makes use of the ideal gas equation of

RESERVOIR

WLume

Figure 7,13 The McLead Gauge

————

! McLead, H.: Phil. Mag. Vol. 48, p. 110, 1874
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state, The actual pressure p. in the capillary i
by the manometer relation (neglecting pf, and s
Py P) as

P, = ghpy. + P (

The volume of the capillary may be expressed as a
stant, v, times the length h, (V. = vh). Thus,
initial pressure, p may be expressed as

2
38 by
P Viy'= wb
Note that V, is much larger than V. =vh, so that

the pressure is given approximately as

VEP g h?
S 1 e
p-

Va

Thus, since V, , v, g and pl-lg are all very nea

constant the pressure will be a function of h® directl
Equation (7.7) is not dependent on the specific gas,
it can be used with any gas. The only important
lem encountered in using a McLead gauge is to make
sure that the gas remains a gas at the pressure p,

For example, if water vapor is present in the initial {
sample, then it might condense at the pressure p, -

The condensing of a gas would act in such a m.amel;;%‘* r
make equation (7.7) unusable. In practice filters an
cold traps are employed to avoid the introduction of
condensible vapors into the sample gas.
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Elastic Deformation Pressure Transducers. -
Nearly all modern pressure transducers are based upon
the elastic deformation and the resulting mechanical
displacement of a member under the influence of pressure
Lion ! lists the following types of elastic deformation

elements

. Membranes

Bourdon tubes or spiral

Bellows

Tubes ( which expand under pressure)
. Pistons ( rarely used)

Do W
¥

These elements are shown schematically in figure 7.8.
The output of the elastic elements is a displacement,
which may be either measured directly or converted
into an electrical signal. The electrical readout of the
displacement is discussed in the following section.

The membrane types of elastic deformation
elements may be divided into: thin diaphragms, thin
plates, and corrugated diaphragms. The thin diaphragm
is usually a metalic sheet under radial tension. The
thin diaphragm has no stiffness to bending, thus, if a
pressure force is applied to one side of the diaphragm
the membrane deflates outward in the shape of a sphere.
For a flat, circular, thin diaphragm the displacement
d ( shown in figure 7,14) is equal to

2
d= 2 P
45 (70

where a is the radius of the diaphragm, p is the pressure
and S is the tension in the diaphragm. As long as d does

Pl e o S

T m. 8
Figure 7.14 - Displacement of a Thin Diaphragm

Lion, K. 8., Ibid
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not exceed approximately 0.005a the deflection is li
with pressure. The thin diaphragm is used in a wide
number of pressure transducers. The major applicat
is for very small pressure variations as commonly en-
countered in air and gas flows. The diaphragm type
microphone is employed to measure fluctuating pres

The thin plate membrane shown in figure 7.
is simular to the thin diaphragm except it has stiffne

to bending. o)
i S
¥ g

>4

Figure 7.15 - Displacement of a Thin Plati

The equation for the displacement d, is

3(1—_v2]a4p

16E t° (722}

d =

where v is Poisson's ratio, E is Young's modules and
t is the thickness of the plate. The deflection is linear
with pressure so long as d does not exceed 0.5t. The
thin plate as a pressure transducer is of value for
moderate and high pressure variations.

A survey of the application of flat diaphragms
and circular plates to instruments is given by Wahl 1'._.

In order to increase the physical deflection of
diaphragms they are sometimes formed with corrug
or catenary shapes, rather than flat, The deflection
in general increase with the number of corrugations
decrease with corrugation depth, The design of corru

1
Wahl, A. M.; Recent Research on Flat Diaphragms

Circular Plates with Particular Reference to Instrume

Applications. Trans, Amer, Soc. Mech. Engrs. vol. 79
p. 83-87, 1957,
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diaphragms is covered by Haringx 1 and_ by Wiitillag'_fi,
Dressler and Lloyd4, The corrugated diaphragms find
use in pressure gauges which range from vacuum
pressures to roughly 350 psi.

The Bourbon type tubes are employed because
of their large deflections. These elements are partic-
ularly useful when a direct mechanical readout of the
deflection is desired, The angular deflection for the
simple, elliptical crossectional, C - tube Bourdon

gage is given by

2
216
g - e (7.13)
o]

where ¢ in degrees is the angle of rotation of the tip of
the tube, ¢ is the sector angle of the original tube,

p is the pressure, r is the radius of the tube, t is the
wall thickness, E is Young's modulus for the tube
material, and b is the minor axis of the elliptical-
shaped tube (from middle of the wallsg. The design of
Bourdon tubes is covered by Goitein. © The Bourdon
tube is used extensively in industrial instruments for
pressure up to at least 15, 000 psi.

The metallic bellows are capable of giving
large deflections for a given pressure. The bellows
are less stable structurally than the other types of

Haringx, J. A.; Design of Corrugated Diaphragms.
Trans. Amer. Soc. Mech. Engrs. vol. 79, p. 55-64,
1957,

2 Wildhack, W. A., Dressler, R. F., and Lloyd, E. C.
Investigation of the Properties of Corrugated Diaphragms.
Trans. Amer. Soc. Mech. Engr., vol 79, p. 65-82,

1957,

Goitein, K.; A Dimensional Analysis Approach to
Bourdon Tube Design. Instrum. Practice, vol 6, p. 748,
1952,
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elastic gauges, thus it is somewhat limited in
cation. Bellows gauges are employed as absolu
pressure gauges, in that a known pressure can be
sealed within the gauge., A typical application i
recording barometer.

It should be evident that either the displace-
ment or physical strain of the elastic deforma
material can be employed as a measure of pres
The expanding tube shown in figure 7. 8 is an ex
where it might be more desirable to measure
The expanding tube is the limiting case of a be
and would be of most value for moderate and high
pressures. The expanding tube proves of value
measuring pulsating pressures.

The piston type transducer is not genera
employed as a measurement transducer, but rath
finds extensive use as a check valve on excess
sure,

Electrical Readout of Pressure Transdu
The elastic deformation type pressure transduc
all require a displacement, ci, to be sensed. F
7. 16 is a schematic diagram "~ of the electrical p
menon which are used to sense a displacement.
electrical readout systems can be explained in the
following manor.

1. Slide Wire - The displacement, d, cau
a change in resistance of the potentionmeter voli
divider. For a constant battery voltage, the o
voltage E _ is directly proportional to the change
resistance as d varies. '

Lion, K. S.; Ibid.
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Figure 7. 16 - Electrical Sensing of Displacement.

2. Strain Gauge. -A resistance wire strain
gauge (unbonded or bonded) or a foil gauge is attached
to the elastic member so it is strained when the mem-
ber is displaced. The change in resistance of the
strain gauge is proportional to the displacement, d,
of the elastic member.

3. Inductive. -The change in the core element
extension into the coil produces a reluctance variation
in an inductive circuit, This change is usually sensed
by the eddy currents caused by the inductance of a
radio-frequency driven coil.

4. Capacitive. - The displacement, d, between
the two plates, produces a change in capacitance, C.
The change in capacitance is usually sensed by a
radio-frequency circuit.
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5. Piezoelectric. - The displacement, d,
compresses the piezoelectric crystal, thus prod
a charge between two sides of the crystal.

large variations in displacement, d, the slide wi
inductive type readout might be preferred. For
variations in pressure, the strain gauge or capaci
type readout is usually employed. The piezoele
readout is mainly for use in transient-type pressure
measurements.

Electro-Mechanical Pressure Transducers, -
In figure 7. 16, we have noted that several electri
phenomena may be employed to sense the displace:
of a mechanical pressure transducer. The direct
conversion of pressure (or force) into an electric__aI
signal is also possible. If a material is placed in
high pressure, it is possible that it can be comp
to a point where its resistance will change. Lik
the dielectric constant of a material and the perm
ability of a material may change with pressure.
Figure 7. 17 is a schematic diagram of possible e
mechanical pressure transducers. 1

The resistance of materials as a function of
pressure has been reviewed in detail by Bridgman, gf,
The resistance of several metals are shown in fig
7.18. The variation of resistance with pressure

1 Lion, K. S.; Ibid.

2 Bridgmen, P. W.; The Physics of High Pressure.
G. Bell and Sons, Ltd., London, 1949.
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given approximately by the relation

R =R (1 +bap) (7.14)

where R _is the resistance at reference pressure

(such as®1 atmosphere), b is the pressure coefficie
of resistance. The value of b for a typical wire

material, Manganin (84% Cu, 12% Mn, 4% Ni), is
1.7 x 10-7/psi. The wire material is operated as _
arm of wheatstone bridge. The wire is subject to
ageing in high pressures, so there is a continual shift
in the calibration curve. The "Bridgman' pressur
transducer is mainly employed for the extremely h
pressure measurements (up to 100, 000 psi). The
sensitivity at low pressures is extremely small.

A special case of the resistance-pressure t
ducer is the carbon microphone. The carbon micr
phone takes advantage of the variation in resistance
through carbon granules. The phenomenon is basical
that the contact surface area between granules incr
as the pressure increases. For useable pressure
transducers, the granules are replaced by thin disks
of carbon material. The resistance of a stack of di
varys approximately as

4 c
R_Ro+___.p (7.15)

The stability of carbon material is not as good as 1
metals. The absorption of gases and humidity cause a
continual shift in the resistance of such materials.

The dielectric "constant" of a material, such
as Rochelle salt (Na K C H‘}C}l6 4H_0O), barium titanate
MgO, KCl, and KBr, wiﬂ change with pressure.
Neubert ! has computed the relations for a general

1 Newbert, H. K. P. ; Instrument Transducers,
Oxford Umversity PPress, 1963,
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dielectric variation capacitor. The capacitance for
two plates separated by a dielectric, &, of thickness
d and area of plate A is

Ae

e ( 7.18)

&=

Thus, a change in dielectric, 6€, produces a change
in capacitance, §@,

_ _Ale+se)
C4 sC = o % T (7.17)
or
§c _ e ( 7.18)
C €

Figure 7. 19 shows a plot of the variation of € with
pressure for several typical materials. The variable

--"'“""-q...________‘
i o by
::HH"“"- Lirs
"“--..____‘H "“::e:
'"\.\ [t

Sy by ¥
\ \\ T \m-
NN =
\ \;'\:“""'\kﬂl
\ L
N

Figure 7. 19 - Variation of the Dielectric Constant with
Pressure,
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dielectric pressure transducer is limited to moder
and high pressures because of the elastic propertie
of the material.

It has also been suggested that an elastic
material be employed as the dielectric. 1 In this ca
the dielectric is simply thinned out by the pressure,
and the capacitance physically reduced. Thistype
transducer has not been developed in detail, but it
might be of extreme value for low pressures.

In figure 7. 16 the piezoelectric phenomenon
was suggested as a means of sensing deflection of
mechanic diaphram type transducer. The piezoele
transducer may, of course, be employed directly to
indicate pressure. The piezoelectric crystal actual
requires an almost negligible deformation to pro
a measurable charge build-up. The major difficult
has been the requirement of more complex electrical
circuits, in order to operate the high impedance ¢
tals. '

The charge produced by the piezoelectric
crystal is at the surface only, so the output is inde-
pendent of the crystal thickness. The crystal is in
effect measuring only the total force applied to the
crystal independent of crystal area. The actual
of a crystal will depend, as demonstrated in figure J.
on the direction in which the force is applied. Thus,
an expression of the crystal szensitivity will be in te
of at least three coefficients.

! Lion, K. 8.5 bid,

Neubert, H. K. P.; Ibid,
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Figure 7. 20 demonstrates several possible
shapes of piczoelectric crystals employed in pressure
measurements, together with typical califrations.

In some cases, it is possible to place the erystal in
a shear or bending moment and greatly increase the
force applied to the crystal.

CRYSTAL
WL 5 7 P
RYSTAL
A4 pe Al
& DAPHRAG M : t
DIAPKRAGM LloROED TYBE LOADED

Figure 7. 20 - Piezoelectric Pressure Transducers,

C. Transient Pressure Measurements. -
There are many applicationswhich require the mea-
surement af fluctuating or transient pressures. The
major application is of course the sound-measuring
microphone. [n fluid mechanics, we will be interested
in both pressures related tc sound, and also in the
Pressure variations that produce forces on structures.
Two specific problems are encountered in the evalu-
ation of a trancient pressure. First, the response of
the pressure-transmitting system, which is comiposed
of a fluid in a passage which may be elastic. Second,
the response of the transducer-sensing element must be
Considered.
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Transmitting System Response - When the
pressure changes, there must be some motion of the
transmitting fluid, since the connecting passage :
the transducer itself is elastic. Consider the pre:
transmitting system shown in figure 7. 21, If the fl
in the connecting tube is laminar, and the fluid al
pressure transducer respond elastically, the gove:
equation is!

a%p dp
t + C 1
dtz 3 dt

The constant C. is the damping coefficient and C :
determines the natural frequency. The dampingis a
function of the viscosity of the transmitting fluid.
Equation ( 7. 19) is a second order equation, thus
may expect a resonance in the tube if the dam.pmg
not great. Figure 7. 22 shows a typical response ¢
for a system such as shown in figure 7, 21. This
shows a resonance at 40 cycles per second. The ri
sonance frequency of the system is given by the rela

d

'S |
Y i

CovmecTing Tube

Figure 7. 21 - Model for the Transient Response afa
Pressure Transducer System.

Hubbard, P. G.; Interpretation of Data and Respoi
of Probes in Unsteady Flow. ASME Symposium on
Measurements in Unsteady Flow, 1962,
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£ = [(m ipLA )] (7.20)

where A is the effective area of the sensing element,
Ap/Av is the ratio of pressure change to volume change
for the transducer and tubing, M is the mass of the
transducer diaphragm, p is the specific mass of the
fluid, L is the length of the tubing, and a is the cross-
sectional area of the tube.

For rigid capillary tubes, an expression between
the rate of flow, the change in volume, and the change
in pressure is obtained

dmis dv dp
RIS ol it (7.21)
5 L) L
oL_ 1 1
2 10 /00 @00

FREQUENCY, CPS

Figure 7.22 - Response of a Transducer System to
Sinusoidal Pressure Fluctuations.
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Details of this relation and its solution are given by
Sinclair and Robins. 1 The solution for the respon
time is

%[V o {BB)(PeE) - 34 ), Bl
S gt (P-B)NR+R) P+F,
"
Thh !"PTE
(7.22)

where
= entire air volume of system from ori
to and including the manometer or transducer, Ft.

v, = volume displaced by motion of manom
fluid or by deflection of transducer, Ft.

d = diameter of the capillaries, Ft.*

"e = length of capillary of diameter d
(equivalent length which may take into account the
variation in capillary diameter d), Ft.

u = coefficient of viscosity of transmitting
fluid, 1b. -sec/Ft. 2

#
( for a system of varying diameters, the value
may be selected as an arbitrary diameter, dl’ and tht
equivalent length written as

Sinclair, A. R., and Robins, A. W.; A Method fo
Determination of the Time Lag in Pressure Measur:
Systems Incorporation Capillaries. NACA TN 2
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Figure 7. 23 shows a comparison of the computed and
measured response time for a typical capillary system
reported by Sinclair and Robins. * The capillary size
will limit the response time. Equation ( 7. 22) suggests
the time response can be reduced by making the capill-
aries as large as possible. Expressing the equivalent

length !e as
gl
10“’9 A dg {7.23)
the expression for the optimum diameter dx is
approximately

. 58V d* (17.24)
d‘ . r’ee

which results in the optimum diameter being inde-
pendent of its length. Details of the application of
equation ( 7. 24) are given by Sinclair and Robins.

Working charts are available to speed the
calculations of the response time of pressure time of
pressure-measuring systems. These charts may be
found in the following reports:

Aldrich:. J. F. L., and Tripoli, 'S.7 Error in
Non-Equilibrium Pressure Measurements Following
Step and Ramp Pressure Changes, SAE Engineering
Paper 587, Douglas Aircraft Company, March 1958.

Bauer, R. C.: A Method of Calculating the
Response Time of Pressure Measuring Systems.
AEDC TR 56-7 (ASTIA No. AD-98978) Nov. 1956.

Volluz, R. J.: Wind Tunnel Instrumentation
| and Operation, Handbook of Supersonic Aerodynamics,
| Sec. 20, NAVORD Report 1488, vol. 6, 1961,

Sinclair and Robins, Ibid.
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Transducer Rlesl:vonse.I - In general, the pressure
transducer will be a system which has more than one
mode of response oscillation. The system will have
spring constants and damping factors associated with the
modes of oscillation. A mechanical model of the trans-
ducer will be an idealized vibrating system. The model
must consist of at least one inertial mass, a spring, a
viscous resistance, and an external driving or exciting
force. For the ideal transducer, the spring force and
the viscous resistance are linear. The idealized mech-
anical models are shown in figure 7. 24. Both a single-
degree -of-freedom, and a two-degree-of-freedom model
are shown. The movable-plate condenser-capacitive
transducer (microphone) and the piezoelectric transducer
are examples of an approximate one-degree-of-freedom
transducer. The strain gauge transducer is a fair app-
roximation of a two-degrees-of-freedom model.

s

()

Figure 7. 24 - Mechanical Models of a Vibrating Pressure
Transducer.

- See, for example; Methods for the Dynamic Calibration
of Pressure Transducers., By Schweppe, J. L., Eich-
berger, L. C., Muster, D. F., Muchaels, E. L., and
Paskusy, G. F , Nat. Bur. St. Monog. 67, 1963.
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The characteristic differential equations which describe

the motion of the systems shown in figure 7. 24 are

[one-degree-of-freedom ] m¥ +cxX +kx=f (t) :
{ 7..25)

[two-degree~-of-freedom]

. " r
m X, + clxl*lxl T ¢, [xz-x ) - k (x -xl)—-ﬂ

m_¥_ +c (iz—il) +k2 (x2-x1) =f ()
e ( 7. 26)

where c is the damping constant, k is the spring
constant, and f (t) is the external driving force which
is a function of time.

Equation ( 7. 25) and ( 7. 26) are second-order
response systems. Second-order systems fall into
three major classes, which are determined by the 3
of the damping constant, c.

1) 02 ¢ < 1; the system is capable of oscill
and is termed "'underdamped. "

2) e > 1; the system can not oscillate and is
termed "'overdamped. "

3) ¢ = 1; the system is in the transition regma !
between under- and overdamped, and is
termed "critically damped."

If ¢ = 0, a disturbance to the system will cause an
oscillation which never dies out. A system with ¢ = O
is not physically possible, since it would violate the
second law of thermodynamics. However, conditions ,
are sometimes encountered where the simplifying
assumpition ¢ =0 is useful.
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Figure 7. 25 shows typical solutions of the

second-order equation (7. 25) for different values of
damping constant. For a step change in pressure,
the output response of an underd:amped system will
start with a zero slope, pass through a point of inflec-
tion, approach the final pressure, overshoot the final
pressure, and oscillate about the final pressure with
continually decreasing amplitude. The amplitude of
the oscillations will be greatest for small values of
¢ and less for large values of ¢, The frequency or
period of the oscillations is usually expressed in terms
of the natural frequency of the sensing elementi. The
natural frequency for tlypical diaphragms are listed
on the following page.

01 .
.01 01

~
L~]
nl

Figure 7. 25 - Responses of Second-Order Pressure
Transducers.

Neubert, H. K. P.; Ibid.
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Membrane { = ,%9‘;/}3‘_{

: 2.56t
Thm Plate f;‘ a_ d; Vsﬂ ’_vaj

where:
t = plate thickness (in, )

2a = diaphragm diameter (in. ) b

i

g = gravitational constant (386 in. / secz) |
s = membrane tension (lb. /in. )

E = Young's modulus (lb. /sq. in. )

v = Poisson's ratio (0. 30 for steel)

specific weight (1b. /cu. in.)

i

T8

The relations of equation ( 7. 27) are for opera-
tion in a gas. For operation in liquids the relation
must be altered by an amount depending on the spec
weight p L of the medium

f
0 N
f, = ( 7.28)
Y (1+p)
where
Wy a
3= 0,66 T (7.29)

The useable response of a pressure measuring system
can never be as much as the natural frequency. If the
system is underdamped, then care must be taken not
to exceed [requencies of more than approximately 1/2 td
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If frequencies as great as the natural frequency are
present, then the output of the transducer may be far
too great for the actual pressure present. For mem-
brane pressure transducers, it is possible to obtain
usable frequency response of 1000 cycles or more,
Since the natural frequency depends on the inverse of
the membrane diameter, while the pressure sensitivity
goes directly as the diameter, it is found that low
pressure transducers have less response than high
pressure transducers,

If the output of a pressure transducer is

known as a function of frequency, the output can be,

in principle, electronically compensated to give a flat
frequency response. The compensation technique may
be employed with almost every possible type of trans-
ducer to improve the frequency response. Techniques
for improving the frequency response of the pressure

transducer are discussed by Michaels and Paskusz. !

Transient Calibration of Pressure Transducers,-
The transient calibration of a pressure transducer may
be obtained for either a periodic or nonperiodic input
pressure. The output of the transducer can be express-
ed, as either a frequency response curve for the
transducer, or a direct evaluation of the constants of
equation ( 7.25) or ( 7. 26). Two types of input pressures
are commonly employed: a step function, or an approx-
imate sinusoidial oscillator.

Step-function generators include quick-opening
devices, explosive devices, and shock tubes. The
Quick-opening device and the shock tube are similar,

1

Schweppe, J. L., Eichberger, L. C., Muster, D. F.,
Michaels, E. R , and Paskusz, G. F.: Ibid. , Nat. Bur.
St. Monog. 67, 1963.
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In each case a pressure pulse in the form of a step
function is produced. The shock tube is simply a tu
with a high and a low pressure section separated by a
diaphragm. The diaphragm is ruptured between the
section and a "shock wave'' travels down the low )
pressure section. Figure 7.26 shows a typical output
trace from a pressure transducer in a shock tube, !

The frequency of oscillation of the trace demonstra
the natural frequency of the transducer. The actual
constants are given by the relation

T
Fl

-

Oscillation period =

where T is the period of the natural oscillation. The
envelope of the peak of the oscillations is a pair of

exponential curves having apparent time constants of
approximately

T

T/2C? =
Zmc

Thus, from the measured period and the oscillation
amplitude damping the natural frequency and damping
constant can be determined, =
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Sinusoidal pressure fluctuations in a gas are
limited to small amplitudes, since large amplitudes
develop into shock fronts. Only sound wave type
pressure amplitudes are possible in gases. Micro-
phones are calibrated using diaphragm type speaker
pressure generators. Periodic-function generators,
such as rotating valves, sirens, piston-in-cylinder
devices, and mechanical oscillators are employed.
These devices produce periodic pressure waves, how-
ever, the mathematical discription of the wave may be
complex. In incompressible liquids, it is possible to
produce fairly good sinusoidal pressure waves.

Turbulent Pressure Measurements. - The
evaluation of fluctuating pressures in a turbulent
pipe flow have been reported by Corcos. 2 The problems
are very similar to those encountered in the use of hot
wires to measure turbulent velocities. The static
pressure probe is built with a piezo-electric element
replacing the static holes, such as shown in figure 7. 26.
As shown in figure 7. 26, the probe experiences a cross-
flow which results in additional pressure fields. The
relative order of magnitude of this effect depends on the
probe geometry and on the Reynolds number of the cross-
flow, If the sensing element is far downstream of the
nose, the resultant presure field is nearly a function only
of the instantaneous cross-flow. The side-force exerted
on the probe is approximately

(High Reynolds number) VF*—-p (vZ +~;2'),Id (7:30)
(Low Reynolds number) Af2 ~u (v2 + ;2')'/2,1

Melville, A. W.; Hydraulic Oscillator for the Dynamic
Calibration of Pressure Recording Systems. J. Sci. Inst,
vol. 36, p. 422, 1959.

Corcos, G. M. ; Pressure Measurements in Unsteady
Flows. ASME, Symposium on Measurements in Unsteady
Flow, Worcester, Mass., 1962.
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where v and w are the lateral components of velocity,
d is the probe diameter, andfis the probe length. Tl
pressure due to the weighted average of the cross-floy
is not necessarily proportional to the cross-flow d
Minimizing the effect of cross-flow on the probe is
empirical design problem. This is done by testing the
probe in turbulent flows where pressure fluctuations
are very small. By yawing the probe to the flow, the
sensitivity to cross-flow fluctuations is evaluated. Th
fluctuations due to the lateral turbulent velocity com-
ponents tends to be of the same order as those of the
static pressure fluctuations.

PIEIITIENBIE _3_ @

=2 —|

T TT \!ﬂ_,_ W

U+ uw =

Figure 7. 26 - Piezo-Electric Static Pressure Probe.
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The measurements of turbulent wall pressure
fluctuations have been reported in great detail. Both
microphones and piezo-electric pressure transducers
are employed. Corcost has employed lead zirconate
crystals to measure the fluctuations at the wall of a
pipe. These crystals range in diameter from 0, 03 to
0. 10 unches. Their frequency range is from 35 cps to
100, 000 cps. Figure 7. 27 shows the measured ratio
of root-mean-square pressure to shear at the wall as a
function of Reynolds number for a pipe. Note that the
results of figure 7. 27 are very similar to the turbulent
velocity variation shown previously in figure 5. 32, The
spectra of the pressure is shown in figure 7. 28.
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Figure 7. 27 - Pressure Fluctuation at the Wall as a
Function of Pipe Reynolds Number,

Corcos, G. M., Ibid.
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Chapt er VIII
MEASUREMENT OF FLUID DENSITY

The measurement of fluid density depends very
much on the fluid, For liquids the measure of density
is simply a measure of volume and weight, For gases,
the measure of density is done by measuring pressure
and temperature, At low pressures it is easier to
measure density of a gas rather than pressure , Asa
result, most vacuum pressure gages are actually density
measuring transducers. The heat transfer, ionization
and mass spectrometer instruments all represent an
actual measure of the number density of molecules,
Details of the number density measuring techniques are
considered first,

In fluid flows with density gradients (compressible
flow) optical techniques are employed to measure density.
Both optical interference and schlieren techniques are
employed. Optical techniques depend on the refractive
index of the fluid, so they may be employed over a wide
range of flow conditions.

Several special techniques are also available to
evaluate density, These include afterglow, electrical
discharge, spectral absorption, and X-ray measure-
ments, In many cases it is possible to measure the
density of a given species of molecules in a flow of
several different species, Transient density measure-
ments are also possible with almost all of the sensing
techniques.

A. Number Density Measurements - For normal
atmospheric conditions density is usually measured
indirectly in terms of pressure and temperature. The
equation of state

P = pRT (8. 1)

relates pressure, P, density, /2, and temperatures,
T , in terms of a constant of proportionality; the gas
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constant, R . Equation (8.1) is for an ideal gas, how-
ever, most gases follow the relation., The gas constant,
R, is the same for all gases, and has a value

R = 8.314 x 10’ ERGS/DEG. = 1. 9865 CAL/DEG.

At extreme conditions of pressure or temperature,
where the approximations of an ideal gas are no longer
valid equation (8. 1) must be modified. At these extreme
conditions the equation of state is modified to the form

P = Z PRT (8.2)

where Z is the departure from perfect gas behavior,
The value Z is commonly termed the compressibility
factor. This compressibility factor is not to be confus
with the use of compressibility to describe a fluid flow.
The deviations from ideal gas behavior were first invi
gated for gases under high pressure, thus, the origin
compressibility factor was related to the high pressur
In recent research the compressibility factor has bec
increasingly important in the study of high temperature.
gases, such as encountered in re-entry aerodynamics
and plasma physics. Gases which require the use of
equation (8. 2) have been termed real gases. The com-
pressibility factor, Z , may be viewed as the ratio of
the molecular weight of air under normal conditions to
the mean molecular weight of the equilibrium gas.
Figure 8.1 shows the variation in Z as a function of
temperature and pressure for air. The variation of Z
depends on the chemical changes in the gas. As noted on
Figure B. 1, the dissociation of oxygen and nitrogen con=
tribute greatly to the variation of Z .

The value of Z can be calculated from equilibrium
chemistry, so it is well known for gases where it is
important. For non-equilibrium changes it would be
extremely difficult to predict the variation of Z . We
will consider in a later section the problem of evaluaw
of density in a shock tube where the non-equilibrium
processes are not well defined.
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Figure 8.1 - Compressibility Factor for Air in
Equilibrium (Hansen and Heims,
NACA TN 4359, 1958)

At extreme pressures liquids will also show a
compressibility effect, which must be accounted for
in evaluation of their density. For normal pressures
most liquids are not compressible, so the measure-
ment of density is a matter of measuring a known
volume and weight. The density of a liquid will be
expected to vary with temperature only, such as
demonstrated for the manometer fluid in Figure 7-11.

There are several means of indicating directly the
number density of molecules in a flow. Most of these
devices are limited to the regions of extreme low den+
sities. The density of molecules may be measured
by indirect effects, such as imparting a definite mo-
mentum to each molecule and then measuring the
resultant force. A second method measures the heat
transfer from a heated element, which is a direct
function of the gas density. Direct means of
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measuring number density employ a method of "tagging'"
the molecules and then collecting and counting them. T
tagging is generally done by ionization of the molecules‘
and the counting is done by a measure of the current
produced by the collected ions. Mass spectrometers
can be employed over an unlimited range of pressures
and temperatures, if properly designed. Ionization
gages are employed for the measure of vacuum pres-
sures from roughly 10-3 mm Hg down. ;

Momentum Measurement - The Knudsen gage is
employed as a means of measuring density from a force
measurement. As is true of all density sensors to be
considered in this section, the application is usually a
means of evaluating low pressures. Figure 8.2 is a
schematic diagram of a typical Knudsen gage.

_——TORQUE FILAMENT
—~—— MIRROR

FIXED
“ HEATED PLATE

Figure 8.2 - Schematic Diagram of a Knudsen
Vacuum Gage.

The gage consists of two vanes on the end of a rod,
which is suspended by a filament which resists rotation.
Any rotation of the rod is indicated by the light beam=
mirror system. Two heated plates at a distance less
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than the mean free path between molecules are mounted
opposite the vanes. The heated plates increase the
energy of molecules which strike them. The hot mole-
cules will then fall on the vanes, with a result that a net
force is produced to cause the system to rotate. The net
momentum produced by the hot molecules produces an
angular displacement, which is indicated by the mirror.
The angular displacement is a function of the number of
molecules that exists in the gas. Thus, the displacement
is a measure of the number density of molecules. For
small differences in the temperature of the heated plates,
Tp , and the gas temperature, T , the density is given
as

4F 1

¢ = § (o7 (823
p
where F is in dryness and the temperature is °K . If

the gage is used to measure pressure the pressure is
given by

P = 4F (8.4)

¢

T B
p

The Knudsen Eage is used over a pressure range
from 10-8 to 10™“mm Hg. The sensitivity of the Knudsen
gage should be independent of the gas composition. The
Knudsen gage is sometimes employed as a pressure
standard at the low pressures. There is of course many
possible uncertainties in the measure of small forces, so
the gage is not a National Bureau of Standards accepted
measure of pressure.

Thermal Conductivity Gauges - These transducers
sense the rate at which heat is lost from a solid surface
to a surrounding gas. The rate of loss depends on the
number of molecules available to transport the heat.
Secondary effects of the interaction of molecules and
the exchange of energy at the surface makes the heat
transfer depend on the actual gas used. The range of
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application of the thermal conductivity gauges will be

determined at the upper end by free convection heat
transfer over-powering the molecular conduction.
lower end of the usable range will be when heat tran
by thermal radiation is greater than molecular cond
tion, As in velocity measurements, the thermocoup
and the resistance-temperature transducers are em
as vacuum gauges.

Hot Wire Manometer - The hot wire manometer
commonly termed a Pirani gauge. The hot wire may
viewed as the same as described for velocity measuré
ments. The practical Pirani gauge may of course be
made of a much longer wire than that used for the :
mometer. In general the calculation of the wire ten
ture will be that given by equation (5. 38), where the
molecular conduction term given by equation (5.29) is
employed. If a sufficient number of molecules exists
around a hot wire, then the transfer of heat will set
a free convection type flow. The conduction of heat
to the free convection will be much greater than the
lecular conduction, so that the heat conduction is a
tion of the flow and not of the molecular density.
free convection occurs the Pirani gauge is msensit;w
the gas density. Figure 8.3 shows the heat loss exp
ed at different pressures

_Molar Qonduahﬂ.ty._ =

Figure 8.3 - Heat Loss from a Hot Wire as a
of Pressure.
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The Pirani gauge can be used over the range shown
in figure 8.3, as long as the sensitivity of the solid curve
does not become too small. The determination of the
molar conduction limit will depend on the size of the hot-
wire compared to the mean-free-path between the mole-
cules.

The wires most often used for the sensing elements
of Pirani gauge are platinum, tungsten and nickel. The
availability of small diameter wires is the main deter-
mining factor in the selection of material. The require-
ment of each of the heat transfer applications of the
resistance-temperature transducers is much the same.
A high resistivity and a high value of the thermal coeffi-
cient of resistance are desired. Conduction to the hot-
wire supports is improved if the wire material has a
poor thermal conductivity. For small wire lengths the
conduction to the wire support may be a large effect.
The ratio of total heat loss by molecular conduction to
the total heat loss by conduction can be obtained from
equation (5.39) as

s IT =-T
age - fo)fg) [ e (ot e
c w,o s l‘ge-TANH—é-—}

Figure 8.4 is a plot of equation (8.5) for a platinum-
iridium wire (0.00025 inch diameter). The actual wire
lengths shown in figure 8.5 are smaller than would nor-
mally be employed in commercial Pirani gauges. The
wires of figure 8.5 were of particular interest in the
measure of transient pressure, or density.l

The diameter of the hot wire will determine the
range of pressures for which it may be used. Theoreti-
cally, the classical work of Knudsen shows that the heat
transfer from a body to a rarefied gas is a fundamental
function of the mean free path between the molecules,

1 Sandborn, V. A.: A Hot-Wire Vacuum Gauge for
Transient Measurements. AVCO Corp. RAD-TM-63-41,
1963,
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molecules is inversely proportional to the gas dens £

1 1 1 1 1 X 1

002 004 006 008 0.0 O0Il12 0I4
PRESSURE (PSI)

(o]

Figure 8.5 - Ratio of Molecular to Support Heat
for a Platinum - 20% Iridium Wire.

and of the accommodation coefficient. The accon
tion coefficient, a , (where a < 1) is necessary ﬁo
express the imperfect exchange of energy betwee
wire surface and the molecules. The accommoda
coefficient is roughly a constant for a given element
surface and gas, so it represents a constant of pr
tionality in the heat transfer relation. The non-

dimensional parameter of importance in expressing
heat transfer is the Knudsen number. 1

From kinetic theory the mean free path between
8

2 -
e 7.746 x 10 _ 1.502x 10 (8.

p (gm/cm?) p (slugs/ft.?)
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Equation (8.6) is for air. The predictions of A are
plotted in figure 8.6.

/,t
./ A -‘_-Amos

v

56 1 T | 1 [ | 1 L_l
16° 162 Tk 10° 0! 102
ABSOLUTE PRESSURE (PSI)

Figure 8.6 - Mean Free Path Between Molecules in
Air (Ideal Gas, Z = 1).
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Heat transfer measurements suggest that the wire
must be at least one fifth of the mean free path in order
that free molecular results apply. For example, a p
0.01f mm wire the molecular conduction would be dominate
out to approximately 10-2 psi. Thus, we see that the
smaller the wire the greater the pressure to which it is
sensitive. For a linear range of pressure up to an atm
phere a wire 108 mm in diameter is required.

Operation of Pirani gauges will in each case require
a calibration, since the range of application will be over
more than the linear molecular conduction region. Fig-
ure 8.7 shows typical calibration curves for a wire in

different gases.

A —r -

7.

0 20 40 80 80 100
OUTPUT

Figure 8.7 - Calibration of a Tungsten Wire
in Different Gases.

The measurements shown in figure 8.7 were reporte
by Von Ubisch!. Von Ubisch gives a detailed review Ol
hot-wire manometer.

! Von Ubisch, H.: On the Conduction of Heat in Rarefied
Gases and Its Manometer Application. Jour. Appl. Sci.
Res., Vol. A2, 1951,
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Modern development in Pirani gauges appear to be
centered on the use of semi-conductor elements. The
large negative thermal coefficient of resistance and the
large resistivity make the semi-conductor a desirable
sensing element. The large resistivity makes it possible
to use a large diameter cylinder, which can result in an
increase in the low pressure range of the manometer.

Thermocouple Manometer - The thermocouple mano-
meter is identical in principal to the thermocouple anemo-
meter. A wire is heated by a constant current, and the
temperature of the wire is measured with a thermocouple.
The heat transfer from the wire can be calibrated just as
for the hot-wire manometer. All details of the heat trans-
fer are nearly identical for the hot-wire and thermo-
couple manometers. The gauges may consist of either
wires or ribbons. A typical commercial gauge employs
a platinum ribbon 0.0234 by 0.0078 cm in cross section
and 3.66 cm in length with a Nichrome-Advance thermo-
couple welded to its midpoint. The ribbon is heated by
a 30 to 50 m. amp. constant current. The range of appli-
cation of the thermocouple gauge is the same as for the
Pirani gauge.

Ionization Gauges - The ionization type gauge counts
the number of molecules present in a vacuum system by
ionizating the molecules and electrostatically collecting
them. Figure 8.8 shows a schematic diagram of a typi-
cal ionization gauge. Electrons are emitted at the emitter
and accelerated
- COLLECTOR toward the grid.

GRID The accelerated
Ay~ electrons col-
ELECTRON lide with gas
EMITTER molecules with
sufficient energy
ie T to ionize the

molecules. For
Figure 8.8 - Schematic Diagram fine wire grids
of Ionization Gauges. the electrons do
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not strike the grid, but oscillate back and forth through
the space between the emitter and collector. As the
energy of the electron decreases, it is finally collected
by the grid. The ionized molecules are collected by the
collector. Design of gauges are such that most of the gas
molecules are ionized in a given region. There is of
course a calibration problem in that the ionization pro-
cess may not be 100% efficient. The efficiency of a
gauge will depend on the number and collision probability
of the electrons. Also, the energy of the electrons must
be sufficient to produce ions when a collision occurs.
Grid voltages normally run from +120 volts to +200 volts.
The plate voltages vary from -6 volts to -100 volts!

For an electron to ionize a molecule upon couisiori
the electron kinetic energy must equal or be greater than
the ionization potential of the molecule. The ionization
potential of molecules varies from 3.89 e V for cesium
to 24.6 e V for helium. All gases will fall within the
above range of ionization potentials. Thus, the energy
of electrons in an ionization gauge needs to be greater than
the 24.6 electron volts.

The probability of ionization will depend on the cross
section for an ionization collision by the electrons, and the
number of molecules present

= .7
2 no (8.7)
where P; is the probability of ionization, ny , is the
number of molecules at 1 torr and 0°C, and o is the
collision cross section, The number of ions produced
by an electron per centimeter of path length is

4 o273 3273
0T = S Pagv ® Sl PP (8.8)

: Leck, J. H.: Pressure Measurements in Vacuum

Systems, Inst. Phys., Phys. Soc., Chapman and
Hall, Ltd. Lond., 1964,
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The term P converts the number of molecules at
i torr and 0°C to the total number at pressure P an
temperature T . The probability of an ionization for
some common gases is shown in figure 8.9l .

273

20

15

10 |

o 200 400 600
ELECTRON ENERGY (ev)

Figure 8.9 - Probability of Ionization of
Common Gases!.

As shown by figure 8.9 the maximum in P; occurs in
the range of voltage between 60 and 200 volts. This
maximum indicates the reason for selecting the grid
voltage. If all the ions are collected then

273

w = '—,'r"- Pi Pie {3-9}

Equation (8.9) is written in terms of pressure as

1 +
P = o (8.10)
e

: Tate, J. T. and P. T. Smith: Phys. Rev. Vol. 39,
p. 270, 1932.
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or density as

where S or S, is the sensitivity of the ionization ga
In practice S is determined from a calibration agai
some other measurement, such as a McHead gauge.
gauge sensitivity varies somewhat with pressure®, how-
ever, it is not necessarily a systematic variation with
pressure.

There are many additions and variations on the b
ionization gauge to be found in the liturature?. The |
netron i%a.uge has a linear calibration to pressures as |
as 107" torr. The output of the ionization gauges is
usually in the micro-amp. range.

The Alphatron gauge employs alpha particles o ion-
ize the gas molecules rather than electrons.

Mass Spectrometers - All of the "vacuum'' gau
discussed above measure the total number density of
molecules present. Detailed study of a gas requires
only the total number density but also, the number d
of each speciesof moleculespresent in the gas. The
mass spectrometer separates the species according
their molecular weight. Figure 8.10 is a schematic
diagram of a simple mass spectrometer. The gas tok
analized enters at the left. The gas is ionized just as
a normal ionization gauge. The ionized gas is then ac
erated to a known velocity with an electrostatic acceler
tor. The accelerated ion beam is then subjected to a
magnetic field which deflects the ions. The amount of
deflection will be a function of the kinetic energy of the
ions, If all the ions are travelling at the same veloci

! Nottingham, W. B., and F. L, Torney: 1960 Vacuur
Symposium Transactions, Pergamon Press, Lond.
See for example: Van Atta, C. M.: Vacuum Science
and Engineering, McGraw-Hill, 1965.
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MAGNETIC FIELD
(PERPENDICULAR
:f_ TO PAPER)

Iy .

DEFLECTED
IONS

ELECTROSTATIC
ACCELERATOR

coi‘::m<

Figure 8.10 - Schematic Diagram of a Mass
Spectrometer.

then the light ions will be deflected more than the heavy
ions. Thus, we may place a collector at several loca-

tions in the deflected beam and measure the number of

each ion of a given mass.

B. Electromagnetic Waves- Refraction of light- As

shown in figure 3.8 of Chapter III, the refraction index

of light is a function of the air density. Optical schlieren
techniques, which make use of the change in refractive index,
are employed to observe fluid density and density gradients.
The word schliere from German could be defined as the locus
of inhomogeneities which deflected the light passing through
it into a direction other than the original direction. The
early development of the schlieren techniques is credited

to Toepler in 1866. The interferometer technique was de-
veloped by Mach in 1889. Three specific techniques are

now generally noted in the literature; the direct-shadow
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method, the schlieren and the interfermeter.1 The
methods produce different derivatives of the density,
they may be used to compliment each other. Figure

&) Toepler schlieren photograph of the fiow past 3 tws-dimnsional aeroloil
Figure 8.11- Comparison of an inter ferometer, sch.
direct shadow photograph.
taken from the paper of Holder and North shows pho
of the flow past a two-dimensional airfoil taken by
three techniques.
The radius of curvature of a light ray in a n
uniform density field is

: For a general review of the techniques see: Hol
and North, R. J.; Schlieren Methods. Notes on Appl
No. 31, National Physics Laboratory, England, 1963.
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,1{-- —5"‘:—“ sin ¢ (8.11)

where n is the index of refraction and { is the angle be-
tween the vector (grad n) and the direction of the light
ray as shown in figure 8.12. As noted in Chapter III,

n = constant

Light ray
Grad n

Figure 8.12 - Deflection of a light ray
the index of refraction depends directly on the density

n=1+kp (8.12)

The total angular deflection of a ray as it passes through
a density gradient is

e = f/R)ds i

where s is the distance along the path of the ray. The
deflection of the ray is caused by the projection of grad n
upon the plane normal to the light path (grad n sin ¥).
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The term grad n sin ¥, will have components an/3
an/dy in the x-and y-direction. Thus, the angular
flections in the x— and y-direction are

) o )
E:x-fkaa% dz and e.y /ka-% dz
The deflection is always toward the region of highe

density.

The simplest technique to optically view the
variation in a fluid is the direct-shadow method. F
8.13 shows the typical shadowgraph system. The s

e o @

M -y "6:’ y '("'W

L [ L =
DIRECTION OF ‘I"
INCIDENT LIGHT | e PP i

= =
Lde,  (de,+3T%ex)
SCREEMN DISTURBED LINES SHOWN DOTTED

F_i.gure 8.13- Typical shadowgraph system.
taken from Holder and North illustrates the change
illumination seen on the screen. The light that or :
nally illuminated an area on the screen dxdy is def
to illuminate an area increased by an amount given
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approximately by
%, , &,

ldx.d Rl ).
so that the change of illumination on the screen in terms of the initial illumina-
tion is

Al 0y

T=""(ax'+%§'! . (8.15)
use of equation (8.14) to evaluate 3¢ /3x and dey/dy
lead to the result that the change in illumination is
proportional to the second derivative of the density

AT = k( -gigu -gig-) (8.16)

The Toepler schlieren method introduces a second
lens and a knife edge into the system as shown in figure
8.14. '

Light
m<0
kni fe
edge
UNDISTURBED DISTURBED ADDITIONAL
IMAGE OF SOURCE IMAGE OF SOURCE LIGHT SHOW
\ / BY SHADING
a1 T .
1 ] ; " UGHT
il B FROM
~==y
=t 3.

VIEW FROM DIRECTION OF !
My K

Figure 8.14 - Toepler schlieren system
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The second lens produces an image of the source at the
lens focal point. The knife edge acts as an optical
filter to block out the unwanted light at the focal po
As noted on the sketch of figure 8.14 (from Holder and
North) the image is displaced by an amount fe in the x
and y directions due to density gradients. The const
f,is related to the focal length of the second lens. i
illumination of the image can be increased or decreased
according to whether the deflection is toward or away
from the knife edge. The knife must be set perpendicular
to the direction in which the density is to be obssrvs'ﬂ'-;_"
The lens knife edge acts as an intergrater of the shadow
picture, so that the intensity is proportional to the
first derivative of the density.

The early attempts to evaluate density from schli
systems was not too successful. A major problem was
the light rays could not be isolated to a specific loca
with in the test section. For an ideal case of .two-
dimensional or rotationally symmetric density gradients a
system such as shown in figure 8.15 may be used to measu

1 mater
] tc r
CHAMBLE SuPpORT - = DEFLICTLR LIGHT BEAN
=B UNDITLECTED LIGHT BEAM (N0
P

Figure 8.15- Schematic drawing of a quantative schl:
density measuring device.
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the deflection of a beam of light.l For the rotationally
symmetric case of figure 8,15 the deflection can be written
in the form of an integral equation of Abel's type, which
is solved numerically for the density profile.

The most recent development of holography will remove
the problem of two-dimensional assumptions from schlieren
techniques and allow three-dimensional density flow fields
to be evaluated. The holography techniques is a means of
storing the light wave information and regenerating it to
construct the complete three-dimensional flow field.

Recent work at the Naval Post Graduate School2 has produced
detailed supersonic flow field calculations.

The interferometer technique is able to measure direct-
ly the change in refractive index. The basic Mach-Zehnder

Test

- Section 32
P
£

%

3 “'thl;:' ~AA
Cell

= 1

Note: Flow in test section is perpendicular to the page.

Yvvy

Figure 8.16 - Schematic diagram of a Mach-Zehnder
interferometer.

Gyarmatly, G., Optical Measurements of Mass Density
in a High-Speed, Confined, Gaseous Vortex. AIAA
Jour. Vo}. 7, p. 1838, 1969.

4 Collins, D. J. (Talk given at '"Workshopo on Flow Visual-
ization and Flow Measurement Techniques', Oct. 1971
NOL, Silver Springs, Maryland.
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interferometer is shown in figure 8.16'. Light from a
monochromatic, coeherent light source passes through a
collimating lens, L;. The collimated light beam is
divided by the splitter plate, S;. Part of the beam is
reflected to the mirror, M, where it is reflected thro_us'h‘ .
the test section to the splitter plate Sp;. The beam pass-
es through S, to the lens, L,, which forms an image on ;
the photographic plate, P. The second part of the

ting cell to the mirror M;. The beam is then reflected
from M; and S, through L, to the photographic plate. If ]
$1,8;, M; and M, are all parallel and the lengths of the
two light paths are identical, the illumination on the
screen is uniform. A slight rotation of one of the eleme
say S,, will produce two wave fronts at the plane p, which
are inclined at an angle to one another. This phase shift
will appear as a uniform fringe pattern on the plate. The
fringes are caused by the alternate reinforcement of the
light when the wave peaks of the two light beams coincide,
and the cancelation where the peak of one beam coincides
with the trough or the other. When a density change occurs
in the test section, the speed of light alters the beam
such that the fringes will move either up or down. A
comparison of the distorted with the undistorted position
of the fringes will allow the evaluation of the charge in
refractive index, and hence of the density.

! The discription is taken from: Handbook of Supersonic

BP“‘Hsa uh\fﬁﬁﬁtﬁeporglﬁsmol 12')“““"“‘“““ and
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Figure 8.17 is a plot of the light intensity for a
typical case of “no flow" and "flow". The light intensity

o g
1 a 3 4 5
AR Sl el et ™
Light b——-.——q‘
Intensity 1 2 3. 4 5 6 T 8

Figure 8.17 - Shift in,}ringes in a typical flow case.
is measured along a line perpendicular to the fringes. The
distance from one bright (or dark) band to another in
the no flow case is noted as the fringe width, b. For a
point, P, on the flow case the displacement,§ of the fringe
from its no-flow position may be measured. The density
change,Ap, from the no flow condition at the point, P, is

given by
= _‘ . lﬂ. 7
Ap (8.17)

where %o is the wave length of the light in vacuum, k is the
Gladstone-Dale constant defined as (n-1)/p,n is the index of
refraction and L is the length traversed in the flow field.
The quantity A,/kL can be found by measuring the fringe
shifts across known density changes. Accurate evaluation
of the density from the interferometer requires a great

deal of effort. Detailed studies of the evaluation are re-
ported by Howes and Buchele.1 The application of laser light
sources and holograph techniques have greatly improved the

value of the interferometer.

B: T T
Howes, _W. d for
Bptiing- 1R RUORAER Deohe nEHETRERERS RETCOSL IR

1952. (See also NACA TN 3440 and TN3507).
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Scattering mhe scattering of electromagnetic waves
from the molecules of g_a.sés can be employed to make point
measurements of density. Figure 8.18 shows a schematic }
diagram of such a Rayleigh scatter density measuring
system.i A high-power ruby laser is the light source,

Tlll'

Figure 8.18- Rayleigh scattering demsity measurements.
which is focused at the point to be measured. The light
scattered by the gas at the focal point is measured by
test section photomultiplier. The scattered light is
perpendicula:: to the light beam. The volume of gas samp
is controlled by the size of the laser beam and the ape
size. A second photomultiplier was employed to indicate
both the wave form and power of the laser light source.
The laser beam, after passing through the test section, is
absorbed by a beam "dump". The dump is a blackened cylinde:
containing a slender circular cone pointed toward the lase

Locke, E., Point Measurements of the Time Averaged
Turbulent Wake Density by Rayleigh Scattering. AIAA
Jour. Vol. 5, p. 1888, 1967.
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The beam makes many reflections before it leaves the dump,
such that the amount of re-emitted light is negligible.
The light curtain noted on figure 8.17 was employed to
measure the projectile velocity.

The ruby laser used as a light source for the scatter-
ing measurements was able to deliver a 600 microsecond
pulse of 100 -Kw light power. The focal point size was
about 1 mm diameter. The use of Rayleigh scattering is
basically a technique of counting molecules. The difficulty
with this technique is of course the very large power re-
quired for the light pulse. This amount of power can alter
the molecular structure of the flow. The gas must also be
free of dust particles, as their scattering power will be
many times greater than the molecules. It is possible that
the technique can be employed to measure the density of
the dust particles, or even specific molecules of different
Rayleigh scattering cross section. Scattering techniques
are not limited to light waves, but also may employ electron

beams, x-rays, etc.

Radiation.- Several methods have been suggested to
evaluate the density of gases from radiation properties.
The technique most often employed in recent years appears
to be the electron beam- fluoresence phenomenon. A high
energy electron beam is directed across a low density gas
flow. The electrons impart energy to the gas moledules
causing them to emit visible light. The output is pro-
portional to the density of the gas. The emission at each
point along the beam can be used to map the local density
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distribution. Figure 8.19 is a schematic diagram of

electronic beam system.

NOZZLE
VARIABLE DIAPHRAGM TO LET
ANY DESIREO LENGTH OF
ELECTRON e L L
RECEIVER NULTIPLIER T UBE.

PHOTOMULTIPLIER
TUBE

Figure §.19 - Electronic beam excitation system.

The emission observed due to electron beam exci

in nitregen, for example, is the prominent emission
observed in the auroral spectrum. This process invol
direct excitation to an excited state of the ion N;.

ed by a spontaneous emission to the ground state of

! \untz, E. F., Harris, C. J. and Kaegi, E. M., Te
for the experimental investigation of the proper
of electrically conducting hypersonic flow fields.
Second Nat. Symp. on Hyvpervelocity Techniques, Del
Res. Inst. Denver, Colo. (See also Muntz, E. P.
Marsden, D.J.; Electron excitation applied to t
experimental Investigation of rarefied gas flows
Int. Rarefied Gas Dynamics Symp. ed. by J. A. Lz
Vol. II. Academic Press, N. Y. 1963.
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At gas densities which are low enough to preclude non-
radiative de-excitation processes, the fluorescence
intensity is a linear function of gas density and electron
beam current. The technique is limited mainly to low
pressure (below 1 mm Hg.), since it is difficult to main-
tain a narrow, well-defined beam over large distances at
higher pressures. For absolute number density measurements
it is important that the beam being observed maintain a
constant current density. The measurements are also
limited to flows where no significant background or natural
radiation exists.

Electron beam of the order of 100-Kv and current of
1 Ma are employed for the measurements. The system can be
calibrated under static conditions. Tardil and Dionne1
suggest the output of the potodetector, S, can be related
to the local density by the following relation

S = k [ap/(a+p)] (8.18)

where k is a normalizing factor and a is a parameter to fit
the curve shape. The parameter a is determined from the
static calibration data. The normalizing factor is equiva-
lent for known conditions a the time of the test (i.e. free-
stream conditions). The calibration will depend on the

molecular composition of the gas.

1
Tardil, L. and Diomne, J. G. G., Density distribution in

turbulent and laminar wakes. AIAA Jour., Vol. 6, p.2027
1968.
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Spectral Ab#orptién.-— Equation (3.11) notes that the
intensity of electromagnetic radiation passing through a
gas depends exponentially on the absorption coefficient

the particular gas. The abserption coeffickent is a

4

l: Al / 7
o
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// //5'4*
?//

(S 0 07 10~
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Figure 8.20 Absorption as a function of air demsity
of several wave lengths of light.

paper of Winkler! shows the varistion of the absorption of

several wave lengths of light as a function of density.
air the absorption is actually measuring the number concen-
tration of the oxygen molecules only. With the current
ability to control very accurately the wave length of the

.

dginkler, E. M., Spectral absorption method. Physical
measurements in gas dynamics and combustion. Vol. IX
High Speed Aerodynamics and Jet Propulsion, Princeton
University Press. 1954,
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radiation it is possible to evaluate the number density
of select molecules in a gas mixture, This new ability
is of great value in the chemical analysis area. Of
specific interest in fluid mechanics is the change in
absorption of ultraviolet radiation between atomic, mole-
cular and the ozone states of oxygen.

The absorption of soft x rays has been of value in the
measurement of density near solid surfaces. The x ray is
not affected by refraction or defraction phenomena which
are a problem near surfaces and in steep density gradients.
The x ray absorption method can be used over a wide range
of density by a suitable selection of the wave length.

Figure 8.21 shows the absorption of x rays in air as a
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p/oure
Figure 8.21- Absorption of x rays in air
function of the density for various wave lengths (from
Winkler). Electron beams are also employed for measurements

of density.
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