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CHAPTERI
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 simples 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 measursment.

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
measurement 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 assumcd error

was the correct one or not. The important step is 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 ecceptable 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 measnrement will turn up a
large number of uncertainties. The important thing is to
get what ever can be obtained from the experiment and
clear up the uncertaintieés as they arise.

In planning a measurement it 1s not possible
to account for all the problems that might arise. One
should take an epproach 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
go awey. It is always some simple 1little 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 & block dlagram of one possible division of the
components.,
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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 & given quantity; what other factors affect
the transducer; how the transducer effects the quantity
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 read on some device that can be calibrated. The
linkege between sensor and readout can be very important

to a measurement. The linkage will depend on the epecific

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 guantity 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

- |
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25 millivolts at U.0l pui what is the lowest pressure
that can be read? The unswer is of course a matter of
how low a voltege that can be measured. Although, the
present course {s mainly concerned with fluld mechanics
measurements, the first stbject must be the readout
system.

C. Observations, Readout and Record.- In amy
scienti{fic underteking the first step is to observe.
Before uncertakxing a measurement it is equally necessary
to observe. In fluid mechanics visual observation 1is
usually the rirst step. In both liquids and in gases it
is a good idea to first try to visualize the flo¥ patterms
before making a meassurement. Visualizetion can be made
in many ways, such as the introduction of emoke or dye
into a fluld. A recent technique for water 1s to use
hydrogen bubbles as tracers. One of tae simplest
techniques is to employ tufts of flags of string to
indicate tha direction of flov. Egually important are
the many possible techniques that have been developed
to indicate flow effects along a surface. Lamp black is
e cormon material erployed to indicate reglons of large
and small shear. Surface wetting and evaporation indi-
cators are good methods of visually observing the rcass
transfer at a surface. Color changss are employed for
indicating diffusion over surfaces, such as that used
in indicating acid and base solutions by a change of
peper color from blue to pink.

The present course is mainly concernad with the
physical measuremsnt, so that no detalled considaration
of flow visualizetion as such will be mads. Spacific
areas, such as Schleren optics, will deal somewhat with
flow visualization. The presant area must consider
mainly the basic elements outlinad in figure 1l.1.

For the Readout System, which it eppears must
be selected at the same tima as tha sansing elexmant, we
must consider all possible types. The different types
of readout systems will be covered in detail in tha
second chepter, even before tha transducer conceptis are
considered. Tha readout may be considered a black box
into which a signal proporticnal to the quantity to be
peasured Is put. The output of the black box is in
some form that can be read visually. In all ccmaon
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readout gsystems the output ic a physleal movement walcn
is calibrated to be cenced by the eyn. Gorne special
cases might be a change in color to measure temperatur::
or the never voltmeters which actually print out numbers.
However, the bacsic system that will be found in the
laboratory is still a physical movement, such as a metcr.
All electrical meters depcend on a mechanical linkage to
give a reading on a physical scale. Only the cathode-ray
tube obtains its deflection by pure electrical means.
Even the digital voltmecters 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 Displacemert.
2. An Anguler 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 withcut friction, so the next best approach
is an instrumert with minimum friction. One means of
, minimizing friction is to restrict the movement of the

mecahnical 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 magnitude. ( i.e. The beam
balance may easily measure hundreds of grams, while
scale deflections marked on its scale are in millionth
of a gram.)

2 |
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The Advantages of a Null System are:

No non-linear effect are introduced due to e
change in the equilibrium position of the
ir.dicator.

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

The final null detector can be mede much more
sensitive than the magnitude of the quantity
measured.

The disudvanteges of null systems are:

Requires a 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-
yond ohms law, E=IR, and scme of the simple resistor
current-voltage rules. The adventages of electrical and
electronic techniques are impressive:

1. Speed of Response L. Sensitivity
2. Versatility 5. Recording
3. Econonmics 6. Tr&namitting

The mein disadvantages have to do with the abilities of
the research personal to uaderstand and properly operate
tne instrument.

B. The Starting Point- Standerds and Calibration,-
Before a measurement can be made, some agreede unit
must be assigned to the guantity to be measured. In
this day and ege there i{s usually no question to the
units, other than en inmaterial selection of whether
metric or English measuring units are to be used. The
next step is to setup the measuring system so that its
output can be related to the required units. If two or
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more readcut instruments are required it is extremely
important that they agree in the final 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 and 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(. 1 x mean solrr day) and mass _
(kilogram). The time stendard may be changed in the near
future, since it is no longer accurate enough for space
type applications. Only the values of the ohm and the
volts are maintained by primary groups of standards. All
other electrical gquantities are obtained through an
appropriate combination of these two,standards togerher
with a standard of time. Figure 1.2~ outlines the inter-
mediate steps employed by the Bureau of Standards to
calibrate and test electricel instruments.

Fesearch Laboratories maintain a set of secondary
steandards, 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
quentity it measures. If the sensing element is to

measure temperature, it must be placed in a know temperature

and the readout recorded as a function of temperature. This
requires that a standard for temperature be present in the
laboratory. Likewise calibration standards must be
established for each quantity. That 1is 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: instrurent for use in an unknown flow can, and usually
does, require many more hours of effort than that required
for the final measurement.

b 2

Harris, ¥. K.; Electricel Mecasurements. Wiley and Son,
New York, 1962..
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The performance of many sensing elements can
be calculated from thcoretical considerations. Thus,
it is possible to find cases where a minimum amount of
calibration is required. A pitot-static pressure orobe
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.

C. 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 consider sensibility we first consider the
concept ot sensitivity. ILet Figure 1.3 represent the
relation, between instrument input and output.

oureur, s

INPUT, q

Figure 1.3 Relation Between Input and Output of
An Instrument.

| S |

r v
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The overell sensitivity S is defined es

- dagg

S = dq (l'l)
Thus, S is the slope of the curve of figure 1.3, which
maey vary as the input, q. An ideal instrument is one
for which a one to one relationship exdsts between q
and q_, that is S = 1. The sensitivity will depend
upon £he sensing element, transmission and readott
system. The sensitivity of the system will be the
product of the sensitivity of the individual components.

8= 5, 5,7*** 5 (1.2)

The sensibility of a given system must consider first
the megnitude 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. B

= An ideal instrument reading may vary from the
true input velue due to errors. 1.3)

Imrnuamgg&iﬂgig;,gamm JNTO BANRoM AND SySrEMATIC ERRORS
| &, =Aq__+4q (Th)

s ss sT
where &qss represents the systematic error and Aqsr

represents the random error. Random errors are by
definition equal likely of being positive or negative.
Thus, the average of a large number of measurements
should redice 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.).

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; Environmentel errors which arise from such
varsbles es temperature ( could cause an expansion with-
in the instrument) or humidity; interaction of the
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sensing element with the quantity being measured and

response of the sensing elcment to quantities other
than the one being mcasured: Dynamic errors which arise
because the instrument cannot follow the speed of the
change in the quantity being mcasured. 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 measurcment 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
physics of the sensing element is completely understood.
The correction for systematlc errors can be presented
as & quantity k that is subtracted algebracally from
the final readings, g.

X=gq -k ( 1.5)

The value of k will in general be a function of .

although for some systematic errors it may be a
simple constent. ' ;

The accuracy of a measurement may now be

defined as
g ss |
1 - (1.6)
95

The absolute value of O&ggy is used in order to
| keep the accuracy less than or equal to unity. Note
that instrument errors may vary with q_, 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 reeding, q_.
or_in terms of the full scale value of, q_. Fo® the
local reading case, shown in Figure l.& the accuracy
remains the same at all values of q . For the full
scale case the accuracy decreases as 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.

ey

vy
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ACCURACY

g

a) Local Reading

b) Full Scale
Figure 1.4.- Accurecy of an Instrument.

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

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

Span: The absolute value of the algebraic

difference between the maximum and minimum

values of the scale indication, in units of
the varidble being measured.

Sensibility: The smallest change in the
variable that can be detected reliably by
the instrument. In mechanical reasdouts,
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senslbility is most often determined by
backlash and friction. In an electronic
instrunent 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 belng
measured. The reproduczibility 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 always mutually exclusive, nor are all the terms
always applicable to an instrument.

P. Stetistics of Measurements.- In every
measurement we must always seek to define the true

value of a quantity. If a set of mn readings ﬂ.)

Xy, X, - X, are mde, ( free of systematic errors’

then these readings must have a mean value which
approaches the true value

s X

'(n".' —l =

a0 iz} 7 i (l'T)
The main problem wil. be to form an estimate of q from
a limited number of measurements. In practice it has

been found that random errors vary around the true
valus by a curve defined by the Gaussian Distribution

Function
2. 2
y)=ke N (1.8)

e

’
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where X 1s the error in a measurement X,  y(x)
is the probability density function, and h 1is
associated with the percision of the measurcment.
Analysis of equation (1.8) will show that the most
probable value that can be obtained from a finite
set of mcasuremcnts is the mean of the set. The
Gaussian distribution can also be employed to arrive
at an estimate of the standnrd deviation of the
mecasurements. The standard deviation is defined as
root-mean-squarc deviation of the average measurement
from the mean value. The standard deviation is a
uceful measure of the precision index of a set of
measurements. The following procedure can be applied
to comnute the standard deviation. Choose an estimated
mean X , which gives a set of estimated deviations

(x‘ - x ). Since X is selected, the deviations’
are tabulated ard are smaller in magnitude than the
original readings. The true mean 1is

f’ E’I(x."-X) +f

n
the standard deviation is given by

(1.9)

=\

n
Z(X‘_X J—
—(x-x)(l.lo)

Y ... I
4]
More detailed definitions of, such quantities, as
the most probable value and its standard deviation,
are to be found in the literature.

Ieast 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 quantities. By some means we must
determine the best value of a and b for a given set
of experimental volues, x, and y, . To simplify the
problem the assumption is"made thet errors occur only
in the measurement of y.

The error or y deviation for the point (xi yi)
is
Niﬂyi‘axi"b (1011)

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

n 2 it
T (y;-ax; -b)=minimum (1.12)
v}

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

n n
X;y;-af x =bX x;=0
1}: i a,z, ol (1.13)
witi respect to b
ZY‘ -azx:'hb 2 (1.1%)
1%
Thus
a=n§hz)'i -Z;KI'ZE'V?‘ 5 _}:x E)’) }&»l 15)
NeX: =2 x;2X; —Zx,fx;
If b is known to be zero, then
= 2%V 1.16
a =5 (1.16)

The standard deviation of the y measurement is

< (y; -2 i=b *
_V/g Y;=@X;=b) (L5
oy )

| 1

|
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The standard deviation of the parameter a is

" n
e VrprEE 5 0

The stendard deviation of the parameter b is

b 3
a-b-‘: le o
.

hZA;‘-Zx,Zz,- (1.19)

and for b = o

w Ry o
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CHAPTER IL

READOUT CONCEPTS

The discussion of Chapter I pointed out that
the final stage of readout of almosct every instrument
is a mechanical link. However, for the prescnt chapter
we will consider readout systems from a standpoint of
vhat is being mcasured. This means that mcters used in
electrical measurements are considered as part of the
section on electrical reandouts. At the outset the con-
cepts of certain classes of measuring instruments and
principles are considered, without sncecific reference to
a particuler make of instrument. There are of course
many special readout instruments designed for a specific
readout application. No attempt is made to survey the
specific application, nor to proceed beyond the fundament-
al concepts. In order of importance in modern fluid
mechanics research it appears that electrical measuring
instruments rank first, with mechanical and optical
instruments a distant second and third.

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 a 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 quentities which enter into electrical measure-
nts. (1) charge or quantity of electricity; (2)current;

3) potential difference, or electromotive force; (4)
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 a

oo
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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-c galvanometer is usually of the d'Arsonval type.

The moving-coil d'Arsonval galvanometer employs
a coil ( usually rectangular in shaepe) to carry the current.

The co6il, which may contain any number of turns is free to
rotate ebout its vertical axir

e M ¥IROR

= MHENET
N wiLl |1 §

j ELASTIC
TO!?QUE'

ESE
(
Top ViEW
Figure 2.1- A Moving coil d'Arsonval Galvenometer

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

within the horizontal megnetic field of a permanent

magnet. Current through the coil causes the coil 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 a hair spring.
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The force acling on a vertical element (df )
of wire carrying a current (i) in a uniform radial hor-
izontal field B is

dF = iBdl (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

T’ = BLbi (2.3)
where now BNL & is a constant for the.galvanometer.
For a suspension with an elastic constant the current

torque will produce a rotation of the c@ll to an
equllibrium position © , such that

£ =a : (2.4)

where G = BNLb. £ is a function of the modulus of
elasticity of the suspension material. The current
sensitivity of a galvanometer is g _ 8/; _ G/g

i -

The detailed e uations 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 & pointer is mounted on the
coil.to indicate directly the rotation of the coil.

Harris, F. K.: Electrical Measurements. Wiley and Son,
N. Y. (1962)
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Figure 2.2 - A Moving Coil d'Arsonval type meter

Figure 2.2 is a sketch'of a typical commercial d4d'Arson-
val galvanometer. Mechanical friction arises in meters
as a result of the need to mount the moving céll'in
bearings, The bearing system is designed as near fric-
tionless as possible, so that it will not affecct the
action of torque or counter torque. The instrument
spring must be designed so th&t no inelastic yield can
occur. The spring must not be magnetic or change 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 damping 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 1bid
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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.

Con

LN O\l

AN, T (. _._...._a;_

Figure 2.3 - 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 90 . However, once the

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

BR 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.

lv
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The galranometer 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
removed. 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. Such a device
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.

~<— UVKvowN VO LTHG £ ———3

CALIBRITED SUDE WIRE
RESISTOR

BALANCE GALVENOMETER

[
| AccuRazEly Kneww VarnGrz

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 I = 5. Figure 2.5 shows
a. typical potentiometer circuit that might be employrd 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 E.

R=3

To correctly measure resistance it must be
determined that the current in the circuit does not
affect the resistance. 1In 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.

h ¥
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Figure 2.5 - A potentiometer circuit for measuring
current and resistance

Art 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 showm in
Figure 2.6. This circuit is employed for steady state
measurement such as ion beam studies with the hot wire
calorimeter. In genereal, a potentiometer circuit would
not be used in high frequency measyrements. More will
be said ebout high frequency effects in the section on
alternating current measurements.: .
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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 2.7T.
Rl’ Ra and R3 are known precision resistors, and Rx is

: .
*Mi"‘ v;é

Figure 4.3.- Practical Figure 2.7.- Schematic
resistance measuring Wheatstone bridge circuit.
circuit.
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the resistance-terperature element. The galvancmeter
G, with its resistance R,, is inserted across terminals
b and d to indicate the gondition of balance. When the
bridge is balanced there is no potential across termi-
nals bd, and the galvancmeter defection is zero. This

means that the voltage drop (E ) across batween P
points a and b, is the same as Line volt E&:
across R,, between points a and 4. Likswise, E

Bx xust e equal.

E, = By, E,=E ' (2.5)
or frcam Ohm's law
IRy IR, = LR (2.6)

Dividing the voltage drop ecross R&D;.nd by the
respective voltage drop across Rz

IR IZBB or 1 & B3 (2.7)
1“2 rg“; E K
Tuus,
R = g_ (2.8)
x R,

When the bridge is balanced. The curreat through R{ is

%2 - %t ( B ) (2.9)

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

For the measurement of an unknowm resistance,

one of the precision resistors, say Rgr i3 exchanged
with other known resistors until the Bridge is
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balanced. Commercial Wheatstone nridpe units are avai?-
able to make the measurement of unknowvn 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 heating increases the
resistance (temperature) of the element sufficiently to
balance the bridgs. The resistors R., R, and R_ are
able to pass a greater amount of current than the
sonsing 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, R,,and R, 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, (RR; - RR)
G RG(Rl +R, + R5 - Rx) + (Rg - Rx) (R1 ¥ R3)
- (2.10)

and the total current into the bridge is approximately

_ E (2.11)
It‘ Ea'f' (RrT‘R;)(R]"'FK)
(Rt Rt R3+Rx)
The bridge sensitivity expressed in terms of
the unbalance volfage per volt applied to the bridge is

Se = _E_z (HQR%Q (2.12)
(r +1)>

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

ARk
SI = IF.= RK = (2'13)
E _Re +R+RitRyt R

(GO

n"!
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vhere ¥ =(FRa/m)

For accurate measuremen's of small changes in
registance, which migh' be encountered in resistance-
termcrature calibratiors, the high resolution Wheatstone
bridge shcwn in figure 2.8 may be employed.l Each of
the resistors except was made fram a parallel comdina-
tion of several 1% deggsited carbon resistors. R5 is 2
0.1% linearity sulti-turn variable resistor. The
particular bridge reported on had resistor values that
perxitted spanning a 2% range around 1¢9 ohms with a
resolution of 0.002%. The variation ir balance condition
with ]5 is

=1 (BYS | = £
W@ [gn] e

Ir Rg is sufficiently larger than this series can be
‘termInated after one or two terms, d an approximately
linear variation of balance with R3 is obtained.

o]
1 1] =

FPigure 2.8 - Scheratic diagram of a high resolution
Wheatstone tridge.

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

1 ;
McGraw-Hill Encyclopedia of Science and Technology,
McGrew-Hill Book Co. N.Y., (1960)
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Ko ;
—@—Jm— TLﬁ' g Ry Ra.
? Rs = Ry + Ra. +K}p
_ ﬁu§ Ty ’ Ry Rs
> x =
Ry

R ¥Rt 1

R;( ’ c.i..ﬁ’b
v R "Ryt RatRb

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 where RA
and are the main ratio resistors. R_ and the
auxiliary ratio resistors, R_ the elemefit to bé measured,
Rs the standard resistor and*R_ a heavy copper yoke of
low resistance connected betwe¥n 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 Rx at bridge balance is

R = E%E.{ T E’Y('RZ?RT‘\”'FR?)(%:' ""%f_') (2.15)

2 b .
Eklund, K: Rev. Sci. Imstr., Vol. 31, (19 )
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s g iQ;" filthen the second term of equation (2.15) is

Ra

zero, and

Rx i R5 (2.16)

2k

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

o AR
Se = (Yﬂ)"‘ Rx T.’i_']:_ (2.17)
(r+1)
and for detection current
ARx)
C. = —& (2.18)
I~ RBse ,Ra+Rs+RatRb

(rr)™>

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 wvhere great precision is
required. hBridges used at the National Bureau of
Standards for resistance thermometer measurements are

3

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

L

Muller, E,F,: Precision Resistance Thermometry. Temp.
Its 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 circuitis for measuring asmall changes
in resistance is reported ir reference 5, and should be
consulted if the Wheatstone end Kelvin bridges are not
accurate enough for a particular application.

>
Warshawsky, I: FASA TN 1031 and Rev. Scil. Instr.,

Vol. 26, (1955)
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All.ernating Current ieasurements - Allernntbing
current measurements can be made in several possible
ways. To define a random alternating signal requires
more than any single mecasurement. 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 glternating current may be defined as shown
in figure 2.11.

4
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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 dc component is defined by the ex-
pression. '

.
=L [Ed (2.18)
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Thus, the mcan of the ac component will correspond lo
the mean dc voltage. For convenience the ac and dc
components are treated separately, so that by definition
we 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 dc component in the following discussion.

There are several ways that an &lternating cur=-
rent signal may be measured. Typical readouts to be
found in the leboratory 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.

e |

INPUT RECTIFIER
(/]
ou#%vf
o= A4 MErFR

L [

Figure 2.12 = Conventiowal AC Voltmeter,

e |
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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;z

19
e-E, s:n(&?tf‘@)f&&mﬁutﬂéf"Ens’"(hwr*¢,,) Cz- )

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

VE=fE2 +ER 4+ B ;2 )

Thus for a pure sine wave
— =
Jez = V2 -0.707E

The ratio between the r, m. s. and the average is
797/, 3¢ =1.11. Evaluation of EAV 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 harmonic causes a deviation
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of ebout 33 1/3 per cent of its component percentage.
The fifth harmonic cen 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 aversge and the r.m.s. can be a strong
function of wave shape. For unknown wave shapes &
"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 vwhich looks at & 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 signel 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 posaible ways in which a true
r.m.8. voltage can be measured. The dynometer,
electrostatic voltmeters, and iron vane instruments can

| SNRE |
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all be made to respond to the r.m.s. value of the wvave
form. All of these instruments are severely limited in
one way or anothar so that they are of little value for
the measurement 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-
bolic tube or transistor characteréstic. This instru-
ment produces a voltage, e = Ke”, The average output
voltage can be read on a D?B? metd? 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 approximatédon 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
match directly to most hot wire circuits.

c) RMS voltmeters are also constructed using various
analog computer techniques for multiplying two variables.
In this case e ut = 81%2° The voltage to be measured is
fed in as both variab}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 electronic 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 1a a schematic 6irgram of cne typ2 of r.m.s.
rectifier eircult. In this circuir the souara-law curve
is arproximated by meang of n number of stmir;ht 1line
porilona. The accrracy of this type of instrument will
depend on hosw well the eqQuare curve is anproximnted. A
second facto: of Lrportonce in some turbulence meaazure.
mentc is ithe peuk or crest fector of the Instrument.

The pe:k factor of o 2ignal is defincd ss thaz
ratio of the peak wvalue of the sipgnal to its r.n.s.
velae. The posk factor of a mater is deflasd an the
higheat pzek foactor of sipnsl that the meter can accept
without overlending. Pecl: fectors may range from 1 to
10 Zer conmereial 5".m.p. meteirs. To dewonatrate the
effeect of peik faclor the 1dealized raetansular signel
ahowr 1n figure 2.15 13 usurlly employed, if A iz the
peakx value of the wignal, then the r.m.z. value is

A(t/T)J'/ 2, The penk fector 18 equal to ('r/t)lf ’,
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Figure 2.15-Kernel Funiclion for a Thermoc:m;ok
Volt meTler.

Thylc meguns lthat the criterioa a3z to now far the pecka
cem be scparstcd rnd the mehar read correctly at full
ecale decperds on the squars of the paek factor rather
thar the perk factor itscelf. Teble 2.1 1s & campari-
goa of metev readings for e one volt r.m.s8. input of
differeni. vidues of '




Table 2.1
Readings in Volts

- ] - 2 = - = 2 = =

1 1 T A5 .31 .20 .1 .10
2 1 1 .90 .62 .0 .28 .20
3 1 1 1 93 .60 L2 .30
5 1 1 X 2 1 .70 .50
10 1 1 1 1 1 1 1
r J L3 J e 4 r ] r 7 5 -
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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 peek 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 thermopile 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. Modern thermocouple meters
may employ a selfbalancing 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
signel. The feedback technique 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
thermocouple system may not be a desirable feature. The
relationship between signal voltage e(t) and meter reed-
ing m(t), which are expressed as functions of time is

T
m(t)-[wK(t-r)e’mdr (2.21)
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vhere the "Fernal function” © of arguaent (T -T7)
represents the beshavior of the instrument. This equalion
states that at any instant the meter reading is the
result of its entire past history of input voltage. The
cffect of each individual past voltage is weighted by the
kernal function, which expresses the dependency of Rbw
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 definad. 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

ezE sinwt

Then for a true r.m.s. meter

i — t
() = [K(t-D E?sin*wede  (2.22)

which may be written as

-
) [FEKlt-t) -5 £ K(t-T) cos 2wTdT
5%, (2.23)

The integral of the first term is proportional to the
area under the K-curve. The integral of the second term
is an error term which vanishes if w 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 frequencies 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

4 . a2 Y2

L

[ —
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e=E sinw,t 1-52‘1 sin(w, T+ @)

then it would be found that the error term is

f:\'(t-r'l') EE; [cosf(w, r W T - ¢)}-COS§(“’; *u‘.zYT*‘”)}JdT
-
(2.24)

The resultant frequency (u),*ckh) can place a much more
restricted requirement on the meter than in the pure
sine wave 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 Tew years, however, they still do not approach
the accuracy of the serve system. Although several
techniques have been employed in electronic multipliers,
it appecars 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 2.14. The two
squared signals are then summed to give an output

(e+e) (e-e)"
e e ="z % S y = (2.25)
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The term guarter square is derived from the form of
equation (2.253).
The frequency renpo:sc of the gquarier-squarc mul-
%tipliers have steadily been increcased ian ihe past Fears.
units canﬂble of LOOO OOO cycles n2r second are now

Most units ;

1 amplituce i5 concerned. On .
othier hand the vhas £t of the multlipliers are rore
critical. hase sunilt is usually troublesore atu
frequencies 2bove 10,000 cycles. However, for most ap-
plications of the multiplier in {uroulence research {he
naase shift at the high frequencies is of miror impor-
tance. If the multiplier is used in a spectrun type
cnalysis then phase shift is not of importance.

commercially availal
response as tar &s na
hi

A nmultiplier can be used Lo square an individual
signal sinrply by putting the signal into both inputs.
Likewise higher roncnts of a signal may be obtained by

using more multipliers. Once a signal is squared it has

a2 well defined d.c. sigrnal as well as an a.c. signal.
T~us when nigner moments are obdtained with multiplier
vnits the d.c. level must be included and multiplied in
the operation. A typical exanmnle might be the evalua-
tion of the fourth pover of the signal. Since most
ultipliers multiply both the a.c. and d.c. components,
tiaen the first operation is to btlock any d.c. signal
from reaching the first multiplier stage. Out of the
first multiplier a d.c. anda a.c. signal is obtained

a

which is proportional to tie ‘instantancous squarce of the

signal. This ‘“indtanlancous squadc signal 1s then Ted into

the two inputs of a sccond multipliecr wanich nulitiplier
both the d.c. and a.c. comporents to obtain a signal
proportional to the instantaneous fourth power. Note
for instance that the instantancous square signal could
not be fed into a true r.m.s. (or mean qua*c) meter Lo
obtain a mean fourth measure, since the true r.m.s.
meter blocks the d.c. component and then would rectlfx
en already poaLLLve a.c. signal. Althouzh multiplier
work with a fixed gain (attentuatiocn) between input and
outout, it was found frem expcrience that it is vest to
caliorate the conplete bank of rmuliipliers with a sine
wzve during each sc’. of measurements. Tae relation
beitween the measurcd r.m.s. of a sine wave and its mean
faurth pourr is¥*
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Then using e? = E/'V.?- » 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,

L
™ s = 10 11X 4 e [g 20
a 2 4 OUTAUT. YOLTS,

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.



signal. For this operation the phase shift in the #
multiplier wight be of impor.ance if it occurs a: too
low a frequency. Th2 calibration of the cube system, or
for chat matter any odd noneun., cannot be done with a
pure sine wave. The odd wmorents are zero for a great
number of wave shapes such ac sine, .riangular, and
even a random noise signal. Thus the calibration is
usually done wiuvh a signal composed of a sine wave and
its first harmonic. Firgure 2.19 is a typical circuit
designed -o calibrate the odd moment multirlier system.

o
JE.F______Q
loooers iNFuT l E: 2000 cps QuT PuT
Q

e L b N t5kn

25074
gooocps ovrpur
- o

Figure 2.19 - Skewness Calibration Circuit.

A "skewed" signal is required for the odd moments to be
other thar. zero. Examples of skewed signals are shown
in figure 2.15. For cthis types of signal the amplitude
is unevenly dis.ributed about the mean value  Physi-
cally such a signal indicates a preferred direction of
fluctuaticn so it is of interest to evaluate the
skewness cf 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 ¥ _
2 —
- (E)/= (2.21)
e Nz

and e, are fed into one multiplier and

The voltages ey

EXl Ed Ed s B3 B BT BeE R
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then the ouuput e, e, is multipiicd oy either e; or ¢,

i R 172
to give

ele or ee’

% Tor convenience tie cosin rather than the sine
function is employed in the derivation

Let e = E, cocwt ,
€,=[,cos2uT

= Tf‘J[E:‘Ccs‘wtjfﬁzccslwgdf
x4 |

Other tyves of measurcments - The r.m.s. is repre-
sentative of the megnitude of the random signal, but it
tells nothing of the structure of the signal. The
measurenents of the higher moments give some hint of thc
structure of the fluctuations. The overall structure 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 probability
distribution. The spectral distribution is a detailed
look at the energy contained at each frequency in the
fluctuation. The spectrum appears to be one of the
mejor focal points for much of the theoretical work on
turbulence. Thus, technigues for evaluvating the spectra
have been developed in great deigfl. The probability
distribution is a detailed study of the amplitude of the
random signal. TFrom the probability distribution the
r.m.s. and all higher moments of the signal can be
computed. The probebilily distribution shows for exarmie
such nronerties as skewness or nreferred direction of lhe




fluctuations.

Spectrum Analvsis -

Two nethods of studying the Treguerncy distrivution
of a rendon signal have tcen cidloyed. The firsu
covious approzen is to consiruct 2 set of Tilters wiiieh
sass orly a narrow bani of frequencics. Tnis narrow
hend of Ireogquencies can then ne examined either vy
mzasuring iis r.ni.s. or aay ouiier dasired oneration.
Typical a2udio {rccuener speclroncters contain a set of
fixed 1/3 octave Tilters. This rmeans that the Tilters

have mid-frequencies ai 1/3 octave distance. 1In
acoustical work there is a set of preferred filter set-
tings which have been standerdized, although this is net
recessarily of interest in fluid measurcnents.
Electronic filters arem 2lso available whicih allow a
selection of any frequeicy desired:

Tne second techiiique of ieasuring spectra is an
analog mcthoed. The voltage to be mcasured modulaies a
local oscillator ouiput in a balanced modulator circuit.
The oscillator cperaies at a freguency mucn hisher than
the frequency to be neasured. Tne valanced nmodulation
causes the local osclllator requency to be suppressed
and only sum and difference fregueacies are left in the
modulator output circuit. The amplifiers which follow
“he modulazor accept the lower sideband frequency vhica
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 neasured with no
need to select speciflic frequencies. Both techniques
of measuring Ifrequencies have been made automatic 50
that direct plots of local r.m.s. versus freguency can
be obtained.

The specific znalysis of a speccirum Irom measure-
ments with either Tilters or the analog technique is
basically the same. Thus, the present discussion may
apply to either type of spectrum aralysis. The spectrum
is normally defined in terms of the energy density
rather tiher in terms of the r.m.s. This means that th:
mean square of tne velocity is cmployed. A spectra
function is defined from the relasion

:
‘J
1
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L -]
'E"':fe_; FF)dF (2.28)

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
@2 . The term €% 1is the mean squere of the
voltege fluctuations in the unit band width at frequency
f . Thus, Ez F(f) is the contribution from the
freguency band ¥ fo FA/f. The physical evaluation of
F(£) requires the measurement of €= and €2
The measurement of &3 requires two bits of infor-
mation; one, the mean“square of the output of either a
filter 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 a unit band 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 2.20 shows
typical filter characteristics for both a 1/3 octave
filter and an analog equivalent filter. Since the mean
square or pawer spectrum is of importance, the filter

eha.raeterlat.ics must be plotted as gain squared. The
TReunicAL HewiLerT -
_ Proouers PACKarD
1
leps
Miadium
Sen Fiurer
& )
.‘.6-
Q ;
[ 4|‘_-
2-—
o 1o

060
Figure 2.20 .F Ve Fies oF Seent
gure c.2Q = Frlter Chavactewslics of Spect
Analizers. rectran
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aven containod within the Cilter is graphically integrated
»nd a rectansle of the same arca end 2 masiimum gain ratio
of ons is determined. The width of the reocctangle becomes
the effective bani wicth of tne filter. Tor the 1/3
octave filters a different effective vend widii
determined for each frequency. Once deternmined
tive band width of the analog sSpcetrum analizer wil
constant independent of frequency. Tor a féltcr of ef
tive band width, b and a measured output, e " vect
energy density function is

o
'
0]
n

[F(f) = ?'-:__ (2.29)
barez

3

8everal cther definitions of effective band width, suct as
34b reduction ir gain, are to be found in the literature.
Depending on the shape of the filter, it is true that tue
same effective tand 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

fF(f) if = 1 (2.30)

which follows directly from equation (2.28). Measurements
in both turbuwlent boundary layers and free turbulent shear
flows 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 -
b or other major instrumentation problems.

Probability Measurements - P(e) defines the probabil-
ity, or frequency of occurrence, of a given signal megni-
tude throughout the entire range of magnitudes. Physically,
the prooability density represents the fraction of sample
time that the signal fluctuation spends at a given ampli-
tude. Tne probability density may ve defined by use of
figure 2.24. The incremental times spent in the interval

du are surm=d and the sumnation is divided by the sardle
$ime interval to obtain the provability density P(u) atuu
u, - 1
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An electronic circuit to compute the probability
density is necessarily complicated. However, several
probability density analizers have been developed,
ref. In principal the electronic instrument works just
as explaired in figure 2.21.

NoTE THAT ThE Prosasiuiry

s ;}:’P:’ox:mﬂrm.v Prorpogrionat
To E NuMBER OF TIMES MVE
LE s
E;.‘NCJ:\SN TRAcE CROSSES THE Winpew

T P

EA
OLTAGE LEVEL

PROBABILTY oF €

ﬁ'gufe 2.21- Pvo b&bfl'l'fy Densi ry FuncCion,

Electronicelly the instrument contains a window du
wide, which can be moved down through the turbulent
signal. An output proportional to the time the signal
is in the window is recorded to evaluate the probability
density. The simplest and perhaps the first electronic
probability density instrument employed an oscilloscope
with tape placed over the screen so that only a slit
(de) is visible. A light sensing device, such as a pho-
tomultiplier, notest the time the signal is in the slit.
Variation of the slit location produces the probability
density data from which a curve of P(e) versus amplitude
e is obtained. A schematic disgram of an all electronic
probability analizer circuit is shown in figure 2.22.
Each time interval during which the instantaneous value
of the input, e exceeds Ie‘tl, +H\V appears at
point 2. Each time interval that e exceeds
1(ep+4€I ~(}2YV" appears at point 3. Conversly,
eech t interval during which e is less than

1@l, - /2)V  appears at point 2, and time interval
during which e is less than 1(€e+4&¢)), +(/3YV
appears at point 3. Hence during each period of time
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Figure 2.22 - Probability Analizer Circuit
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daVe S oam

that the input wave irnstaniencous vcliage lies witkh'n "
aey ot ep, (VO : point 2 is added t5!L/2V
at point 3 resultiig in an clectrical output vol.z

at point L. £ the input vwave is not within £Cr at G,
zero voltage appears at point 4. Thus, for srall axn.
long averaging times the ouiput is proportional to Ple)

at amplluuae e The reference voltace e_1is autoraul-

1 o

positive value of the 1npuu wavc. The variation was
accomplished with a servo motor system. The voliage

er was applied to the x-axis of an x-y plotter,
whilte the output of the analyzer is put on the y-axis
of the plotter. Commercial provability circuit: also
enmploy stepping switches to plot bar graphs rather caan
a continuous curve, thus giving a longer averaging time
at each reference voltage.

Intermittency Measurcmen®s - A measurement uhat
is vecoming of increasing irportance in turbulence
studies is thet of intermittency. Intermittency is
in a way related to the prooability distribution.
The percent of timec turbulent is equivalent to the
probability tkat the signal is other than zero. The
circuit is basically an electronic window just as in
the probability analizer except the window sees all
but the zero d.c. level part of the signal. A
fluctuating a.c. signal is rectified so that the com-
plete signal appears above a "zero level”. A gate
circuit is used to detect the presence of the signal.
When the fluctuating signal exceeds the zero level
the gate circuit opens. This is graphically demon-
strated in figure £.23 (trace 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 gate closes the pulses cease. ITf
a signal is present all the time then the pulses are
present all the time. An electronic counter is used
to count the number of pulses over a given period of
time. A period of time may be 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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The counter cuiput for a given turbulent Signal can then
be read directily as per cent of time.turbulent. For
example, the CSU "System" has a pulse rai~ of 1¢2 ver
second. The pulses are counird on a 5 or greater ?lacc
counter. The five place counter is set to count for ona
Second, thus for a continuously open gate it counus 197
counts. When the turbuleni signal is fed into “he
intermittent circuit the counter only counts, say 70,000
counts, which corresponds directly to 70, of the time
turbulent. A six place counter increases the count time
by a factor of 10.

The intermittency circuit developed at Colorado
State University is shown in figure 2.24.

Tkis instrument is made so that the gate "height"
above zero volts can be varied. The circuit is also
designed so trat the intermitiency of either the
negative or positive part of the a.c. signal can be
measured. Tnis is particularly of value if the inter-
mittency of the squared signal is to be measured.

Circuits such as showm in figure 2.28% measure very
accurately the intermittency of a given signal. Unfor-
tunately it is recessary to determine what part of the
signal is due tc noise and wvhat 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 showm in fipgure 2.23.
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Note thet the gate does not open until the signal is wgal
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.

lee

2

)
Q

A
Q

PERCENT - TIME  TURBULENT

geb [ 1 L v 5 ol
. BNTT) 2e0 300 0 i )
y GaTE TRIGGIR, Lﬂ!{)-mv :
Figure 2.25 - EfFect of Electronic Noise on The
Pevcent Jime Turbulent rieasuvementl. _
_ Figure 2.2% 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 at a higher speed. Thus, the
increase in tape spe2d increases the actual count time of a
given sample. To gain signal in the presence of noise,
the signal may be squared. Squaring the signal inereases
the large emplitude fluctuation much greater than the srall
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 (voliaze) is varied in all
cases so that an extrapolation to zero voliage level is
possible.

A second indirect methed is also employed to deter-
mine the degree of intermittency. Instead of countinrg
the fluctuations directly the flatness factor, Gﬁ/(@*)
of the signal is measured. Physicelly e“/ o)
represents a measure of the extent of the "skirts" of the
probability density curve, since the fourth power weighs
the large values of e heavily. A vurst or large amplitude-
type intermittent signal will affect the skirts of the
probability curve greatly, thus a relation ovetween flatness
factor and intermittency is suggested. The relation is

3

vhere 7 is the intermittency (per cent time turbulent).
The flatness factor has been used to explore the intermit-
tency in boundary layers and is found to agree with direct
measuring techniques. Equation (2.31) will be true for
most turbulent signals, however, it is not necessarily a
universal relation. Tor example, squaring a random signal
[ /()= 3 for a random signal]] and
measuring the flatness factor of this new signal has been
reported to lead to flatness factors greater than 3. It
is difficult to see that the square of a random signal can
be described as intermittent.

Operational amnlifiers - The backbone of modern elec-
tronic analog computers is the operaiional amplifier. This
high gain d.c. feedback amplifier can be made to perform a
great number of mathematical operations. Typical opera-
tions which employ operational amplifiers in hot wire anemo-
metry are; Wide band d.c. amplifiers, sum and difference
circuits, absolute value circuit, differentiating circuits,
and integrating circuits. Operational arplifiers have also
been employed as the d.c. feedback system for the "hot wire
anemometer'". There are a great number of commercially
available operational amplifiers which can be used with hot
wire signals. There are, of course, a great range of
frequency response systems, so care nust be taken to insure

that the amplifier can respond at the highest frequency expeccte

[ T |
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Fipure
al amplifiers

expected from the hot-wire aneroric:or output.
2.26 demonstrates the hool: up of operation
for some of the applications.

The operational armplifiers showm in figure 2.2§
have a high input impedaonce so that grid current is
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Figure 2.25 = Typ:c2l Cpevativaal Amplif rer
fApplicalicas.
negligible. The output voltage (e ) is a complicated
function of the gain of the arplifier, the input and
feedback irmpedances and the irput voltage. For the
general case shown in figure 2.2§ the ratio of output
to input voltage is

s 1
So__Zel = (2.32)
e;” Z ir—(‘-{:-__j;;-hl)

For the cese where the gain G of the amplifier is vgry
large with respect to unity, equation (2.32) reduces to

€= i € (2.33)

')
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Figure 2.2¢ is the complete circuit disgrem of &
sunm and difference circuit waich employs thne overational
armplifier system. This circuit was developed at C;S;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§.

Correlation measurements - This section is divided
into three parts. One on space correlation, one on time
correlations, and the last on spacc-time correlations.
Cerrelations are the study of the relation of one
fluctuating signal to another. If two hot wires are
placed in a flow where they see the same turobulent eddy,
then their outputs will be simular and a high degree of
correlation would be recorded. Thus, the correlation in
space will give an indication of the turbulent eddy size.
If the one wire is placed dovmstream of the other then it
is expectied that the two signals will have to be adjusted
in tine for a high correlation. Thus, space-time correla-
tions allow an eddy to be followed in the dovm stream
direction.

~ Space correlation - 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 together or by
using a sum and difference circuit.

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

Time correlation = Tine correlations have been used
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citensively in the evaluation of noise from turvulent
flows. Likewise the study of dilffusion finds ucse for
time correlations. TFor the present discussion time
correlations are limiiled to Lhose referred to as esuto-
correlations. In other words a turbulent signal is
correlated with itself at different time intervals.
Tigure 2.28 is the t:pical block diagram of an autocor-
relation circuit. The signal at Zime t 1is multiplied
times the signal at time <©-g. This type of measurcment
can give an irsight 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
cormercially available, which allows very short delays
in the signal. However, for turbulence studies delay
times of the order of a s-cond are needed. To obtain
these "long" delays mechanical systems are employed.

The input signal is usually recorded on two channels of
8 tape recorder. The tape is then played vack on a
special recorder which has movable playback heads. The
two heads arec displaced from one another, so that a
mechanical time delay occurs. These autocorrelation
tape recorders are usually made from commercial recorders
by the experimenter, as such, most of the systems are far
from ideal.

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 wit
respect to the other. A typical application would be to
place one wire in a fixed position upstream. The second
wire is placed dcvmstream and traversed along the flow.

At each location dovnstream from the second wirec a two ¢
channel tape recording (one channel for each wire) is

made. The tape is then played back through the autocor-
relator circuit and the dovmstream wire signal is delaied
with respect to the upstream wire. The results is a set

of correletion curves wnich can be dravn isometrically,

as shown in figure 2.29. The time delay to the point of
maximum correlation is a mneasure of the convective velocity
dowmstream of the turoulq-nce. By transversing the second
wire not only along the flow but also across the flow at
eacn station, the point of mexirum space-time correlation
could be determinesd. This measure would define the average
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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 prin-
cipal to read the flow of an electrical current in a
circuit is the fundamental readout system for a great
number of measurements. The basic approach is to vary
some parameter, such as time, distance, temperature or
other quantity and find the variation of the signal. It
quickly becomes convenient to cbtain a record of the
variation of the electrical signal with the parameter
__being varied. Thus, modern research employs a number of
recorders to make direct grapic presentation of a varia-
tion of electrical signal with a varing paramcter possi-
ble. The most widely employed rec. 'ders have used tine
as the varing parameter, and x-y recorders are now well
developed and. in wide use. The most convenient division
of recorders appears to be in the speed that they can
record, so the present discussion is divided into low
and high speed rscorders.

Low speed rescorders - The recording of slowly chang-
ing (£ lcps) signals is made by only slightly
nodifying the galvaenmmttrrtype movement. If instead of
a pointer a writing pen is placed in the moving coil then
a trace -is produced as the movement of the meter varies.
In order to evaluate the trace the readout scale on the
meter must be moved as a function of time cr other vara-
bles that it is desired to plot the electrical signal
against. Figure 2.30 shows typical methods that are
employed to move the scale past the writing pen. The
writing pen may be one of several possible methods used
to produce a Permanent line on paper. Typical writing
systems include: direct writing ink; scratch on a blacken
(lamp black) or wen paper, heat burn on wax paper, or
light beam exposure of a photographic paper. All of these
systems are to be found in use in commercial plotters.
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value of an independent variable versus a dependent
variable, directly on conventional graph paper. The x-¥
recorder usas electrical servo-systems to produce a pair
of crossed motions, moving a pen so as towrite precise
x-y plots. It consists of basic balancing circuits, plus
auxiliary elemenis to make the instrument versatile. A
schematic diagram of the circuits in an x-y plotter are

-

shown in figure 2.34.

~ Figure 2.3] - Schematic diagram of the circuits in
an x-y recorder (from Hewlett and Packard catalog No.

25)

The self-balancing potentiometer circuit (A) com-
pares an unknown external voltage with a stable internal
reference voltage. The difference bDetween these voltages
is amplified and applied to a servo-motor to drive a
potentiometer in a direction that will null any difference
or error voltage. A stepped attenuator or range selector
(B) is included for each axis, so voltages as high as 500
volts may be plotted directly. Input resistance of
plotters are of the order of 200,000 ohms. A chopper
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(€C) converts the dc errorssignal into a reversible-phase
alternating current, which is fed into the servo ampli-
fier. The amplified 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. Tne circuit (F) is a zeroing poten-
tiometer to allow the operator to select the origin of the
graph. In many applications it is desirable to off-set

~-the input signal, so that only the change in dec voltage,
rather than the complete de level is plotted. The circuit
(F) alsc provides for a continuously adjustable control on
the output voltage. The circuit (G) is a sweep circuit
which provides a time base, thus making it possible to plot
a signal versus time.

Fast Recorders - Two types of recorders are considered
in this group. The high speed direct writing oscillographs
and the cathode-ray oscilloscope. The direct writing oscil-
lographs are basically a fast response D'Arsonval movement.
The oscillograpa may have either a direct writing, stylus
movement or a light beam movement. The direct writing
oscillogrephs are usually limited to 100 cps or less, and
may employ either ink, pressure-writing or heated styli.
The light beam system employs a focused light beam writing
on a light-sensitive paper. The frequency response of the
light beam galvanometer will be a function of the mass
moment of inertia and damping characteristics of the coil
and mirror. Present development has produced light beam
galvanomebers that can follow frequencies greater than
5,000 cps. Commercial recorders can be obtained with as
many as ten or twenty galvanometers recording at the same
time, so that a great number of events can be recorded at
the same time. The speed of the chart can be varied from
a matter of inches per hour to upwards of 5 feet per second.

The cathode-ray oscilloscope is an extremely fast x-y
plotter which plots an input signal versus another signal
or versus time. The "stylus" is a luminous spot which moves
over the display area in response to the input voltage. 1In
the usual scope application, the x-axis input is an inter-
nally gererated linear ramp voltage. This ramp voltage moves
the spot uniformly with time from left to right across the
display screen. The voltage to be examined is applied to
the y-axis input. The spot is moved up or downiin accordance
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with its instantaneous value. The spot, thus, traces a
curve which shows how the input voltage varies as a
function of tine.

The writing speed of the cathode-ray oscilloscope
is nearly unlimited. The electror can be deflected at
spceds approaching the speed of light, thus, the limiting
features are electronic circuits rather than the "stylus"
vhich is the major factor in the oscillographs. The
primary part of the oscilloscope is the cathode-ray-tube
(CRT). Figure 2.32 shows the basic oscilloscope circuit.
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Figure 2,32 - Basic Oscilloscope Circuity.

The CRT is composed of a thermionic cathode which pro-
duces electrons. The electron is droduced by heating

the cathode until electfons arel.emitted. The electrons
are electro-optically focused into a narrow beam. The
beam of electrons are accelerated through the optical
system. On leaving the electron acceleraddrs, (vhich

is commonly referred to as an electron gun), the elec-
tron stream passes between two pair of deflection
electrodes.  Voltaze applied to the deflection electrodes
moves the beam up and dowm or from side to 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 cean be used for the phosphor coating. The
‘selection of a coating will determine ctdwor, brightness,
decay and ppeed of response. Oscilloscopes are available
with a wide range of phosphor coatings.

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

- Recording of oscilloqpope traces are made with
speciel oscilloscope cameras. Oscilloscope cameras are
similar to conventional cameras, but have additional re-
finements for facilitating scope photography. The camera
ts within a light-tight enclosmme, which clamps or bolts
ovcy the face of the cathode-ray tube. The optical system
is in line with the axis of the CRT, figure'2.33.
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A viewing port is providéd to prrmit observation of the
oscilloscope face. The camera lens is usually a fixed
focus system, with provisions for varable shutter speeds
and lignti slops.

To take a pileclure of a single trace on an oscillo-
scope the oscilloscope i Lrisgered to sweep once. In
general, the use of shulter speeds on the camera is of
no value in photographing a trace. The best procedure
i~ to simply open the camera shutter to the black
o..illoscope screen. The oscilloscope is triggered ex-
ternally, so that the spot makes a single sweep across
the screen. The graticule on the oscilloscope can then
be illuminated and photogrephed at a proper shutter
speed after the spot trace is recorded.

It is alsc desirable to obtain long time traces of
the fluctuating voltage from an oscilloscepe. This long
time recording is dove with the special type camera shown
in figure 2.3%.. This type a camera supplies the time=
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axis of the photograph by pulling the film past the
vertically varing spot. Tnis camera erploys an os¢ille-
scope for which the time or horfizontal axis of the scope
is not operated. The spot is allowed to move in the
vertical direction only. Recording cameras can prciuce a
strip of film traveling at speeds greater than 5 feet 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 read-
outs are, of course, a part 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 gencral
familiar to most everyone, so we will not go into detail
in their operations. The galvanometer demonstrated the most
widely used mechanical device, namely 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, anc many related shapes are employed to evaluate
force and torque. '

‘ Another class of instruments that would, of course,
be included in the mechanical readouts would be those that
employ gravity to evaluate such properties as force and
pressure. A typical 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. These instru-
ments are sgain quite cormon and will only be touched upon
in detail if they enter into the measurement of a specific
fluid mechanic property.

D. Optical Readout - The use of optical readout
equipment is of somewhat limited interest. Specifically,
the photograph is, of course, extensively employed as a
readout device, howecver, 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 vliere they sapply.
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Chapter III - Transducer Concepts

Ir. the first chapter a transducer was defined as a
device that converts the quantity being sensed into some
other form of signal. This is a very general definition
and alsc very vague. Actually, in every measurement we
are in a sense comparing the physical quantity to be
measured against a known standard. The transducer, thus,
becomes the go-between from the standard to the physical
quantity. In every case that we will be considering the
physical quantity will act upon a sensing element in such
a way that a physical device gives a scale deflection that
can be resad v:slbly. The transducer may be either the
sensing element, transmissions, or readout part of a
measuring system. For example, the galavanometer could
easily fall into the definition of a transducer since it
senses an electrical signal and converts it into a
mechanical deflection. For the present discussion the
word transducer is simply an energy converter, and we will
direct our attention to those converters that are of value
in measurements in fluid mechanics.

A. Electrical - In this section we will review briefly

some of the basic physicel effects that take a fluid flow
property and convert it to an electrical signal. The fol-
lowing teble is a limited attempt to point out some of the
physical changes-electrical change phenomenon that are em-
ployed as transducers.
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Phenomenon

Resistance - Strain

_ Table ITT - %

Physical Effect

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

Applicrtion

Measure Strain

Resistance - Temperature

The electrical resistance
of a material changes with
temperature

Tﬁbboconducfivity

The electrical resistance
of a material changes with
light

ifeasuro; terperature,
Heat T-ensfer, Kinetic
Enery:’, Radienf Enerav

" Heasuwre light intensity

Thermoelectric Dissimular metal junction Heasurz; ceperaturc heat
produces an enf with a transier, kinetic energy,
change in temperature radient energy :

Piezoeleclric Pressure difference produces lieasure pressure
an electrical charge

Pyroelectric Terrperature difference pro- Measure terperature
duces an electric charge

Photoelectric Light liberates eleclrons

and produces a flow of
current

Keasure ligni intensity

Capacitance - Displacement

Change in distance produces
a change in capacitance

Heasure displacenent

£



Table III-1 Continu_ed

Capacitance - Pressure

Change in pressure produces
a change in capacitance

Measure pressure

Tnductance - Displacement

Change in core displacement
produces a potential

Measurec displacement

Electromagnetic Induction

Change in electrical don-
ductor produces a current

Measure revolutions,
electrical conducti-
vity

bL
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The effects listed in Tablelll-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
a large group of transducers that employ the change in
resistance with emperature as the electrical phenomenon.
This group of transducers 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 TabletII-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
example, the electrogenerator effects of a coil in a
magnetic field. The production of a force in the
gaelvanoneter by the interation of a current in a coil
in & magnetic field is an important example of the
reverse effect of the electrogenerator or electromagnetic
inducticn. 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 23R of a
material. The cause of the heating may be seen by consid-

"pring 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
appitications. 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 typos of electron eninsicn: 1. Therronie, or
primary, emission 2. Secondary emission 3. DProto-
eleciric emission 4. Tield enmiszion. Thermonic
enisdion occurs whnen a malerial is hicated to incandesence
in a vacuum. Sccondary emisgion coccurs whnen a hizh velo-
city electron or ion strikes a material in a vacuu: and
knocks out one or more electrons. Photoeleclric emission
occurs when energy in the form of light falls upon a
surface. Field emission occurs at cold surfaces under
the influence of extremely strong fields. In each case
the electrons in the material are given an increase in
energy =¢ the point where they can escape the "hold"
that the material has on them. Ve will refer to the hold

that the material has on the electron as an energy barrier,

vhich the electron must overcome before it leaves the
material.

RESISTANCE OF MATERIALS

No doubt every one is familiar with the phenomenon
of the resistance of materials changing as their tempera-
ture changes. The theoretical explanation for the resist-
ance change requimes little short of a complete course in
solid-state physics, and thus it is not attempted herein.
The reader interasted in the subject is referred to an
article by Bardesn and to the many text vooks on solid-
state physics. Tigure 3.1 is a plot of the 103l of
electrical resistivity as it varies with tempera%ure for
three typss of materials. Resistivity, o© , is a physi-
cal quartity used to describe the resistance of a material
end at the same time make it independent of the material
geometry.
- Ra
TE (3.1)

1
Bardeen, J.: Jour. Appl. Phys., vol. II, 1940, p. 88.
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vnere R 1is the resistance, A is the cross-sectional
_area, aic is the lengih of the material. The usual
_dimensions for resistivity are okm times length. Ilote
that in Figure 3.1 the log,. of resistivity is plotted
so that each division repréSents an order of magnitude
change in resistivity. The three curves saown are
representative of three different types of "electrical
conductors," the metallic conductor, the semi-conductor
and thermistor, and the insulator. Althoush not
strictly accurate, the following view may be taken of
the conduction in the three materials:

(a) For tre metallic conductor the flow of electri-
cal current is by electrons, and the resistance is a
measure oI how freely the electrons flow tarouga the
-solid metal. Ircreasing the tcmperature increases the
-chances that the electrons collide with the metal atoms;
-thus ths more collisions, the higher the resistance.

. (b) For semi-conductors the system may ve viewed
as electron starved, vhere not enough electrons are
available to corduct the current. As the temperature is
increas2d, more electrons are free to conduct; thus the
resistance drops with increasing temperature.

. (¢) Insulators simply do not have electrons avail-
able for conduction. ' Conduction in insulators is by
ions, waich become more mobile as the temperature in-
creases; thus the resistivity of the insulator drops
with increasing temperature.

There is no sharp division between the different
types of cenductors. It is possible to find materials
that will have rearly any value of resistivity, at a
particuler temperature, in the range shown in Figure 3-L.
In the region of metallic conductors alloys are available
with greater resistivity than platinum.

- The resistance of a metallic conductor is explained

by viewing the metal as if it were a gas. Free electrons

are assumed to exist in quantity throughout this "gas".
Thus, if a potential difference exists along tne
conductor, electrons flow from negative to the positive

points of the potential difTerence. Resistance is simply

the resistance that the molecular lattice of +the nmei
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offers to the elcciron flow. In a solid a2ll atoms and
molecules are assumsd to be fized in Lhe lattice. A
the temperature of the solid increases, thne atoms and
molacules are assuned vo viorate iove and more. The
vibration of the molecules decreases tne distance that
an electron can travel oefore it nas a collision with
a molecule in the lattice structure. Thus, the
resistance of metalic conductors is found io increase
-with temperature.

Joulean neating of a material by passing a current
througa it cen be explained sinply as the effect of
the collision of elecirons with the lattice. 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 tempcrature of the material) will increase.

The semi-conductor material lacks sufficienlt numuer
of electrons tc cornduct the current. Thus, the major
effeet cf change of resistance of a saini-conductor
material has nothing to do with electron-nolecule colli-
sions. The most important effect is that increasing the
temperature of a 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
resistance of the material. A typical example of this
is the photoconductive effect, where light striking the
material causes a decrease in the resistance. The photo-
:conductive effect can be detected as a pure photon elfect
.and not related to a radiction heating effett. Radiation
energy will, of course, also produce a chenge in resistance
if it heats the material.

The strain of a conductor will in effect compress
"the lattice of the material and, thus, increase the
chance of an electiron-nmelecule collision. Thus, the
‘change of resistance with strain canbbe related to young's
modulus and Poisson's ratio for the conductor. The effect
of high pressure that conpresses the conductor can also be
detected as a cnange in resistance.
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Tor the most part the resistivity of a pure metal
conductor is a well explained phenomcnon. FHowever, in
the remote realm of temperature approaching absolute
zero a strange phenomenon occurs. In 1911 the Dutch
physicist Heike Kamerlingh Onnes discovered that at
4.2% all resistance to the flow of an electrical cur-
rent through mercury disappeared. Onnes also found the
same phenomenon occurred in several other metals, such
as tin, lead, tantalum, and niobium. Figure 3.2 shovs
_the drop in resistance for several metals near absolute
zero. The transition temperature for the superconducting

state varies with the metal, as shown in figure 5.2.
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Thormoeleciric I7 wwo dissimular materlzls
are joincd at two junctions, wnich are at different
terperatures, an e.m.”. (called the Seebeck e.m.f., or
total e.m.f., or.just thermoeleciric e.m.f.) is found
flow in the circuit. This nphcncreron was discovercd b;
T. J. Seebeck in 1821. Denending on the temperature
difference belween the junciions tho e.m.f. may vary ronm
a few microvol:s to the order of volis. Values of ile
e.n.f. for a given haz‘ocounTe pair of conductors are
reproducible to a high degrec of pecrcision. However, the
relationship is erpirical and can only be roughly pre-
dicted from theory. A typical thermocouple arrangemernt
is shewm in figure 3.3.

The theoretical explanation of the thermocouple
‘effect was for many ycars a quesition. The proolem was a
failurc in tne ability to mecasure charge build up in a
conaucvor waicn is in a theimial gradient. The
electrothermel effcct is procduced simply because clectrons
from cne cnd are 'carried toward the other end of a conductor
by a difference in temperature.” 1 1% is convenien® to
imagine that the more numerous high-energy electrons fron
the hctier end nigrate co the colder end. The charge
generated between the ends depends only on the two parti-
cular temperaturs at the endc of the conductor. Tne
length of the conductor is unirmortant in the effect. The
use of two dissimuler metals sirply increases the
electrothermal effect 10 a mcasurable amount.

11
Beam, W. R.: RElectronics ol Solidsj; McGraw-Hill, IT.Y.
(1965)
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Figure 3.3 - Thermocouple Circuit.

Th2 thermocouple effect is termed the Seebeck ef-
fect. There are {wo other effects identified with the
overall thermoelectric phenomenon. The term
thermcelectric mecans the direct conversion of heat into
electrical energy (or the reverse). The Seebeck effect
is the conversion of thermal energy into electricity,
vwhile the Peltier effect is essentially the reverse of
the Scebeck effect. TI'or the Peltier effect -a cooling
or heating of the junction of two dissimilar meteols
occurs Wnmn 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, hovever, it is currently being
extensively studied in heat pump applications.

Thes third thermoelectric effect is the Thomson ef-
fect. The Thomson effect is a consequence of wnat was
expected from the Seeveck and Pecltier effects. While
the Peltier neating explains the junction effect in the
overall Seebeck effect, tne Thomson heating, serves to
account for thz remaining distrivution aloig the con-
ductor. Tne Thomson effect accounts for the temperature
gradient along the conductors. The Peltier and Thomson

[
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effects taken tegether arc escencial to the precols relat-

;ng nc;moclcc,rlc;u, o Themmobynanies.

Then a current of density I lTlows in a Lomoznncous
material in the vresence of a terperature gra ulc“,, the

rate K waich neat is dercloped per unit volun co*-__
teins a term linear in I and the tcmperature gradiert 9%,
ar
,[ f'\-&[ JX (5'2)

shere T is called the Thomson coefficient (a function
of the particular cornductor.) The third thermoeleciric
effect was discovered by LlAllar Thomson (Lord Kelvin)
in I83L .

Piezocleciric Effect - Piezoelectiric is the conver-
sion of pressur: irto an electrical output. The term
piezoelectiric has coue to be gpnlied to a special class
of devices. Piezoelectric transducers are that specizl
group of crysteals vhere anplectricel polarization is
producec. by mecnanical strain. 1In general, it eppears
that piczoactivity” occurs in crystals that do not nave
a center of syrmetry in the latltice structure. Thus,
the crystal developespolarization due to shifting of
the "center of gravity" of pasitive and negative charges
under the influence of elastic strain. Figure 3.l
the approximate structurc of a quaritz crystal, whica is
used in a great number of piezoeleciric applications.

Ouarvz is composad of three silicon atoms and six
oxygen avaems. The silicon avoms have four positive

charges and the oxygen atoms have two negative charges.
Tne charges in the unstrained case are all balan-ed.

A force applied to the x-axis shifts the cells so that
the cell becomes polegrized.

=
leissrer, A.; Uver piezoelectrische Kristalle bei
Hochfrequeny; Z. Tech. Pays. vol. & (1927).
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Figure 3.4 - Crystal structure of quartz.

The shift within the crystel produces the charge on
the crystal surface. This shift produces electrical
forces within the crystal which are not in equilibrium.
Thus, the crystal will not remein in this uneven force
condition. Actually, in order to produce'a polarization
of the crystal the force must be applied quickly. A
steady state application of pressure will not produce a
polarizetion, so that the piezoelectric, phenomenon is
of value only for transient pressure measurements.

After a transient pressure is applied to the crystal the
charge tuilt up by the polarization will leak 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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CRARGE

TIME -

Figure 3.5 - Charge leakage in a Piezoelectric
circuit.

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

Photoelectric Effect - The photoelectric transducers
employ the observed phenomenon that protons can give
rise to electron emission. In operation a material,
such as alloys of antimony and cesium, or silver and
cesium, 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 proton is at most 0.15
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electrons, but this is adequate to produce measurable
currents. Special construction of photomultiplier tubes
make it possible to measure accurately the current
associated with a given light intensity.

Capacitance 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 constant
of the material between the conductors. Figure 3.6 is a
schematic diagram of a caepacitor. The capacitance can
be expressed as

A
C=K€d_ (3.3)

where A is the overlapping area, d is the distance
between plates, C is the dielectric constant and K is
the eonstant 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.

OVERLAPAING frza, A

/ DIELECTRIC

Figure 3.6 - Diagram of a platé capacitor.
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Inductance Effect - Inductance is the inherent
property of an electric circuit that opposes any change
of currant in the circuit. It is also defined as the
property of a circuit whereby energy may be stored in
a magretic 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 effact that produces it (Leny's Law). Vhen 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 magnetic
core of length £, a relative permeability a, and a core
cross-section A, is

(3.4)

L is measured in Heneries if A end £ 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 ccre 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
belng involved. [Likewise, the electrical transducers

are interrelated with the mechanical phenomenon.:
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TABLE IIT. 2

Phenomenon Physical Effect Application

All bodies at the surface M
Gravity of the earth are acceler- o f;rce

ated toward the center at res;ure

a constant rate. P

A mass in motion tends to Me .
Seismic stay in motion. A mass at ac2:§Z§ation
Mass rest tends to stay at rest

A material may be strained | y. . ire:
Elastic and its deflection is pro- | rorce,
Deflection | portioned to the straining | pressure

force. When the force is | ¥eieht,

) removed the material .
returns to its unstrained ‘
condition.

A material changes its
. Measure:
Expension gﬂizsio:ls with temper- tanpearatve
Gravity.- The con stant of the acceleration

of grevity is employed as a means of measuring pressure
The gravitational constant is, according
to Newton, a factor only of the radius of the bodies

and weight.

involved.

The radius of the earth is so great that we

need not consider the shape or size of a body used in

the transducer.

Thus, the height of the column of

water is an accurate measure of pressure with no correct-

ions being made for gravity.

For very accurate

measurements, such as those of a mercury barometer, the
scale is adjusted to match the gravity constant at
the location of the measurement.

Seismic Mass.=-

phenomenon of Newton's law of force

Fuma

The seismic mass employs the

(3.5)

-4 E 4 Eoa 2 feon

|
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to measure acceleration. In other words, a force F is

the result 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 thet 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,
and rigidity, G. These properties remain reasonably
constant over long periods of time, so that stable trans-
ducers can be built using the phesnomenon. The resistance
to strain is a force, so that force is a direct measure
from the def_ection of the elastic member. The shapes
used in transducers vary over & wide range. The most
common elastiic member is the spring, which may be in any
one of several shapes: Cantilever, Beam, Helical, Torsion
Bar, or Spiral. Diaphragms are also used as elastic
deflection members. The bellows and bourdon tubes are
widely used &s pressure sensing elastic deflection
transducers. '

Expansion.~ The dimensions of a material,
either gas, liquid, or solid is found to change with
temperature. The phenomenon is essociated directly
with. the random motion of the molecules of the materiel.
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 obe
uniform with temperature, so chat it can be used to
measure the temperature of the material. The liquid-
in-glass thermome.er is solely dependent on the
difference in expansion between a liquid and its glass
container. Bi-metalic thermoreters employ both the
expansion of metals and their elastic properties to
indicate tenmperature. The gas thermoneter eriploys the
equation of state,T= .7 _ , expression to measure low

2 R

temperatures. The gas thermoneier expresses temverature

in terms cf pressure, volume, and density, anrd is used
as the standard for low temperatures.

C. Optical - The optical phenomenon employed in
physical measurements are lisced in Table III.3

oo
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TABLE III.>
Phenomenon Physical Effect Application
Photochemical [Different wave lengths Photographs measure

produce different degrees |light intensity
of chemical reaction

Interference Waves of light out of Measure distance
phase interfere with one |and fluid density
another variation

Schlieren Refractive indices of - Measure fluid den-

. light varies through an sity variation
inhomogeneity

Absorption " |Fluid molecules may ab- Measure density of

' sorb radiation specific species of
molecules

Scatfering Fluid molecules may re- Measure molecule den-
flect light at right sity

angle to beam

Radiation High temperature fluids
will emit light

The optical transducers are somewhat limited, mainly
because of the physical properties they measure. The dimension
measu=ing 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

liquids. 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 function 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 composed
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.

n phase outr 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 phase by
half a wavelength, the light canceles. Thus, for out of
phase light the waves are said to interfere with one another.
In application the two light beams are produced by a single
monochromatic light source, so the initial beams are of ex-
actly the same wave length. The light beam is "split" into
two parts by a half silvered mirror - splitter plate. In-
terference may be caused by unequal distances of travel of
the twe split beams, when they are brought back together.
Since the optical path length of light is the product of the
refractive index, n, and the geometrical path legnth, 1,
then tke interference phenomenon can be used to indicate
changes in the refractive index.

[~

[ i |
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Schlieren - The velocity of light in a substance is
less tkan 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.

L6o by
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Figure 3.8 Speed of L*ght in Air.

- The Huygen's principle (vhich states that: every point of
a 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, when a
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

n =% (3.7)

where c¢ 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.
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the index of refraction may vary with the density of tge
substarce and also with the wave length of light. The
index cf refraction of gases is very close to one. For
air n = 1.0002957 for violet light (wave length =
-0.00004359 cm) and n = 1.000291%4 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+ 0.0002935 2— (3.8)
Pntp

where pnép 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

3 2 i

& o f 200 -

- - ndy dl (5'9)
-where, 1 is the length of the density gradient traversed
by the light beam. Using equation (3.8) the angle may be
expressed as : ' )

€ = J&22 d1

Js a1 (3.10)

Thus, tae deflection of light may be employed as a means
of evalusting density or density gradients in a fluid flow.

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

T, o (3.11)

where I is the intensity measured with the cell evacuated,
and o¢ i3 the absroption coefficient in em ™+ at NTP. The
absropticn coefficient is a function of the wavelength of
the incident light and depends on the nature of the mole-
cules, their nurber concentration, their motion and their
interaction either with one another or with foreign mole-
cules. Figure 3.9 shows the absorption coefficient for
oxygen as a function of the wave length. Since, the

| ririae |
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absorption varies from species to species it is possible
to indicate the number density of select molecules. The

T K] ] L]
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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 mey 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 right angles to the initial light
beam will be a function of the molecule density. This
technique requires large, dense molecules and is not of

great use in fluid mechanics.

FRadiation - High temperature gases emit light. This
is due to the extremely high vibrational energy 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 can 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 EMPLOYED IN FLUID MECHANICS

The range of possible measuring conditions in fluid
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 roughly
five groups.

l. Temperature
2. Pressure
. 3. Density
= b 4., Velocity
5. Fluid Properties

This certainly cannot include every possible measurement, but
it should cover most problems encountered in fluid mechanics.
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 this is
a special area. The evaluation of a specific property may re-
quire the use of several types of transducers.

: " The possible range of flow conditions that we can expect
in the field of fluid mechanics are listed in Table IV.l.

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

The range of conditions stated in Table IV.l are by no
means the maximums that have been obtained. These conditions
are roughly the extremes that can be obtained in a fluid
mechanics laboratory such as that at Colorado State University.

Table IV.2 is a list of the possible transducers that
are employed to meke the required measurements.

a3 B3 b s
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Table IV.2

Quantity

Tempe ratuvre

Pressure

DensiTy

veloc(Tly

Cas Thermometer
Liquid-in-Glass

Resistance -
Thermometer

Thermocouple

Bi-metalic -
Thermometer

Optical Pyrometer

Sonic-Thermometer

Kinetic Energy
Analizer

Manometer
McLeod Gage

Diaphragm Gages
Bourdon Tube

Bellows Gages

Resistance-
Pressure
Capacitance=-
Pressure

Piezoelectric

Knudsen Gage
Dead-Vleight Testex

Pirani Gage
Thermocouple Gage

Tonization Gages
Optical-Interfero-
meter

Optical-Schlieren

Pitot-Static
Tracer

Drag

Hot Wire Anemometer

Thermocouple-
Anemometer

Vortex Shedding

i

L6
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The transducers and scnsing elements that are noted

in Table IV.2 will be'discussed in detail in the following

Chapters. These systems represent electrical, mechanical
and optical devices.

|
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Chapter V 99

MEASUREMENT OF FLUID VELOCITY

The measurement of velocity is perhaps the most im-
portant meazsurement 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 facing directly into the fluid
flow. The total pressure can be related directly to the
total energy of the flowing fluid. '

The ideal total pressure Pi of a flow is related

, TOT

to the freestream static pressure, P8 by the freestream Mach

number M
2 -1 2 ¥
i, TOT -
""—"P— = (1+ = Mm) y-1 (5.1)
s
U _[Esy ity U
where MO ‘——and a = Y. The velocity U is the freestream

s

velocity and O is the fregstream density. For very low

freestream Mach number, equation (5.1) can be expanged in a
series and only'the linear term retained (i.e. Moo (7'1)<1)

2
P v
2 P
ﬂ-lq-l}q =1+l(_s)(5.2)
P s 00 2 Ps
“s Ps




The total pressure, P

written as.

=1+C (

0T

2
1 DSII

P

8

)
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measured by the impact tube may be

(5.3)

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

For tre flow of a gas at supersonic speeds a shock

wave will form in front of the impact tube.

After the shock

the fluid is assumed to decelerate isentropically to the
stagnation pcint of the probe.
by the Rayleigh equation

(P

i, ror) _

(m

The total pressure is given

ot
M, ) ¥-1

- (5.4)

where now (Pi, 70

the normal shock wave.

(5.1) and (5.4).
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Figure 5.1 - Tdcal Impact Probe Relzticns for Suporsonic
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The impact probe does not measure velocity directly.

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

P P Tl- T . 1y du

TOT i,T0 .o

P’ = ; LF [Re’ M., Pr’ ”, ﬁ, I‘, %e r, dr' J
8

(5.5)

N.PL, Standavd

)
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30 : ] [ )
2 4 . 8Vm.ot:ara‘:f, Fr./5ec :
| Figure 542 = . Correction of Impact Tube Velocity

Hgasuramanta.
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where Fl is a function of the dimensionless quantities:

a) FEeynolds number based on probe radius, Re
b) Local Mach number, M

‘e) Prandtl number, Pr

d) Specificz Heat, ¥

e) Turbulent intensity, q= P22
m:
f) Knudsen number, A/r
g) Ratio of relaxation time of a gas to characteristic
microscopic times, t/(r/tf )

h) Angle of attack, & r/
i) Ratio of stagnation orifice to external tube, " V/r,

It will be possible to find regions vhere the listed effects
are quite small. In general the pitot-static tube used in
moderate speed (greater than 10 feet/sec.) flows at atmospheric

onditions will kave a value of F very nearly one. The more
important effects listed above are considered in the following
discussion.

_Ur
T -y

is a ratio of the inertia to the visccus forces in the flow.
Thus, for large Reynolds numbers the viscous effect is not im-
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 of
the ideal. Figure 5.3 shows the increased pressure observed

Reynolds Number Effect - The Reynolds number,'He

¥
Chambre, P. L., and Schaaf, S.A.; The Impact Tube. Physical

Measurements in Ges Dynamics and Combustion. Vol. IX Princeton
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Figure 5.3 - Theofetical and Experimental Viscous
Corrections For a Sphere and a Cylinder.

for a sphere and a cylinder.

An analysis of the boundary layer flow over an impact
tube™ gives the stagnation pressure as

) ai
_ 1 W) Y=
Pror = (Ps’g t 5 Pg U3 = ay)yzs (5.6)

2
where (ps,g t 5 Py Usa? 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 5.4.

i, T0T

1l ' o
Ch&mbre, PC Lo’ &nd SCh&af, S-A.; ibidt
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Figure 5.4 - Coordinates for the Impact Tube Analysis

The velocity derivative can be written as

S--248 (57

which is a szatement of the assumption that the impact probe
can be represented by a potential flow shape, such as that of

a source. The velocity potential for a source is
| 2
T
o
g = Uy+ - -
2 214 1
[x +(y+r°) J"‘ z (5.8)
and & becomes
U

ﬂ .= P (5.9)

where r, is the radius of curvature of the edge of the
boundary layer. The boundary layer displacement thickness at
the stagnation point is

5 * = 0.5576 /j‘  (5.10)

=2
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'so that /& can be evaluated as

2
/9 = 1+ 0.39% g | (5.11)

e

or for a general shape of probe rather than the source
C
.
15‘1+c v
2 T

AR

Thus, the correction term for viscosity in equation (5.6),
2M. /3 can be related to the factor C of equation (5.3) as

Lo
(5.13)

4
Reﬁcz,Jﬁ;

For_ subsonic compressible flow the correcﬁionJ/a is
given as '

(5.12)

C=1l+

/i:om. ~ jmcorm. (1-c5M%) (5.14)

The constant C3 for a spherical-shaped probe is
c, = o2
3 - 330
Fer supersbnic flow the analysis is not applicable and

the only informazion is of an experimental nature. Figure
5.5 shows viscous corrections evaluated in supersonic flows.

l -
Chambre, P. L., and Schaaf, S.A.; ibid
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Figure 5.5 - Viscous Corrections to Impact Pressure in
Supersonic Flow.

Orifice Diameter Effect - The above analysis does not
consider the effect of the size of the orifice. This aspect
of the problem is by no means well evaluated, however, it ap-
pears that tke orifice size will in general lower the actual
total pressure reading. . Chambre and Schaaf give the following
correction for orifice effect

ﬁapsr'a
Pror, avE = ?TOT,ACT. B - (5.15)
where PTOT,AVE is the average pressure reading by the probe,

and r, is the orifice radius. An Orifice small compared to
probe frontal area is found desirable for supersonic measure-
ments.

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

h B .
Krause, R.N., and Gettelman: Considerations Entering into the

Selection of Probes for Pressure Measurements in Jet Engines,
15A Proc., Vol. 7, p. 134, 1952.
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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 effezt is small. This stagnation point effect is
demonstrat=d 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 probe would be
operated at an angle where maximum change with angle occurs.
Figure 5.7 shows the sensitivity of a particular probe over a
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 probe
is rotated so that a null reading is obtained between the two
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 than-
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 shcwn in figure 5.8. At supersonic .spee
.Speeds the blunter-nosed tubes appear less sensitivity to
angle than the s_ender probes.
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Figure 5.81- Error vue to Impact Tube Angle of Attack in
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.® The correction suggested by Young and Maas is

B, 2
>~ = 0.131 + 0.082 g

(5.16)
where § is the displacement, d, 1is 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
showvn in figure £.9. Near 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 upst-eam 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. Memc
Memo. 1770, 1937

1

Morkovin, M.V., and Bradfield, W.S.; Probe Interference in Mea-
surements in Supersonic Laminar Boundary Layers, Jour. Aero. Se¢i.,

vol. 21, p. 785, 195k4.
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Turbulent Effacts on Velocity Measurements - Goldstein®

has suggested that the impact pressure PTOT will be equal to

1 2
Prop =Ps +zPU" +

i
3 Pg Q

[}
8

(5.17)

where, ¢' L L ; i6 the sum of the turbulent velo-
city component.s. Such a relation is found to viork reasonably

for high turbulent flows.

Figure 5.10 shows an cxample of a

pitot-static probe velocity profile compered with a profila
neasured by a hot wire anemometer.
corrected for turbulence effects is found to agree reasonabliy

well with the hot-~wire profile.

The pitot-static profile

For the flow of figure 5.10 the

turbulence level is extremely high compared to most fluid flows.

e

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

;155, p 570 (1936)

Cho, J. L., and Sandborn, V.A.; -A Resistance Thevmomeler
fFor Transient Temperalure ficasvaamenls. Fiwo MEcH.
PARER M0.2. Cous, Srmra Uwmiv., 1964,
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Rerefied Gas Effects - Rerefied gos flows are vefined as
those in which the dimensions of the body in question are of
the same order as the moleculer meen free path. The veocity
at the surface of a body is non zero in a rarefied gas siow.
The gas "slips" aslong the surface of a body. Results inicate
that the mean pressu:relat the stagnation point will decreyse dus
to the effect of slip.” The efizct of slip is to increase the
viscous correction to the impact pressure. Figure 5.11 shoig
the effect of slip on the viscous correction.
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Figure 5.11 - Effect of Slip :n the Viscous Corraction to
Impact Pressure :
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For pure freec molecule flow the molecular mean free
path is large compared to the body dimensions. For free
molecule flow the following relation is obtained.l

e (A ol

(5.18)

Pressure measurements in freemolecule flow is complex in
that pressure may not be equal at all places along a tube.
Detailed experimental studies of the impact tube in free mol-
ecule flow are still lacking.

B. Drag Measurements - There are several transducers
that employ fluic drag as a means of measuring flow velocity
or mass flow. Typical ‘nstruments are the rotameter, tur-
bine flow meters, cup-an=mometers and related instruments.
Each of these instruments makes use of the fact that drag is
a function of the Reynolds number. Figure 5.12 is a summary
of the measured drag for different shapes of bodies. The
drag is a function of the shape, and the Reynolds number of
the flow. The curve of figure 5.12 is for continuum flow
only. For slip and free molecule flow the drag becomes a
function of Knudsen number (density),%as well as Reynolds
numbers.

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

The Rotameter - The rotametar relies on the dreg of a
flat plate in a restricted flow tube. A "floating bobd" is
raised upward in a tepered tube by the drag and buoyancy
force of tha flowing fluid. The upward forces are balenced
by the weight of the bob. The rotameter measures ih2 mass
rate of flow through the tube. Thess devices are suited to
the measurement of mass flow rates, as long a8 the fluid
properties are well knowm.

The Cup Anemoneter - The rotating cup enemometer is in
extensive use ir meteorological measurements. This instrument
relies on the difference in drag between the inside and out-
side of a hemi-sphere. The inside of the hemi-sphere gives o
drag of roughl.,r that of & flat surface perpendicular to the
flow. As may be seen from figure 5.12 the drag of the flat
plate is greate“ then that of a hemi-sphers. Thus, the
rotating cup ancmometer will rotate in a wind. The linear
speed o2 the cup centers, 97, is related to the wind spead
',V , by a series relation.

v=a+b!/+¢2/=+......... (5-1-95

in vhich a, b and ¢ are constants. The instruments erployed

in meteorological usuclly seek to make e and higher cosfficients

2270 o vary gmll.

'Purbine Plow Meters - The movement of a fluid throusl a
emall Turdina wheel can be used to moaswre 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=1  (5.20)

where k it defined as the turbine flow coefficienﬁ, 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 ase of a floating particle is a good indication
of the velocity. The tracer must, of course, move along with
the flow velocity in order to be of value. The tracer must
be carried aZong 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. Ionized
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 ' ' o

3%R = A+ B (V)" _ (5.21)

where n is cf the order of 0.5. The heat transfer is related
to the square root of wvelocity, so it is not as sensitive as

the pitot-static relation. On the other hand, the heat transfer
is measured in terms oI electrical readouts, which can be
measured to a much greater degree of accuracy than pressure.

As a result, a heat transfer anemometer can be used for ac-
‘curate measurement of velocities down to less than one foot per
second. The major application of the heat transfer anemometer

is the Hot Wir> 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
be either with a resistance-temperature transducer or with
a thermocouple-heat transfer transducer. Tne thermocouple-
heat transfer transducer is shown in figure 5.13. A
cylinder is heated by a constant current. The temperature

v
THERMOCoUFLE

Figure 5.13 - 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 cf the device is almost identical with the hot wire
which is given in the following section.

The velocizy of a fast moving fluid may be measured by
the proportion of a sound wave. A source of sound is produced
at a poins in & flow, figure 5.14. A sound pickup downstream
measures the time between the pulse and the arrival of the
wave. The velocity of propagation is

v=a+U=é : (5.22)

vwhere ¥V 1is the'measured propagation, which is given as.f/t,
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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 1is the velocity of the fluid. For reason-
able measurements U must be of the order of a, which is
around 1100 ft./sec. Taus, the sonic anemometer is not con-
sidered for extrzme 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 changes in
temperature and humidity, which limits somewhat the accuracy
of calculations. The source of sound may be an expanding cry-
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 sw¥stem 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 frequercy is a direct function of the flow velocity,
thus a measure cf the frequency will be a measure of the flow
velocity. Figure 5.15 is a plot of the Strouhal number, S

ofd
8 of = _ (5.23)
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(where f is the shedding frequency, d 1is the eylinaer
diameter and U is the free stream velocity) as a function

of Reynolds number.
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Figure 5.15 - Strouhal Number as a Function of Reynolds
Number. :
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D. Transient Velocity Measurements - Thc measure-
ment of transient velocities is almost exclusively done
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 too slow to be of
much value in turbulerce studies. In the atmosphere the
cup anemometer is somectimes employed to indicate the
turbulent fluctuations, but it is doubtful that adequate
response is ever possible with this large instrument. It
is desirable to chose a measuring device which has little
or no bulk to change as the velocity changes. Thus, the
hot wire, which is extremely small, of the order of
1.0'l+ inches in diameter is the best device for indicating
turbulent fluctuations.

The Hot Wire Anemometer - The hot wire anemometer is
a Resistance-Temperature transducer. For the anemometer
application the wire is heated 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 measurec of the heat
transfer from the wire to the flow can be related directly
to the fluid properties of temperature, 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 3.1,
can be represented by a relation of the form

R =R, [1 +e(1-T ) +4(T-1.)2 + ] (5.24)

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

present discussion we will assume that equation (5.24) is

R = Ry [1 + (T-To)] (5.25)

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

1R 412 o -

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

Energy 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.

= 27)
Q= q, * 9 (5.27
The Joulean heating is given by equation (5.26).

The conduction heat loss will depend on the specific
operation of the hot wire. If the wire is operating in a
continuum fluid, then the conduction will be described as
"molar."” The molar conduction of heat is described in
terms of a heat-transfer coefficient, h, by the relation

qc = ]:éor?r D (TW-T) (5'28)

continuum

Equation (5.28) is a definition of the heat transfer coef-
-ficient. If the hot wire is operating at conditions where
the mean free path between fluid molecules is large
compared to the wire diameter, then the conduction will be
described as "molecular.” The molecular conduction of

heat may be described in terms of a molecular conductivity .
coefficient h , by the relation

qc = h mol. 7D (':'['W—T) (5.29)

molecular

The molecular conductivity coefficient hmal. , as
defined by equation (5.29) will vary as the mcan free path
in the fluid and also as the wire surface properties. The
variation of h and h,, with the fluid properties is
4he.basie sensing device used in the operation of the heat
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trensfer epplicatior of the resisLance-timperaiuce brargdusor.

The disvinction mad: betvesen L and h-,-,] Ly donc only as
P ILEN W

a patter ol veokgetping. 1L would be just as valid wo have
employed equstion (5.38) for axternal conduction. and
reclized that thr mrietion of h  in ecuticoum flow and in
free molecudar flow may differ with the £huid properties.

The sacond type of heat loss )iucted In equation 5.27 is
ratiation, For the infinite lengsh het wire operaling In a
vacuwa ~adiation may be the only heau iwss. For the radlation
case thz heat loss will deperd on the differeace of the fourih
pover of the temoeratures. The radiaticn heat loss 1s defined
in texms of 2 surface emisslvity, , by the relation

I\

gq,=¢0 B?TD{Tuh—T}

#a . B - (5.30)

wihere ".‘3 is tha stefan-Boltmnmuan redietion constant., The

B
val'e ol € dnpeada on the surface properties of the hot wire.

Fquation 5.27 becomes

412 ; ; ; . L&
b [3. +& {1, - 5-'0)] = W¥D AT, - T) +€55, TD (L -2

= )
T S

{5:31)

For a given wire, current input, hzai franser coefficient,
em'ssivity; snd fluid vemperature the infinite long wire teup-
ercture can be calculated fram squation 75.31)

For most molar conduction applicabions the radiation peaf
transfer can be neglected [perticularly £ the wire tenperature
is not woo pgreat). Neglecting rediation the infinite long wire
teaperpture is

72 -',-'7(Tc <l) - T _
T, = = (5.32)
bI€ o K < By
;;;,d DE

The engse of on infinite lenplh wire 1o of Lirmited use sinew
nany of %he resistance tempetalure treazducer epplications will
employ short lerztin wires. Thus, tho genersl cnergy badance muss
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include a term for the conduction to the wire supports.

Figure 5'is 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

Q= Gy (5.33)

o

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

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

' D2 a2Tw
Y = - kT T (5.34)

Equation (5.33) becomes



122
2
~h—I—a-°[l+o((T-T)] =hrD(T-T)+e W’D(T Th)-
TDQ W_O a
'kflrnz A2Tw
b ax? (5.35)

A general solution of equation'(B.SS) is not available. Some
computer evaluations for special cases have been worked out.

The case where radiation can be neglected is of specific
importance in the anemometer application and for part of the -
‘hot wire anemometer range of application. Neglecting radiation

equation (5.35) cen be written as

b1 & | L%
daTw ) hDW W— T ke h DTTB - W" (dT -l)
dx2 k 7D2 v x7D2
or .
dsz

The boundary conditions for equation (5.36) are

gtx=f—//2 p T B

From the requirements of symmetry imposed by the boundary con-
ditions it is evident that the wire temperature will be a

maximum &t x=0. Thus, the boundary conditions can also be ex-
pressed as ' ‘

dxa

Equation (5.36) is quite common in heat transfer analysis and
is solved by change of rariable, (Jﬁz) this gives
&=
Ww?

41
the following homogeneous differential equation

dae -.
x* 4, G0 (5.37)

41
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with the boundary conditions

drx|. _ dOw
= | x=0 ® & Ix=0 =°
. . | -t d
- 05 = (Tw’m -T) T, =T, at x ()
where TI is the infinite long wire temperature. The

. “W,00

solution for equation (5.37) is outlined by Wyliel, with
the results in % ms of & given as
' 1
cosuff))z x

T (5.38
" es COSH 691)5 2 el
3

In terms of the wire temperature the solution is

Cw o G
v 41 S ° cosiy/ 81 4
- 2

(5.39)

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
element, so that the average temperature is of specific
importance. The average temperature is obtained by
integrating equation (5.39) over the hot wire length.

+ £ 47
L2 (/5’2 TANH ‘%1

— p X

R we— Td N — —

T"f ‘df 2 wx &, -2 Ts) Ny
X : 2

(5.%0)

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

‘J_-wy_neJ C.R.; Advanced Engineering Mathematlics. MS Graw-
"~ Hjll BooK Co., 195].
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infinite length, and Tinite longth averege wire tamperea-
tures are 2lso noted on the figure.

The above analynis epplies for the case where heat
is transferred from the wire to the fluid stream.

'5)‘5'1'1"'?'1"";1’11\1;1':-:1!!!!-1.—:

S

TR

?

3es

I_ll.!llll!ll..lll_!ll_llllll
235 Ldﬂ «£5 Q £O5 N

X

Fipuwre 5.17 - Temperature distribution along a
convection controled hot wire.

The resishince of @ NoL Wire measwved by on instrunent
will correspond to the length aversge tenperature. The
length averege tasperature was compubted in the preceeding
section for cach of thz three cases considered. Tor the
convection controled case equation {5.40) is the length
average Lemperatare. Thus, the resistance of the convee-
tion controled hot wire is obiained Ly using equation
(5.%0) Tor ia in equation (5.25) or perhavs ecquation
(5.24) if a more exact rclation is required. For equa-

tion (5.25)

Lenpsth Averaze Tawserabure Related to Resistance
A it * ) piigopaen
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Thus, the mcasure resistance of a hot wire can be re-

lated directly to the physical properties and the wire
support temperature. In application the interest will
always be to determine the length average temperature

from a measure of the wire resistance.

Circumferential and Radial Temperature Gradients

In the previous section the radial and circum-
ferential temperature gradients that might exist in the
wire were neglected. The heat transfer that will be
considered in the next-section, will be found to vary
around the circumference of the hot wire. Such an un-
even heat transfer may well require the terperature to
vary around the circumference of the wire. These ef-
fects will be more important the larger the diameter of
the wire. It is usually assumed that the very smell
anemometer wires (Lx10-"km in diameter), no axial
gradient can be supported.

Heat Conduction From the Wire to its Supports =~
The main use of the resistance-temperature wire will
be to measurc 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.

Gy =Q, +2Q  (5.42)

vwhich may be written as

IR, = hravd (T, - T,) + 20, (5.43)
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Figure 5.18 - Convection Controlled Energy
Balance on a Hot Wire.

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

| D% aTw
qk-—. 'Kw I dx lx =§é‘ (5'hh)
The gradient is obtained by differentiating equation
(5.39) 1
smn.alz % ,d%'
av, (B2 n) T T, (5.45)
T T\ 7 cole'étf |
' CH

or

£1

ol
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b ol

: 45X
.‘-‘%lx =%= .(% " Ts>.512 TANH z (5.46)

equation (5.43) may now be written as

ool

ﬂz

. | 251
1z, [1+a(T, - To)J T, (z, - 1) 4_5@'7_
|
B2 V-4
(.49_1 ; TS) T (5.47)

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 ' L (ﬁ -%P) m@i{
£ kMmN L1 i Tl =
A= 7Ke M (T,-T) (5.48)

o

where Nu, =
becomes

Fle

. The energy balance, equation (5.47)

I°ro [1 + o (:Ew - TO)] = W’KfNuf ﬁw-Te.) (1 +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 hea: 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,~ but it can be solved in an adequate 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, Nu" can be

written as

laaldwr'n, LV.: Slip Flow Heat Tvansfey From Cylinders in
Subsonic Airsiredms. NACA TN 4269, 1958,

2K)oyasznay: L.S.G.: Tovbulent Me2sureémeénts, khl, [X
Physical Measuremenls in Gas Dynam;cs and Combuslon,
Princelon Uniy. Press, 1959,
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a =
N . - + a :
ﬁg" o 1+a (5.50)

where

. 1 (a
* et —
%;-1-3(%— T:ANHS-(a*)_

s_= T (‘é‘;) (N ") (1 + a)

The reference temperature of the wire temperature-resistance

calibration is taken at T, rather than 32°F to simplify
a

the calculations. The solution of 2a* as a function of S

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

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

heat loss to the supports.
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NH3

O

e < < 5 -

N
Il %y

‘ Figure 5.19 - Solution of E/e* as a function of S
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Transicnt Operation - The major application of
the hot wire anemometer 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

UG ® % ~% 9% | (5.51)

.The_Storage of energy per unit time in an elemental volume
of wire is

qs - —T p c a t (5'52)

where p 1is the density of the wire material and ¢ 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.T Using equation (5.52)
together with equations (5. 26), (5.28) and (5. 3&) in equa-
tion (5.51) gives

Ex?—a'? pe %Tj-’ 33551 [1_ + & (.Tw-'l'o)] - mDd (T,-7)

L]

+ K“E‘—E”‘ - (5.5)

s &
Benson, R.S., and Brundrett, G.W.; Development of a Resist-
ance Wire Thermometer for Measuring Transient Temperature in

Exhaust Systems cf 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.

ﬁs% ; éi}cg 4 T +/€2 ) (5.54)
whereﬁl andﬁ2 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

' = - *:{

Tw Ts’ ;x 3 aj; a.l.]: timgs t
Initial condition

'I'w=T, t =0 for all x

Details of the solution of equat:.on (5 5k) is given by
Baldwin and Sandborn.l

Briefly, we krow - steady state solution for the finite
wire, equation (5 39). So we can assume a solution of
~the form: ;

t, (x ;t‘)=u(x)+'v‘(x, £)
where W (x) is equation (5.39) and U (x,t) must bé cofnputed
(l) tw =e -4 Too and (2) ”(x)t) = W (x,t) e - t/t‘.!

"

- pC 1
t, = - —
R .9
This leads to = pc 3w _ 2°w_
- R Jt~ 2x2

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

p 1 ; _

' Baldwin, L. V., and Sandborn, V.A.; Hot<Wire Calorime-
ter: Theory and Application to Ton Rocket Research
NASA TR R-98, (1961).-



w (x,t) =T (t) X (x)

get
1 2T 2% 1 42
Bz x="7x x—-)-
or _azoct
w(x, t)=Ce k cos Ax
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Only way to fit the boundary conditions is to require:

cos&—-‘g=0

So

‘Rn_=; (n 2+ -_F ) | eigenvalues, n = 0, 1, 2, 3, etc.

(ZLQ_-I- _éf.)f
Z C e COSA:-,

The solution can be written as

2
nﬁ'—- = (TB -jl

(5.55)

Where the constants C are the Fourier coefficients in the

half-range cosine expension (e.g. Wylie)

The length average solution is

_(?\znpc b K B\t
k pc

/-/’)2 /5’2 TANH 2 * :
N2 (Z ] TS>,/EI 7 ;Cf
L : c 10 =

STEADY STATE SOLUTION

TRANSIENT SOLUTION
(5.56)

E

| s |
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The usual technique employed in transient response

analysis leads to solutions of the form ée = t/} for a

first order system, wvhere is termed the time constant
of the system. For example, if a simple system, such as a
hot wire, were subjected to a change in temperature from
To to ii, we might require that the t}mc rate of change

g% be proportional to the temperature difference. This

would be expreséed as

E=(r,-1) (5.57)

where the tine 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 epp-t/r) .
Figure (5.20) shows the solution of equation (5.57) plotted
as a function of T for a ratio ‘ATlﬂﬁTo so the solution is
l1-¢e" %_ . As may be seen T 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

oe . t i ) . :
Z Cre T . | (5.56)
. n=o ' o
where
l . 2
£ =1§ = & k‘fé | - (5.59)

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

pared with the n = O terms. Thus, the transient solution is
epproximately s

-1

n o)

t ) ) t
C*e %L, = C*e¢ 7 (5.60)

n=o
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. Time
Figure 5.20 - Transient Response of a First Order
System to a Step Function.
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The relation for the zero order time constant becomes

2 2
1 [ai pe . MJ_[:.*.& 2,80 & - () «r«]
2 k : pc |  |A& 74 ~c D*? #0* ~c€
(5.61)

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

y
Il _ bD 4  _ (4)1'20-“
70 ¢ D7 70* € (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) )

& 2
- = %% (for T+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 ejuation (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
vhere h 1is 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
reasonable, however, the accuracy of the results were ex-
tremely limited. ‘

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

2Sandborn, V. A.; A Hot-Wire Vacuum Gauge for Transient
?easurements. Avco Corp. Wilmington, Mass. RAD-TM-63-41,
1963). : ;
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Convective Heal Transfer - The convective heat
transfer from hot wires has received much experimental
attention. Baldwin, Sandborn, and Lawrencelgive an
extensive review of reported heat transfer measurcments
-from cylinders made up until 1960. The correlations
are the basic results upon which the many different ap-
plications of the resistance temperature transducers can
be related. The general 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.
Numerical solutions have, of course, been obtained over
wide ranges of flow conditions, but general relations
are not available. TFor free molecule flow general solu-
tions can, of ccurse, be obtained.

One impcrtant 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 engineering 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

attempted, as they may be very misleading in the transient

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 how

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 Contlnuum,
Slip and Free-Molecule Flow.

L3 .3
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(1) Nusselt number = < =N, (2) Reynolds numver =

%52 =R, (3) Mach number = g =M and . (%) Knudsen number =
2w K where

D u

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

k - thermal conductivity A - molecular near free path
U - flow velocity p = fluid density

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, vwhich is the ratio of molecular mcan free path
to wire diameter. The three fluid parameters, Reyrolds,
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

o (gn/cr’)

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 numbe=
represents the effect of density in the problem. Likewise,
Mach number represents the effect of velocity in the problen
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Reynolds number contains information about both density and
velocity. Again from free molecular flow theory, the
viscosity of a rarefied gas composed of hard elastic spheres
having a Maxwellian veclocity distribution is

U =0.4997p 2 (5.65)

where the mean meolecular speed can be related to the
acoustic speed by '

a =¥ /Q’E_Y. _ (5.66)

where ¥ is the isentrcpic exponent. Using these molecular
flow relations the relation between Reynolds, Mach and
Knudsen number becomes

M
Ku - 1.26,['7 R—e (5.67)

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

The subsonic convection of heat from small cylinders
in continuum flow has come under theoretical study for many
Yyears. The work of Boussineql, in 1905 appears to be the
first formal attack on the problem. King¢, in 1914 extended
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
fram hot wires in a subsonic continuum flow the engineering

1

Boussineq, 'Comptes Rendus,' vol. 133, p. 257, 1905

2

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 Hot-Wire
Anemometry. Phil. Trans. Roy. Soc. London A 21k, 373-432
(191%).
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predictions of King are surprisingly good. Unfortunately,
the most used applications of the hot wire anecmometer is
for transient measurement, 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

i® R

LB =A+B /T (5.68)
a

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

Heat loss = . (5.69)

106 (d/U)

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 the possible variaticen 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 to 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 engineering
correlation of a great quantity of experimental measurements.
Thus, each curve is roughly accurate to + 15%, and could never be
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 Trznsfer. ASME Trans.. Ser. C., Vol. 82. No. 2. 1960.
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Figure 5.22 is a plot of measured heat loss from a
0.0002-inch diameter tungsten wire operating near room

air flow. Here the dimensional term, (izR)/{R _ Ra), for

heat loss is plotted against measured 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 analyzed by relating
the root-mean-square voltage 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
equation 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 good representation
over the range of velocities covered. (Note that, for

U - 240 ft/sec, NRe of the wire is 22.) The data could

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

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

= A + BU" » (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 gres' ::1 of difference in the
results even for small changes 1.1 .

-2 E2 E3 i

[l |
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Flow Dircction Sensivivity - The mean heat loss from
a hot wire will 21s0 be a funciion of the flow diruction.
The meen heat loss appears to vary roughly as the component
of mean velocity normal to the hot wire axis. TFiguwre 5.25
shows a typlcal variation of heat loss as a function of
wire angle with respect to the flow. This hcat traansfer
curve is compared to a cosine curve, which corresponds to

‘5; L"d' é F-b & ,b

ANQEGF YA D

Figure 5.25 - Heat Transfer from a Cylinder as a
Function of the Angle Zetween the Cylinder snd Flow.

the case where only the norimsl velocity commonent is
responcible for the heat {transfer. While there is rough
agreemeant betwein the cosine curve and the measurement it
can pe seen thet a marked devietion would be found if the
first derivative of the cosine and measured curves wera
compared. A general calibration of a hot wire that is to be
used at angles to the flow requives a three-dinensional
curve such as that shown in figuwre 5.24. Here the varia-
tion to mean velocity as a function of angle is plotted.
Actuel use of the hot wire requires a series of two dimen-
sional calibration curves at fixed angles and fixed

[ |

|

Fy
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velocities, as shown in figure 5.25, to obtain the velocity
and angle scnsitivities.

The effect of slip and free molecule flow on the
yawed hot_wire has been considered by Baldwin, Sandborn and
Lawrence.” For engineering correlations it is necessary to
‘consider both the Reynolds of the flow normal to the cylinder
and the Mach number normal to the cylindex.

Evaluation of Turbulence with the Hot Wire Anemometer -
If a hot wire is placed in a turbulent air flow the heat loss
will fluctuate with turbulence. As discussed above the hot
wire can follow a transient change roughly as a first order

system. A typical hot wire will respond roughly as shown in
figure 5.26.

1 .
IR};aldwm, L. V., Sandborn, V. A., and Lawrence, J G
id. S
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Figure 5.26 - Typical Frequency Response Curve for a

0.0002-inch Diemeter Tungsten Hot Wire.

The frequency response may be computed directly from t'ile
step response curve, figure 5.20, by requiring f = SHL The

hot wire of figure 5.26 can respond to approximately TO
cycles per second without a loss in gain. Above 70 cycles per
second the response farlls off ag a first order system., If an
electronic amplifier ig built that can increase gain as a
first order system, then it is possible to electronically
"ecampensate" for the loss in gain of the hot wire. There are
at least three bagsic electronic networks that will behave es
& first order system.

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

These systems may be employed to compenstate the loss in gain
of the hot wire, and thus, increase its frequency response by

. 9

Y3 v a
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two or three docaces. These systems are termed constant
current hot wire anemometers, since the current through
the hot wire 15 held constant.

A second electronic system may be employed, which
balences automaticelly the wheatstcne bridge in which a
Lot wire is operating. In other words the electronic
systen senses eny unoalance in the bridge due to the
fluctuation in the hot wire heat loss and feeds current
to the bridge Lo rebelance it. The electronic system can
follow and balance the bridge for fregquencies up to
50,000 cycles or greater. Thus, the resistance (tempera-
ture( of the hot wire is held constant with respect to
time, end the thermal storage term, Eq. (5.52), is zero.
The frequzncy response of this system, which is called
the constent témperature hot-wire enemometer, is strickly
a function of the frequency limits of the electronic
system. Pigure 5.27 shows the basic block diagram for the
two types of anemometers. The detailed electronic circuits
are not included in the present discussion.

L RC RaPuR

CONSTANT ConReENT

CoNSTANT TEMPERATLIRE

Figure 5.27 - Hot-Wire Anemometer Circuits.
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The measurements of turbulence with the hot wire
anemometer is based on the fact that the output can fol-
low the instantancous changes in the fluctuations. The
ability to follow the instantancous variations is
accomplished electronically. The present discussion will
assume that the anemometer output is following the instan-
taneous fluctuations. The second assumption required in
the measurement of turbulent with the hot wire anemometer
is that a mean calibration between the wire heat loss and
the quantity to be measured can be used to evaluate the
fluctuations. In all cases to be covered it should be kept
in mind that the main object is to evaluate the fluctuating
quantity once the mean calibration is known.

The first part of the discussion is concerned with the
actual relation between the fluctuating voltage and fluc-
tuating velocities. As such, it is intended as a guide to
the approximations involved in the evaluation of hot wire
anemometer signals. Unfortunately, only a token amount of
experimental investigation of the errors involved in hot
wire anemometry have been made. Once the approximations
are outlined then example sensitivity relations between ,
fluctuating voltages and turbulent quantities can be derived.
It was chosen to present the general sensitivity relation
for the hot wire in the last part, since specific examples
will better serve to demonstrate the techniques involved.

Velocity Sensitivity of a Hot Wire - In this section
two possible types of hot wire operations are considered.
First the case of a wire normal to the mean flow, and second
the case where the wire is yawed to the mean flow. Figure
5.24 is an example of the relation between the wire voltage
required to maintain a constant wire resistance and mean
velocity as a function of yaw angle. An angle of yaw of 90
{s when the wire is normal to the flow, and an angle of zero
is for the wire parallel to the flow. For convenience of
discussion it is assumed that all flow properties except
velocity are constant. Likewise the wire is maintained at a
constant resistance, so that there is no need to express the
heat loss in terms of AR. Thus, figure 5.24 is a complete
calibration for a hot wire under these conditions. A )
fluctuating voltage, e , about some salue, E , can be
related directly to a fluctuating veloc1ty by amgraphlc solu-
tion, es demonstrated in figure 5.28. Note that in all the
analysis to follow, the object is always to do exactly that
demonstrated in figure 5.28. The problem is made complex only
because there is more than one turbulent quantity being sensed

N
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-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 three-
dimensional turbulent flow? The problem of a wire normal to
the mean flow is shown in figure 5.29. The total wvelocity -
is the vectoral sum of the mean and fluctuating velocities.

' Uror -/ (Ut )2 +v2 w2 (5.71)

-If the heat loss from the hot wire is a direct function of
the total veloclity 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

¥ Note that if only the normal component were assumed, then
would not be included in equation [5.71):
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T

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
same sensitivity to v may be present. The value of
v2, no doubt, should bes 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
V. ':l_ u A § t v
1 kb o

In order to simplify equatip:i (5.72) it is assumed that
Iulrlvl?lwl and lixl«Um, thus

el bl e
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2 {-{,—'m »({i)lw&}z w&)z (5.75)
and

Yor ~34+2() o)

L]

For many turbulent flows the fluctuations are only about
onz tenth of the mean velocity, so thet order of magni-
tude asswiptions made in equations (5.73) are velid.
However, for such flows as a boundary layer (near the
well) values of u_ as great as 0.4 zre cbtained. Un-
Um
fortunately, no information has ever been published to
demonstrate jusi when equation (5.7h4) is no longer valid.
This validity must be determined for each turbulent flow.
Throughiout the following discussion on the evaluation of
hot wire signals it will be assumed that the velocity
ecan be expressed as a mean guantity plus a turbulent
component, (Um +u'). The turbulent component w' will

be a function of a u, v and w, such as given by equa-
tion (5.71), hovever, for most flows it may be possible

to use the relation given by equation (5.74) (i.e. U'-u).
Note that in nearly every discusaion of hot wire anemno-
metry to be found in the literature, it is assumed that

u' = u without a thougnt being given to secondary effects.

The second problzm to be answered is what velocity
is sensed by a wire yawed to the mean flow. For this flow -
it is necessary tc assume some further relation between
velocity and heat trensfer. For the normal wire it was
not necessary to assume & specific relation between the
total velocity and the wire heat transfer. For the yawed
wire case the usual assummtion is that only the component
of total velocity normal to the wire centributes to the
heat trensfer. If the heat transfer 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
a 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 vire 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

q,,bm_y)-q/(vmru)‘w* (sin(p+60) (5.75)

where now 8% can be either positive or negative depending

Figure 5.30 - Hot Wire Yawed to the Mean Flow

E-Y b3 EBE3
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n the sign of v. 5ha cowronent of hui,..x.& valooihy
neriscd. £0 the wire jo tie @ piwne 1s
=W (5.75)
Vi ror (29) ¢

Thwi, the total nowmml component is

%uﬁlfm-!-u)’ﬁ- v%sh’(("*ﬁfp) + Wi £5.77)

Thic relation can be cxpanded by using the relations

.. 'si»(i'o*'W) = SN kalp+ Cos vSInéY  (5.75)

-where
$in 5 Q=
4(0‘,,1“0 sV
. (5.19)
U+ UL

cos S‘?=W

Equation (5.77) may be rewritten &s

Uﬂrm'"'/ { U,,,-rtD sinp +2(c;,+q) Y 571 Cos P4 V€S 7ery
or ; At (5 BO)

E{,l}%\:.; Sm (ﬂ,ly %-y%) + —u-icoﬂ? + coty-r%cot"i"‘l‘(ﬁ%tp

for moderate anclies ol ¢ it '8 reasoneble to wgsume that

=
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1i.néar approximations can be nade

24 . 3 5 W, 2uy X2 ot ?
mor 7 Uz %mtwavm.cot 74

.y
7y 5‘5‘@

however, for amall angles of {2 the second order terms
~ cannot be neglected. Again, jurt where the second
order terms start to become important is not known.
Most experimenters limit their neasurcments to angles
greater than 300, however, it i3 tempting to operate
the wire at very small angles ‘n order to obtain
greater sensitivity to the v camponent.

To first order it is assumed that the yaw lwire
is sensitive to u and v oaly

| A Z |
—i;;-u S?ﬂv‘/,;fg-l%;"’ -U;qu‘oCP (5-81)

Linesrized Evaluation of Smell Arplitude Fluctuations -
Constont Current Hot VWire Aremometer - The practical
evaluation of the hol wire eznemometer output requires a
nminimum of two electrical measurcments: The mean, d.c.
voltege and the r.m.s. of the a.c. voltage. For a
single wire normal to the mern flow these two measure-
ments sre sufficient to compuie the longitudinal turbu--
lent velocity. Once the mean end fluctuating voltages
are measured, it is evident from the discussion in the
previous section, that these “wo measurements can be
used with the voltage-~ velocity calibration curve to
compute the turbulent velocity fluctuation. These two
measurements are not sufficient to determine much of the
" detail of the fluctuation, such as cymmetry or flow
reversal. Thus, the analysis of the present section
must assume from the start that the fluctuations are

symnetrical about E., and no flow reversal occurs. The

ol g9 L3 RBsM gl Bw BB

d Bad B Ed B

¥

i
ey
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general approach to evaluating the anemometer output is
to consider the flow composed of a mean velocity, Ug, ,
and a fluctuating component, u . Likewise, the voltage
is divided into a mean and a fluctuating component

Ar ais, # & P

Em=£, 1€ )f

(5. 82)

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).

3

——i-—é—-'— A+EL" (5. 10a)

E-1K,
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
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12(Epm +€)
_(_Em +€e) -~ i‘RJ

=A+B(U,+)"”  (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 (5.83) will, of course, depend on
the empirical relation used to represent the voltage-
velocity calibration curve. The assumptions nccessary
to obtain equation (5.83) are: 1) no fluctuation in
the current i, 2) the mean voltage, Em’ corresponds

to the mean velocity, U, and 3) the mean and instan-
taneous relation between voltage and velocity are the
same. Actually the second and third assumptions are not
independent. To employ equation (5.83) it n_ét be
written in terms of the measured quantity, - rﬂ{
This requires that equation (5.83) be squared and mean
values taken.

The mean square expression is

et
[(En - ©) - 2R3}

vwhere the bar denotes the mean value of the ‘fluctuating
quantities. Equation (5.84) is complex and does not
yleld a unique relatlon between the measured voltage

e2 and the fluctuating wvelocity ua. In fact, equation

(5.81) shovs that no one to one correspondence between

e® and u? exists.

a4-2108.( 1&11-1{)182(0,-"1“)’? 5.84)

Equation (5.81) is of mathematical interest,
since it represents the concise relation between the
statistical voltage fluctuation and the velocity fluc-
tuations. However, for practical evaluation of the hot
wire enemometer ocutput, such a relation as equation

[ % |

o s |
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-(5.81) has never been employed. _The pr acli r-a.l approach
is to find a relation between 2 and 2

restricting the analysis to Small fluctuu.t:.on.;. Stax“t-
ing with equation (5.80), the velocity term, (U+u)"
is expanded in an infinite sariea

12(Em+€) " (n=) __(__).U (n-z)
(m" A+ 8[U Tt I{v
(5.853

+n£n-3:3(n-2)q£n-3) hfn-:)o..(n-ﬂu)v s ‘.)u‘;‘

The power series places the restriction Iu]-cUm on

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

z-"e Ra -)/Q 12
(ﬁ..'l&)(ﬁ..+e-ana7 8»’0’" = (vm) + (% ({,r;)

-N(n-2) fu %, ...
o LR

(5.86)

coupled with tha restriction u‘tUm i2 the fact that

u u u
(Tninum?(qj)..... Yhos, to first ordsy it is ve-

quired that U >»w #a that higber powvers of (E‘_ )
; U

can be neglected. Coupled srith thia requ}.remeﬁt is
the fact thei E ' ? 7 B W that aqualics {5,86) becomes

e,ﬂ?éﬁ‘@', ..lf-'_,_._ = o

Al

Tlp-i ) Ealy  Um (5.87)

~ The negatdve sign imw equation {5.87) denotes that
et incresse in u 2EOLS tha wire $o that @  decreases.
Tha relation Betuldn Xh.S. voliage 8pd veloclty becomes
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23Rz 4/8% - /o= (5.88)
" (EamiRy) Bl U

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 con31dering the differential of equation

(5.70),

29R dR 14
s = (5

where E replaces iR. If now idR = de is replaéed
byqug, dy is replaced by,{if, 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 to
Em and Um' '

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+/ & _ JwE

(R-RyBvT . Unm - A790)

(where now B = 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

EBad B3 B B2 B2 BB BB

B3 3

£t £33

’ |

E

g |
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will depend firit on how well the empiricual relation
{£.70) £i%s the meen calibration daia. As couid be
demonstrated by equation (5.83), the empirical fit of
ke mean data must be accurcts to the first derivative.
This recuires that a good deal of care in fitiing the
anpirical relation to the calibration curve. Tais curve
Pitling requirement is egually true for either constant
current oxr constant terperatur: operation of the hot
wire.

b) Constant Tempereature Hot Wire Anemometer -
for constant teperature hot wire anemometer operation
the wire resistance is held constant end only the cur-
rent or voltage varies. Equation (5.70) is assumed for
the starting empiricel relation for the calibration
curve. The equation i8 modified by employing the
voltage instead of the current

IE: = A+BU" :
E’?}?"Ea'j - : (5.70v)

The perturbation relation equiveleni to equation (5.85)
beccmes

-
Effm*ﬁ}h

m::-;':} = A+ 8 (Up» ;.(_3" (5.91)

and the relation between the m2an square of the voltage
fluctuation and the velocity fluctuation is

-

- ———

E o+ €7 G
s 32 4 BV r 1)’ (5.92)
R "‘Ra.j

Eeuation (5.92) {8 perhaps simpler than the constent cur-
rent rolavion, Mg. (5.57 ' but it _aigo inclcates that a
wiiqre retation velween ¢ and u€ orly does not exist.
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To obtain a useable relation the infinite series expan-
sion of the term (Qn+u)n, which requires |u|<1%n, is

made. _ .
2E,e+€ | fay, (1) 2
RIR-F2) Bnl %)+ 5 ()
[n_iz ) 3 .. (5.93)
¥ 3.‘:”-2 e}'.)* '

To first order, the higher powers offu ) and [e )are
L% S U

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

26, VT 1 _ B

RIR-RD 60U, = Upy: (5.9%)

2 vy ‘s

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

- Rdi = Ve® and av ='VGEt The special case, n=1/2,
. gives the following relation =

AEnVE _ _ /TF (5.95)
R(R-R3)BYUy  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. 1In

figure 5.22 a calibration curve for a 0.0002 inch diameter

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 center
of a 4-inch-diameter fully developed turbulent pipe flow,t

lSandborn, V.A.: Experimental Evaluation of Momentum
Terms in Tux's‘gulent Pipe Flow, NACA TN 3266, 1955.

§ ¢
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A direct ccaparison between the turbulent fluctuatiens,
evaluaited by cach of the suggested empirically fitted
curves shovn cn figure 5.22, is shown on figure 5.3.
Az a stznderd for comparing the differeat equations,
the crosshatched curve represents yalues obtained graphi-
cally from the meisured Em and JE and the calibra-

tion curve. The spread in the grophic evaluated cata
is iIn part dve tec the curve reading. The accuracy of
the equations is best at the high Reynolds numbers.
None of the relstions are adequate at the low Reynolds
muwhers. Figure 5.51 demonstrates the King's low with
n=1/2 13 no bettsr than the other empirical relutions.
This also points up the fact that measurements o:' the
turbulent fluctuations with the so called "linearized"
anencmeters are not necessarily a great improvement.

05—
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Figure 5.31 — TURSUENT INTENSIT) EVAIWATEYD
Lsm SevENRL EMPIRICAL REIATIONS,
Most of the early measurements with the hot wire
anatometer nave used the square root relation of King.
In rierny instances it was reaglized the relation of King
did not correlate the calibration data. Much of the
misfit woae blamed on dirt or other external effects. The



162

author,? cncountered the deviations from King's law in
boundary layer mcasurcments before it was realized that
such effects exis.ed. Under the assumption that dirt
was affecting the wire calibration, a new King's law
curve was fitted to approximalely every four or five
points measured in the region near the wall. This
technique can be employed to improve the accuracy of
the evaluation showvm in figure 5.31, howvever, it soon
becomes just as easy to graphically evaluate the fluc-
tuations. Considering the results shovm 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 10k
(hot wire Reynolds number of 6 to &) the turbulent
intensity changes morc marked -than the empirical rela-
tions can indicate. The accuracy with wvhich 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 measurcments 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 pessible turbulent flows the
fully developed turbulent pipe flow should be the most
repeatable and well defined. This flow was used by the
authorl, to compare the measurements of the turbulent
intensity with a constant current and a constant tempera-
ture anemometsr. The results of this comparison is
demonstrated in figure 5.32. This data was evaluated
using King's law, simular to the relation showvm on figure
622 for U_ from O-to 120 feet per second (see also

figure £.2%,) M2asurements reported by other experimenters

: '

Sandborn, V.A,: Zxperimental Evaluation of Momentum
Terms in Turbulent Pipe Flow. NACA TN 3266, 1955.

2 ) e . W ek - o
Sandborn, V.A., and Slogan, R.J.: NACA TN 3265, 1955.
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are also incl udcd on flgure 5.32. From an accuracy
"~ standpoint there is little to chose between the two
H methods of measuring the turbulent intensity.

The fully developed turbulent pipe flow is the
ideal facility to check out a net hot wire anemometcr
- %% -~ gystem. 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 ancmometer is functioning properly.

3 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 Lavwrence and Landes.l’ The one new assumption
. of this technique is that a measure of Em for no flow
~-is sufficient to define the calibration curve intercept.
- Such an assumption cannot be justified either thcoretic-
~-ally or experimentally, but for moderate or high veloci-
=-ties the c¢alidration curve has only a minor dependence on
=& -sSmall -error in the intercept value. The resulting re-
=-lation, subject to the same linearized assumptlons as
equation (5.95) is

'4En11/ 4/—;
(5.96)
E:-Epy, Um

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.

1
Laurence, J.C., and Landes, L.G.; NACA 2843, 1952.



| rmo;.ew;' Zw.
P

"

164

O CousTANT TEMMERATIRE

[, . 0O Covsrant CuRRENT
Q

&“ -

Fal 4

&’ i A 0O

4 i 1 L 1 | 1 | ( 1
ReyNoLBs NoHI=R
Figure 5.32 = Comparisen of Constant CurrenT
and Conslant Kot Wire linemomeley Meesurements,

Measurement cf the Normal Turbulent Velocity
Components - To demonstrate the evaluation of the
turbulent fluctuations from the yswed wires, it will
be assumed that the normal component of the velocity is
adequate. The heat loss fram the yawed wire, as a
function of velocity and angle, is written simular to
equation (5.70) as

©

2 R h
f';.'.?i" =A+BY, (5.97)

The relation for Uy, given by Eq. (5.81) is expanded

simular to the method employed for Eq. (5.85). The
expansion retaining only the first order terms, gives

R |
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e U sin"p# WA fizipnond] 5,50

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

3e Ry / _
(constant current) -{"-:m"’r'q&)’ﬁg nUn{I “n{h'f)‘p = (5.99)

; Y
%‘sznfﬂ’*uﬂcwp

(constant temperature) M"‘_F\;_}_-T= (5.100)
R(R-Ry) Bnlysirt"™p
Uy M
t&’s:n(o -rvmcos p
where B 1is the slope of the calibration curve of
i®R versus U;SIN .

(R-Ra)

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

73e Ra I _
(constant current) —(5"_2.@1 B U sidi s (5.101)
177 %m

: my Y
Lsin0+ ()Ecos ¥

(constant temperature) M" ‘n’ : < (5.102)
R(R-Rz) BnUnS1iiip
: X
e + () greeor
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
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terms of the mean square voltage and velocity fluctua-
tions, a new velocity term TV appecars. For the case
corresponding to equation (5.97) the relation becomes

_— . R AN of.

where

25 R 2 | . .
(E _2,30)48 nz% N z(n-r)qo(consta.nt current)

kl

: a
. KEE%S PEe 1,‘U_{msz”z(,.,_‘,)p(consm.m: temperature)
, 2

The term u- can be determined with the wire
normal to the flow, however, the V¥ and w 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 simplc angle dependency. A
systematic set of measurements should be undertaken to
' decide on the useable range of angles that might be usea
~in the valuation cf turbulent velocities. To evaluate

and Uv it is necessary to operate the wire at two
different angles cf yaw. In this way two equations with
¥ and uv as unknowns can be solved simultaneously.
For maximum accuracy two different angles which are
equally sensitive to uv and would be chosen.
Typical angles employed are U45° and 135°. In figure
5.30 it was assumed that a positive value of v was in’
an upwvard 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

W

a9
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Ue(U s W) sin@-veos®)  (5.100)

Thus, for a wire yawed at an angle - ¢ (vhich would

correspond to 135°, since the yaw angle is measured
“clockwise from the mean velocity direction), the mean
- square voltage - velocity relation becomes

kl im=

Sl

Sin'@f - 2avsin &cwﬁm%’:w’?’(s.ms)

As en exemple, equation (5.103) and (5.105) can be
-solved for the case ¥ = 45° and -f = 135° to obtain a
- - unique value for 'ﬁ?YUha

T o (K:E_‘I)ﬁo"(kzé-‘)zss’
23 2 U2 > (5.106)

™
=" "The relation for ;ifUﬁ? is

. . o
-"i' 2, = + Z'é"':) ,-Z'ILI
_{ai: (K*es 45"26( 135° " Y (5.107)

An assumpiion inherent in eveluating W and v is
that_the wire at cach angle of yaw sees the same value
of u°, "v° 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 yawved wires will be
covered in more detail in part (c) of this section.

Single Wire Measurcments of the Three Turbulent
Velocity Componcnts - Two techniques have becen used to
evaluate the transverse turbulent components from yawed
wires. The first is to rotate a single wire to several
angles and the second is to employ two hot wires at
fixed angles. The two fixed wires will be referred to
as ab X-wirc and will be discussed in the next section.
The single rotating hot wire probe appears to be the
best means of measuring the transverse and correlation
components. However, there are many times when it is
inconvenient to rotate a hot wire probe.

Figure 5.2% is a typical calibration map obtained for a
rotating hot wire. The three variables, wire voltage,
mean velocity and yaw angle are plotted on the three
axis. A two-dimensional calibration plot with yaw angle
as a parameter is shown in fipgure 5.25b. Note that for
a wire parallel to thec mean flow there is still a
dependency of heat loss on the mecan 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

2E

de=So U+ -%% 4}’?31 | (5.108)

The differentials arc replaced by pertibations, e, u
and §9. The angle §¥ can by referring to figure 5.30 be
expressed as

e B hag hed N B B2 ma

[ e |

3

.3 g3 &2
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where u and u® can be ncglected comparied to Um'
These assﬁmptions are equivalent to the linerizztion
made in conneczion with equation (5.87). Equation
(5.108) may be written as

- °E 2E v
e=szu+t %0 U, (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 dE/?dU and 2E/2¥
evaluated from the calibration curves of fipgure 5.35.

A comparison of the terms shows that ®E/2 % incrcases
much faster than OEfpo U decreases. As a result, it
would be expected that the hot wire 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 valus, 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 chock of the yayed wire analygis hes been
maae by carputing the conponent, 23 ¢ function of
angle for the data shavm in figure 5.35. This data
was taken at the center of o fully developed pipu flow,
tlius U is cqual to zerov. 'The fact thet v* is not,
independent of anglie is ai?ficult to understand. A
great number of imeasurements have all indicated that
ninirun value of v= is always found around an angle
of k0 degrees. Tae variation of v? must be accepted
at the present time as the accuracy of the measuring
tecimique. Again further work is indicated to better
understand the yawed wire measuring techniques.
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ANGLE ©OF YA O DEGRELS

Tiguwre 5.35 - Valucs of ? ns a function of
wire yaw engle. - '

¢) Xowire omeration - The X-uiie probas erploy
kot wires yawed ot angles ¥ 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
eveluate both the v arnd w velocity components, as
well as the correlations between the velocity components.
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The prescnt 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-planc 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 equa.tiona (5 lOll‘ and
(5. 102) es

(KE).,, =a-nsm¢ +fz cos

ee)-y = L sine=Fcose  (5:110)

From an electronic standpoint it appears a simple
matter to match K +¢ and K-¥ and then subtract
f&g_ -Q $) to obtain a unique relation for _
fU_ " Such a technique was developed by Schubauer
" and Rlebunoff‘l, 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 from equation (5.111) as

fo -€ Y 2 LY, 20V g0 0c0s A
O w“"“’ T A ey i)
Ve —2_ J—] (5.112
'f"z}:,:_cos’@[;fl ;rw}(‘d"' % }

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

4y cas“'(ﬂ

(eﬂp- 10); szz | (5'113)

Equation (5.113) demonstrates the practical

lScl'n.i.ba.uer, G.B., and Klebeinoff, P.S.¢
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problem is one of matching the two wires of the
X-wire probe. Schubauer and Klebanoff solved this
problem by rotating the X-wires about their axis .
pmtil the mean voltage from the two wires are equal.
Figure 5.36 is a plot, obtained by Schubauer and
Klebanoff, of the mecan voltage from the two wires of
an X-probe, as a function of angle. The differecnce
.woltage between the two wires is also plotted on
figure 5.36. It may be seen that the curves for the
individual wires are far from linear in the region

2 \
1% 4N|

545 \ - 9}-'-.-.:- / . : "é:chf

L o /
| PN _IA
A e

ol

F
s >"~
.z b= I h\"'\'l"a o
0 20 o 20 o 2

ANGLE VARATION, DEGREES

Figure 5.36 - Matching of the X-probe Wires to
Measure the v and w Turbulent Velocity 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 w. Expressing the slope in
volts per radian, there exists the relation

B
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. fomegt

Where “AE/AY is the slope, and (e+'- 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 d6 not see exactly the same turbulence.
This requires that some information be known about the
"correlation" between the turbulent velocities over
the small s=paration distance between the two wires.
The correlation coefficients Ru, R and R may be

‘defined a5

= ....._._._’n.' R = -—-—-—3——'\“, — R.., =
Rz Regajm » Reyaye
The values of W and u, correspond to the

turbulence velocities seen by the two X-wires. Even

though Julﬁ = 4 there is no way of knowing what
value 2 wlll be, other than that it will be less
than Ju.% Rewriting equation (5.111} for the

case KH" = K _p =K, but denoting by subscript 1

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

——— ¢ -————.—._—-—-
@’w -¢) = s?cﬁ"a )" + y%%i(u'-u"){v Ha
- (5.115)

' Cos?@.
W YT (v +n)*

no"te_ that the correlation coefficient can be defined:
ag
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w!' o (ulw:j "'(U;"Mz)l

R=Jayz =  avaie

(U)* = (450 - Ry 44T /T
V)= (h-n)* + RAYTRVEE

For the assumption Ef' = Eg' end V5 = ;g
(W-ta)* = 24 (1-Ry)

| (v -va)*= 273 (1+Ry)
Thus the error in the u and v terms goes directly
as the correlation coefficient. The c¢ross correlation
term contains the four quantities oy, ﬁz?é and
ﬁEVi. In line with the assumption G§— . 3B it

2

appears reasonable to assume UEVE =WV, however,

or

the other two <erms remain unknown.

The variation of the correlation coefficient is

‘rarely known in a measurement, so it is difficult to

estimate the errors incurred. Ssveral researchers have

.reported they were unable to obtain reasonable measure-

ments with X-wire probes. No doubt it is possible that
in some cases the correlation between the two X-wires
was causing too great an error. A good deal more infor-
mation on systematic investigation of X-wire probe mea-
surements 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 method of evaluating 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 v= (where u= is
obtained from an independent measure with a single wire
normal to the flollé_ Equation (5.106) and (5.107) re-
quire only that u = = ws, vl2 = v,°, with no uncer-

tainty entering due to the correlation coefficient.

.Note that in most cases it is quite reasonsble to

‘equate the statistical average velocities, even though
the correlation might differ from one. . To make X-wire

| £ ] [

.

i e |



177

measurcments independent of the normal wire measurements
the clectronic 5um and difference circuit is employed.

In this way a thlrd statistical average equation, such

as equatloq_gﬁ is_obtained. Since there are three
unknowns, u and uv, three relations are needed. It
was found cqpvenlent to construct the third equation from
a measure of both the sum and difference of the X-wire
signals. The mean square instantaneous sum, corresponding
to the difference equation (5.115) is

(LI f'e.,,,) szlﬂ"{ﬂ[k“ *;j‘; + a;v]

" ] . (5.116).
- — i san(pwaqﬂt-‘*g- (2 +-.._; C 33y +_l_ L
Y2 K, A &0
Y, U, k,; A, zrv ks

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

-—_.

K Ky WL
-2 (- 2 5in (,a_ coa @ (5.117)
4 { 6) v- )

where.

e — 2
€2 =(e e+ and E=(g,-¢,)
Solvi&g_eqpat*ons (5.103), (5.105) and (5 117) for w2

and glves

ur _._i__ 2-' : 2 2 = |
#;4‘13':}"?[&@ 6.3_; k-p ega "' (é"- )(5 118)
and .

-é—;p[ R S ’_(.‘._9_{‘.'.@(61_6

-ﬁ I

3) (5. 1.3.9)
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‘The sum and differecnce relation, cquation {5.117), can

be shown to be in error directly as the correlation
coefficients, much the same as equation (5.113)e Howva
ever, the uncerfainty can be deleimined by comparing the
evaluation of Yu® / U from the X-wire mecasurements with
measurements made with a single wire normal to the flow.
Figure 5.37 shows such a comparison reported by Sandbarn
and Sloga.r.l These measurcments were made in a turbulent
boundary layer. A comparison, such as shown in figure
(5.37), gives a good consistency check on the reliability
of the other X-wirc measurements -v=, v= and uv. For
the particular boundary layer flow studied in connectiom
vith figure {5.37), it was found that the X-wirc measure=
ments checked the single wire data within + 20%.
Obviously, the X-wire data will be subject to a great
deal more random grrer than the single wire data. Thig
means that errors of ¢ EQZ might be espected even in
the gbsence of tha .fqrrela.tion error. However, if the
exror exceeds + 20 s the data of figure 5.37 would sug«
gest that other than yandom error is being encountered.

Several techniques for evaluaiing X-wire data have
been discussed by other researchers, These methods are
‘8imular to those outlined above. Flow Corporation,
finds it convenient to work with the instantaneous values,

such as (K_w 0 + Koo e_,pj where the wire sensitivity

constant K 1is handled through the electronie circuits,
Far a given application this approach can save on com-
puting time. In each and every application it appears
necessary to reach an independent conclusion on whether
equation (3.99) and (5.100), or the more complex relationg
(5.100) and {5.102) must be used. As in the wire normal
ta the flow case; one can not rely on previous reported
hat wire evaluation. Only in recent years has it become
obvious that the King's Law approach is toe restricted.
Like the normal vire case, figure 5.22 the mean heat logs
relations must be valid to the first derivative in ¢rder
tqQ accurately evaluate the turbulence,

Correlaticn Measurements - The importance of core-
relation terms in turbulence theory make necessary a greet
number of correlation measurements. The previous discus-
‘gton on X-wire covered briefly some of the methods of

_;jsandborn, V.A., and Slogar, R.J.; NACA TN 3265, 1955.

2 see for example: Bulletin No. 68, Flow Core 205 sixth slreet;
@‘cmﬂﬁdge 92, Mass, /1962, -
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evaluating correlations. The cross correlation measure-
ments of U¥ and UV are obtained directly from the
X-wire data, equation (5.106). For turbulent shear
flows the wuv term corresponds to the turbulent shear
and it is important in the equation of motion. -
(Depending on the particular flow coordinates TV or
Uw may be the shear term.) For most turbulent flow
fields, symmetry conditions will require that one of
the cross correlations terms, usually uw, be very near
‘zero. Likewise, the term VW should be approximately
zero in most turbulent flows, so no technique has been
developed to measure it.

Terms such as u2v become important in the
turbulent energy relationst. 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 obtalned.

— 7 3
w? kp + k 3 "';'
E 4 L "(0 "P 3 ty +K
ln3 2 5:n3‘p /8 e )[ *F +¢ 6 v

.12
~Kp Ky Gp € Kk 9_4(5 &

- x2 a7 3
v Ko & - -k, p o - 3 =7
I'y'u;_"-’: o % (tan0)[x7 &7 - K3, €3

+&: K"i" q‘;’efp -_Kpr:, 9@6‘_‘0] '(5-121)

uv y' — —_—
-q;s = 3[ ;r.(,e*; e_‘p-—;f“,x_; e;pe_; ri
| */ﬁ. % 43 &% ] (5.122)

-
Layer, Proc. Cambridge Phil. Soc., Vol. 47, pt. 2, 1951.

Townsend, A. A.: The Structure of the Turbulent Boundary
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vz «3 :
1);,"8[#pC’+¢*k .K K. e,‘o_(p

e : -/G-pA’-pew@-rJ (5.123)

Modern multipliers now exceed any requirements made of
them in analyzing hot wire data, so that the four oper-
ations required can be done with about the same degree
of accuracy as the evaluation of mean square terms from
X-wire data.

The usual measured correlation is for two points,

‘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. It

‘may be kept in mind that the addition of more hot wires

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 correlation

coefficient can be written as

T (u ru,)? -(u ur,)"

. R® Vu*«/uz VYA VE

(5.124)

It has only been in the past few years that instantaneous
multipliers circuits have become available. Although
multiplier circuits were reported in the literature for

- a good number of years, the operation was marginal. The

commercial units presently available give very reliable
results. The sum and difference technique was used in

the place of multipliers. A simple sum and difference

eircuit, such as shown in figure 2.2@ is quite easy to

build and operate. Also the cost of good electronic

- -multipliers suggests the sum and difference circuit will
- 84111 be employec when limited budget research is done.

The correlation coefficients R_, R_and R__ cah
_ v’ Tw uv
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be determined from two X-wire probes. These
correlations measurements are a major undertaking, and
as such have not been reported. As an alternate
approach, the autocorrelation technique, has been
employed. The autocorrelation measures the correlation
of the signal from & single wire at two instances in
time.
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Figure 5.38 - Sum and Difference Circuit.

Separation of Velocity, Temperature and Density
Fluctuations - The general application of the anemometer
to measurements of wvelocity, 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, without bringing in the complexity of
the general relations. The general sensitivity equa-
tions do in no way eliminate the necessity of individual
wire calibration, but rather, they serve as guides to
performing the calibrations. The non-dimensional heat-
transfer correlation for hot wire can be written as:

. Nu‘f= (M, Kn, AT 7, @) (5.125)

?

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, 7’ (=Tw-Te/Ty = AT/T¢) is employed to ac-
count for the second-order, nonlinear dependence of the
Nusselt number on air and wire temperature. The effect
of T on Nu in slip flow causes up to 20 percent
deviations from the general correlation. The recovery
temperature, Te, may be expressed in terms of the
recovery temperature ratio, n, and total temperature,
Te-qri. ‘The heat loss from a wire may be written as

I‘Réﬁrik(m-);{)ﬂ’ut (5.126)

Equation (5.126) assumes that Nut is corrected for
finite wire length, so that 12 is the square of the
measured wire current times the end-loss correction
factor}'I R Naturally, if a calibration curve for a

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

It will be assumed that the hot-wire resistance
(or temperature) is maintained constant by a fluctuating
feedback current:
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2IRAI = 35 [Tk Ty T, INudU + 2 [mlk(R-y T )Ne

(5.127)
[ﬂ'lkfr J;T)M_Jdcpf- Jr[xik{r.m TN ]dT

If the fluctuating current dI is set equal to i and
small finite flow fluctuations are approximated by §

' to replace the derivatives, equation (5.127) can be
written as

F‘P k/\/uzz( kNa P[JU')+JIRk{r ?,) SU'

[zmkm"'?r)% ;u’Ak’V“ﬁ( )J5)° |
(5.128)

ak
[ZI'R (7;'"?7;)”& 37‘ "-Z)IJ‘% k”ﬂ?*er k(}" pT) EXF ]57‘

2IR

[ ) Bhecnrm Be]se

The following dimensionless groups are 1ntroduced.to
zeneralize equation (5.128).

? aKn_a___..._..ﬂ.i\

3/0 a/a oKn CLT

L Iy
oM 9 _ 1 2 <
oU M ~ s

@D

2 Y
v - (5.129)

'. : 'E'+_a__J
2. -5 =—,Lar-

o

-Using the above relation in equation (5.128), along with
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— B I ;rR _
~the relations M = T and Z— =T kK (Tw= =pT, 0

results in the following from for the senol.tnrlty rela-

tion
U2 U
. 2 . M oMy
gtex 1="I"[ (H‘ )fl %«, cpj;g-l"(ff"g—,Mi)Nu oM.

3L Ka o Kn dNu 7 &
+L [ Kn Kn. e
2L 7T 3?(., Na axn]

- .150
IRyt g sp O

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

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

O T s .

T =z 1l +& =M and 2-t . . a for example

] 5 50 = Py ( amp

- “the relations are not valid for flows of a&air. in wh].ch
“the temperaturc excees 2000°%K).

Pryursch Equation (5.130) is valid for almost every type
of aerodynamic flow obtainable in test facilities. The
exceptions are the very high temperature shock tubes
and some are heated facilities. The special applica-
"tions of the transient anemometer to date are for the
most part limited to values of Kn<0.10. Restrictions
of the hot wire to flows in which Kn<0.10 allows the
recovery temperature dependency on Kn and ¢ to be

-—neglected. Also from figure 5.30 the three dimensional
angle § ¢ is zpproximately equal to l—(l.e. tan § @ =~

§y=v). This essumption is eq_u:.(falent to assuming that
U

the w velccity fluctuwatiofs do not affect the heat
transfer from the wire. Inspection of equation (5.130)
suggests that simplifi¢ations are possible by emoloying
logarithmic derivatiows (i.e. M 8Nu . dlogMNu

Nagm OM T Slog M’
T gk _2losk :QNu _ dLAG Ny
kg‘r, amT’a’""N El2 oLecse)
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The constant temperature hot wire anemometer sensitivity
for continuum and moderate slip flow the sensitivity
relation may be written as

. .i'_[—(tf L ) {4--5%1 Z(r-im(1+ % )‘;%ﬁ” 4

+L I [aLoc-Nu 21' atoeﬂu]
v Y Kalo (s.13)

,.I[gmk 'r:»g ﬁNu} 5T

Jlog T

-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 =¢

' #
o[l SN BRG]
Kn an, |, k Kn oM
+IR[p SR+ T 3R - K ] B
L3k , T gk > _ (5.132)
A AT
+IR[ZZ 2 _ 93
Iele% & T 5t m el

o |
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: Horkovin,l has defined a differcent form of
equation (5.132), where he considers Nu = f (M,Re,Z).
The quantity ¢ =Ti4-1s simular to the temperature load-
ing term. He obtains a more general form in that
the wire temperaturc is treated as an independent
~ variable., The derivation does not include the effect
of yawed wires. Morkovin's sensitivity relation in the
present notation is given below.

-/, 2
JLes U Re, _Ttn 3Nz _n “*"“JM
ezIR[dLoGT o Leg Tt' N‘-‘t Nut a6 T 2 7 5)%

- s Rep 39 1 ﬂzMQzST'
diog T, 7:9&; (’RM) r M

RG’ 3” aM‘
CHIRLFES “'*(" M) e -~ f(# )7 M
g f-'f?et_z ] sSU  Fasdiir ess
—; ’? aREr - ._” = _":_-::‘ (5-135)

'+IR[ Ree 9Ny 7 Re 27 7 5p

Nu, e, T 5;5295&% o

G 9INu 8 s, - .
+TR | — ZC%c + — W R
'}: [M_d_t 9 .G R - L =

o —
& -

~

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

Measurcments of Velocity and Temperaturc Fluc-
tuations - The general sensitivity relation indicates
the hot wire responds to fluctuations in total
temperature, as well as to velocity and density. 1In
other words the hot wire behaves as an anemometer,
resistance thermometer and a manometer all at the same
time. The present discussion assumes that it is
possible to obtain a turbulent flow in which only
velocity and terperature fluctuate. If temperature
fluctuations are kept small (of the order of 5° F or
less) and velocity is also low, then a turbulent flow
field might exist in vhich fluctuations in density can
be neglected. Whether such a case actually exists has

1Morkovin, M.V.: Fluctuations and Hot Wire Anemometry in
Compressible Flows AGARDograph 24, 1956.
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not been complectely established, however, measurements
have been reported based on the assumption that density
fluctuation can be neglected in special flows.

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 anemometer in this type of flow.
Assuming §p/p=0, the general equation (5.130) expresses
the linearized sensitivity of the constant temperature
hot-wire anemometer in an incompressible flowv is,

dlee Nd
ezr[" (1+ TLM) T 3 =2 (v +(1 B e |

.h)
L EfUmk _x _Tep gnu) s OB
t 5l S T TEIY

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 =['§k(&-7)%%#] U+ Fg—’—ﬁkﬂu.i* gk(&‘r)%;-ijt (5.135)

where Q 1is the hot wire length, I is the current

passing through the hot wire, and t is the fluctuationin
From the definition of Musselt number Tempevature.

va< bD_ IR
Tk kmf’(rw-m

the relation, Eq. 5.135, may be expressed in terms of the
directly measured quantlties.

oa m(’ar *‘D)ud b 67_)] u+ 2Lt (5.136)
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Equation (5.136) may be employed to evaluate the
r.m.s. velocity and temperature fluctuation and the
velocity-temperature correlation. A typical example of
the application of the equation is encountecred in the
study of thermal boundary laycrs. It is desired to
determine the usual fluctuations and also the correla-
tion of velocity and temperature on a delay basis (auto-
correlation). For this application it would be convenient
to obtain a hot wire output proportional to only the in-
‘stantaneous velocity. The instantaneous temperature
fluctuation can be obtained by operating the hot wire as
a resistance thermometer.
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Thus, cquailo:. (%.134) indicates that for & hot wiin

neld a: consitant temperature (electronically
necessary to knoir the variation in wire ol
flow temperailur: and ~velozity. For the cas
resistaiice thermoneter it is nossible to op
"hoi wirc" al such a low valuc of current (
ture) that PE/IV = O and equaiion (5.136)

(RESISTAICE TIERMOIETER) de = %"-57:,:; T

where (I >6)

Bl

1

rapicly with wvire temperature. Thus, by opcrating
hol wire at high temperatures it might ve possible

rcach a condilion vhere HE» 2E.
73T

Ll

The possibiliiy was advanced that JE/PT docs not :
wilh increese in wire temperature whercas ZE increas:
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Figure 5.39 is a plot of Lhe velorily and texmp-
crature sensitivity Lerms obtained for a 0.000Z inch
diamcler 90 percent platinum 10 perzent rhodium hot
wirc. The tcrms are plotted as Jk” and ¢RZ as a

v 2T

matter of convenience only. For Lhe Lerms plolted in
figure 5.39 cquation (5.136) would bLe written as

2 2
2Ede = SV 9Ly T (5.1360)

These data were oblained by placing the wire normal Lo
the flow in a constant temperalure stream. The tempera-
ture of the wire, rather than the air temperaturc was
varied. It is knovml that the heat loss is a function
of (Tw -T) rather than the absolute temperature level,

so a change in wire temperature is equivalent to a change
in fluid temperature (the sign of the sensitivity is
reversed). Figwe 5.39 shows the velocity sensitivily
term, which is a function of both AT and {lov velociiy.
The velocity sensitivity is precatest at lower velocitlies
and highest AT. The tempecrature sensiltivity is not a
measurable function of AT, however, there is a variation
with velocity. The variation of the temperature sensiti-
vity with velocity is due mainly to heat conduction to
the supports. An infinitely long wire would show a
lesser variation with velocity

Figurc 5.40 compares the tempcrature sensitivity

to the velocity sensitivity as a function of AT and
velocity. In order to neglect the temperature sensitivity
it would be desired that an error of less than 5 percent
were made. Only the 10 feet/sec case at AT = 1000°F
would this 5 percent figure be reached. (The curves are
nearly constant values above AT + 1200°F.) No means of
improving the results of figure 5.40 have been found.

The differentials de, dV and dT are replaced

1
Baldwin, L.V.: Slip flow heat transfer from cylinders in
subsonic alrstreams. NACA TN 4369.
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Figure 5.40 - Comparison of the Temperature and
Velocity Sensitivity.

equivelent to linearizing the hot wire response equa-
tion. Equation (5.136) in terms of the squared quenti-
ties is :

&~ (55 “""2(37;) )uw )t‘ (5-138)

Tais is the actunl equation which would be obtained
from a hot wire measureament. For equation (5.138) it
is noted that the camparison between the velocity and
temperature scnsitivity terms goes ns the square. Thus,
for ihe mean equation it is evident that the terpera-
ture term can be neglected campared to the velocity
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terms for AT greater than sbout QOOOF. Thus, fo:he
£lows in which ut = O it is possible to mcasures il
r.m.s. longitudinal turbulent ve}oc%ty in t?e pzﬁeemean
af terperature fluctuations. This is true orf Lk
quantity only and not applicable for measure O
instantaneous velocity.

For the thermal boundary layer it is by no ?eigg
evident that ut = o. Evidence sugge?;slﬁgg ci: zt e
2 —5. Thus, equation (5.
order of w x t2 y €4
best be written as

é"-_j:(%%)aﬁﬂu(%%){%—i ot (5.138a)

.,

J

for the thermal layer. The measurement of u® and Ut
is made by operating the hot wire at two values of At

‘and solving two simultaneous equations. :

- -

Note that the calibration curve of a hot wire
for evaluation of both temperature and velocity fluc-
tuations is a taree-dimensional curve. Figure 5.41

“-is a typical calibration curve dravn up a three-

dimensional plot. The vertical axis is wire voltage,

" while the other two axis are flow velocity and tempera-

ture difference.

~ -~ Measurements of Velocity, Temperature and Density

Fluctuations - The extension of the hot wire anemometer
technique to compressible flow has been underway for
about 10 years. The major efforl has been in connectioén
with the study of supersonic flows. Historically,
Kovasznayl introduced the original concepts of turbulence
in supersonic flow and applicd extended King's law
relations to supersonic hot wire measurements. Morkovin,2
working with Kovasznay has formalized the approach in
terms of the general sensitivity equation (5.132) or
(5.133). The present discussion follows the general -ifeas

lKovqsznay, L.S.G.: The-Hot‘Wire Anemometer in Supersonic
Flow. Jour. Aero. Sci., Vol. 17, No. 9, 1950.

ngrkovin, M.V.; ibid.
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Figure 5.41 - Summary of Hot Wire Velocity

Temperature Calibration.

7]
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of Kovasznay and Morkovin, but it will be kept in mind
that King's law does not necessarily apply to the mean
heat loss data.

The voltage output from a hot wire normal to the
mean flow can be expressed as

) s -
8e=4C, % +aC, G +as 5L (5.337)

From the hot wire sénsitivity relations the wvalue of
Dep, Aey and Leg are determined as given in table V.I.

TABLE V.I.
IR
Agns [ Ka 27 aﬁrn M.:. & KnJ (Const. Tempe fa!.'dﬁ?.)

— - kﬂ a
IR[ ak 5 ;—%’ g ah‘n] (const. cuyrent)

=IR "?"taNu
- [ “té‘!?e: T p B 5% ](”‘W“W*’")

- IR 2/
deq_- 2 ["( Mz). M CP ?1"0# M)M( M
(Cowst: mmperatuae)
Maﬁ
-IRE!*EH‘)H‘ ar:v-(! L 2) 8.4::;,, t h-'UM) S
(consr current)
- A’e AN M3p , Re 3
IR[ &= &Nerf-(hvm*)ﬁqr 5 LZ{(.'« r’ﬁ’) AR e ig}

_ {Morkown)
=IR %%’1- ;7;-3-% t-)_z %f%—g €onst. carrent)
=IR[S5 A e e ~ L s~ s o
‘?3‘%;‘5‘5”3@5 3{'(/*‘ MY &%ﬁj(ﬁfoﬂ’awn)
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The mean square output of the hot wire (equa-
tion 5.137 squared) contains 6 fluctuation terms:

5u2, Sp , § T2, §udp, SuldT, a.nd&;&T. This req_uires that
6 independent equations 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 relations. The practical evaluation of
information from hot wire measurements, where more than
three unknowns were considered, is not known to the
authors. Instead, the hot wire is generally operated in
.such a way that the number of unknowns is held to three
or less. Such a case may be found in the use of a hot
wire at supersonic speeds. As was demonsimated in.
Figure 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, ‘Agm,

.Ae=4emf—g%}‘-+4 &z (5.138)

The mean square of equation-(5.138j is

' T =pAQ2 7,030 (5.
AT = Ly +memaet%%_5'mtfﬁ (5-139)

Equation (5.139) is the relation used in evaluating the’
supersonic hot wire anemometer output. The number of
unknovn fluctuation terms ls only three, as in all
previous 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 statistical approach to
the evaluation can be made. Kovasznay, has introduced a

T

Jour. Aero, Sci., vol. 20, no. 10, 1953.

Kovasznay, L S G.: ibid, and anbulence 1n Supersonlc Flow._
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"fluctual lon dlnnrnm graphlc technlque Lo Lmprove Lhe
aevaluation of equabion (5.139). Although Kovasunay's
technique hno been employcd mainly (or the evaluatlon of
suporsonic dala, Lt 1s npparent that it can be used for
any cage where three unknowns arc present.

Resolution Limits of.the Hot Wire Ancmomater -
The above discusslon of the translent hol wire anemometar
has attempted to cover the important nonslderatlions
nocessary to make accurate measurements. TFor the opeciflc
arcas of application considred the present ancmometor
systems are adequate. However, as the neced for morae re=-
fined measurements orise and also applicatlions outside the
prosent area of use are made, then 1t ls necessary to aone
sider crrors that arec normally of sacond order. The
prosent discussion is concerned with both theme socond
order effects in translent hot wire anememetery measure-
ments, and aloo tho limits attainable with the instrumant.
The present approach will be to note possible effects and
reference literature where more daetall is available. It
is imposalble to ascoos the importance of the effects con-
sideraed.

The ultimato limits of the anememater will be
determined by tho electronie and aerodynamie limits on
frequency responss. The space resolution pessible with
the hot wire will depend on how small a length can be
used. Those consliderations together with the polse level
of the electrenie eireuits will determine the ultimate
measuring abllity of the hot wire anemometar.

Problems Ansoelated With Tranalent Hot Wire
Anememetery - Unfertunately, what 1s a sacend erder
probiem in one measurement may be a major problem in
another appllieation. In the present seetion two preblams
of major eoncern to most researchers are singled out for
specific consideratlion. PFirst the wire breakage problem’
is discussed, At the start of a program in whieh hot
wires are used for the first time, breakage will cause a
great deal of coneern. Beecondly, the fraquancy response
problem is dlescussed. This frequency problem can escape
the inexperlenced researcher and lead to incorrect mea-
surements, which might not be realigaed.
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Wirc Breakage - The ultimate objective of the
present chapter might be to cnable the researcher to
obtain a correct turbulence measurements on his first
try. Unfortunately, experience indicates that the
‘researcher will be lucky if the first wire lasts until
it is mounted in the flow. Unlike‘other types of
measurements, the problem of the hot wire is to get it
in the flow intact, rather than just the problem 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 attempts at
operating the hot 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 cperated by inexperienced
people. The 0.0002 inch diameter wire is at least an
order of magnitude more difficult to handle. To begin
with, a probe with strong wire supports with a minimum
amount of "Spring" is recommended. The inertia of the
wire alone is not great enough to break the wire even un-
der 50g acceleration loads, but a small movement 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,
a probe with wire supports made from tapered steel
"paper clips" are found to work much better if breakage
is a problem. Secondly, 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 cut$ shock breakage to a
Kovasznay and Morkovin even go one step further and put a
drop of rubber cement at the Junctlon of the support and
the ifwre. 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 move-
ment occurs.

Once mounted in a flow the wire will not fail due
ta aerodynamic loads, but rathcer due to external effects.
If a constant current anemometer is being used, the most
likely wire failure will be wire burnout. A standard

‘procedure employed by the authors for both constant cur-

rent and constant temperature anemometers is to employ a
probe with a light bulb in place of the hot wire. A
standard.... lamp has a tungsten wire filament simular in
characteristics to the hot wire. This light bulb probe
can be heated up just as a hot wire is heated, and the
operation of the circuit checked without fear of burnout.
Any sudden surge of current can readily be observed by
the light emitted from the bulb. A smooth working current
cantrol system is essential to prevent wire burnout. If
a wire gppears erratic in resistance on heat up, the
trouble is most often traced to a poor sclder joint
between the wire and the support.

The air stream in which the hot wire is operated
rust be reasonable clean and free of dirt particles.
Note that the hot wire has a very small frontal area, so
that chance collision of "dirt" particles is great only
if there is a large number present. In the large labora-
tory (NACA-Lewis) air supply it was found that sufficient
particles were present to cause trouble. After mahy at-

_tempts at filtering the air, it was found that paper

filters are by far the best. Such materials as felt were
found to increase the "dirt" problem. If at all possible
a dry paper air filter should be installed in the upstream
air supply before a program with hot wires is undertaken:
Paper air filter systems are available for extremely high
mass flow rates, so they should not be ruled out in high

. velocity facilities. For very accurate work with the hot
' wire anemometer, particles too small to break the wire

should alsc be eliminated from the flow. These particles
of "dirt" can possibly change the calibration of the wire.

., To obtain the very high degree of filtering, paper filters
‘with high electrostatic charges are used to attract and

‘trap the particles.
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Frequency Resvonse - Once the wire breakage

problem is under control the task of interpreting the
data begins. The most common source of error in early
ancmomcter measurements was related to frequency
response. Such problems as wire compensation and
accurate reproduction of turbulent fluctuations are in-
cluded in the general problem of frequency respcnse.
'To properly account for all aspects of the frequency
problem the researcher must become familiar with the
camplex 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 known source

of turbulence. The measurements of figure 5.16 show

"the variation of turbulent intensity with Reynolds number.
Attempts to measure 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-
rent 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 instrument, including measuring the frequency
response, which showed the bridge circuit was not useable.

Instrument Resolution - The resolution of the hot
wire anemometer is limited to both space and time. The
upper frequency response limit will be the determining
factor in the instrument time resolutions while the wiré
length and size will determine its space resolution. The

third factor in resolution is the "noise level" of the com-
pleéte system, which will determine the minimum signal

level that can be measured.
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Time Recsolution - The time resolution of the hot
wire anemometer can be expressed, following Kovasznayt
in terms of a resolution length in the flow direction.
'A length Q. U/2f is defined in terms of the mean
velocity U and the upper {requency of the ancmometer,
f. Figure 5.42 shows this resolution length as a function
of U and £. Tae prescent upper limit for the electronic
compensation is between 300,000 cycles per second and
500,000 cycles per second. The limits are imposed by the
maximum gain available from the electronic amplifiers now
used in anemcmeters. There is no indication that the
actual limit of amplifier design has been reached, so
that higher frequencies may be obtainable in the future.

The ultimate limit of time resolution must be
‘determined by the transfer of information from the flow
across the viscous laycr around the hot wire. In other
‘words the wire boundary layer will determine the upper
frequency response of the anemometer. An exact theoreti-
cal analysis is not available for the magnitude of this
upper limit. An analysis made by Mr. C. E. Shepard of the
NACA Lewis Laboratory for the idealized case of a cylin-
derical boundary layer about the wire. This analysis sug-
gested the ratio of the wire time constant to wire bourdary
layer time constant is approximately

..'é_:'!té_:ﬂaoﬂu (For Nu>20) (5.1k0)
BL

This relation suggests the upper limit of frequency will
be of the order cf 2 megacycles. The analysis assumed
the "capacitance" and "resistance" of the boundary layer
could be lumped together, when in reality they arc - :
distributed. However, the simpler relation was employed
to obtain an estimate of the ultimate time resolution of
the hot wire anemometer. Certainly, the operation in slip
and free moleculer flow will not be restricted by this .
limit. . 3

b

Kovasznay, L.S.G.: Physical Measurements in Gas
Dynamics and Combustion. Vol. IX (High Speed Aerodynamic
and Jet Propulsion) Princeton University Press, 1954.
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Space Resolution - The length and diamcter of the
wire determine the space resolution of Lhe 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 measurcments. 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 spacc resolution
of the hot wire anemometer has received considerable
attention. These analyses have been reviewed by Frenkiel,
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 velocity, u,
along a wire cannot be neglected. 1In 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

ett): g :_'&) (5.141)
K =(l:'m-2'£;) EnUm_ (Constant Current) -
! ¥ Ra

I{l =R(R-Ry)Bn U__m_n" (Constant Temperature)
2E,, _

If the turbulent velocity, u, varies along the wire
length, then the voltage e(t) may be defined by the in-
tegral - _

. 2 |
e(t)=K,[u(:;t)ds (5.142)

1Frenkiél, F.N.: Aero. Quart. Vol. 9, 195&

2COrrsin, S.: Turbulence: Experimental Methods, Handbuch des

Physik, vol. 8, 1962.

1
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where s 1is the coordinate along the length of the wire.

The mean square voltage for the.case where the length
can be neglected is

=K (5.143)

and for a wire of non-negligible length

The integral is transformed into a double integral witH
the condition that the average of the integral is also
equal to the integral of the average employed.

A2
"‘":Kfffu(sut) uls,, t)dsds, (5.145)
(- I

The teim in the integral can be expressed in terms of a
correlation coefficient (where y 1is in the direction of

s)

ulxo,2t)ulxy zt
Ru(.‘f)""' L Jz)i, %5t)

(5.146)

Also for homogenecous turbulen er the length of the
wire it is required that TU¥=[ulx0z, 3= [q(;g_y,z %

Thus, equation (5,145) can be written as
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—

— 2
%“?K,’U“{[ Ry (s,-5;)ds,ds, (5.147)

The relation can be reduced to a simpler form by setting,
sﬂk§sf, and requiring Ru to be an even function, ref.

— a1t
e = 2K, u‘[{!— $)R,(s)dls -+ (5:248)

Equation (5.148) gives the value of ;% meaggred with a
u

wire of non-negligible length. The wvalues and Ru

are the true values of the turbulent terms. Comparing
equation (jﬁlhB) to equation (5.143), which is the true
value of e“ when wire length is negligible, gives the
following ratio ois )

e ., _
x= % [ (£-)Ry (s)ds (5.149)

-8ince R_= Q, 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 determine 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
reliable data. However, if the spectral distribution of
the turbulence is to be measured, then a much greater, signal
.to noise level will be required. The noise spectrum is
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generally of ccnstant emplitude vwhich extends over the
useable frequencies of the amplifier. On the other
hand, the turbulent spectrum decreases rapidly with
‘increasing frequency, so that the two signals may be
of equal amplitude at the high frequencies.

Techniques are available in communication work,
wherein signals can be extracted from noise. Howvever,
in the case of turbulence the signal does not differ
-greatly in wave form (at a given frequency) from the
noise wave form. The practical method of lowering the
signal to noise ratio of the hot wire anemometer is to
increase the output of the transducer, and at the same
time lower the noise level of the amplifier. 1In the
past the constant temperaturc hot wire anemometer has
been vieved with disfavor, since its noise level wvas
somevhat high. The constant current anemometer, being a
simpler a.c. amplifier, can be made with lower noise
levels. The improvement of the transducer output signal
‘is also a possible line of attack. If, for instance,
the -semi-conductor elements can be employed as hot wires
the output signal can be increased by an order of magni-
tude. Another approach is to employ a very thin film
coated on an insulated cylinder, so that a very high
resistance metallic elenent is formed. Here again, the
resolution of the anemometer is more than adequate for
most epplicati ns, and it.has by no means reached the
ultimate in low level turbulence measurements.
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MEASUREMENT OF TEMPERATURE

Temperature is defined in terms of the average kinetic
energy of the molecules of a material. Tor the temperatures
in which we live this definition is quite adequate, however,
if the ordered motions of the molecules approach the random
motion of the molecules then we will find that difficulties
arise in how toj; first mcasure temperature accurately, and
second for extreme velocities how to define temperature.
Because the motion of molccules are random, temperature has

- no directional property in the kinetic theory of heat approach.
However, if we impart very large uniform motions to the mole-
cules, it is possible to arrive at a condition where, (by
defintion). the molecule may have temperatures in the hundreds
of thousands of degree in the. unif'orm direction motion and
near absolute zero in the direction normal to the uniform mo-
tion. Thus, while for most fluid mechanic measurements
temperature is well defined, there exists a remote region of
free-molecule high energy particle flows where problems in
definition can arise.

Through the present discussion we will be mainly interested
in the measurement of temperature according to the well defined
kinetic energy concept. The measurement of fluid temperatures
appears to be well in hand, from temperatures approaching abso-
lute zero to roughly 3,000 or 4,000°F. The upper limit is, of
course, vauge because of the calibration ability. No doubt, the
"International Temperature Scale" can be defined up to the
melting point of materials such as tungsten, but major problems
are encountered in the measurement of temperature at these ex-
treme conditions. There is a major interest and effort underway
to measure temperatures well above 4,000°F in fluid mechanics
and the related special area of plasma physics. Thus, there is
still a major area of research type work available in the area
of temperature measurements.

A. Mechanical Temperature Measurements - The most common

means of measuring temperature is the liquid in glass thermometer.

This instrument makes use of the phenomenon that different
materials expand at different rates upon being heated. The ex-
‘pansion of glass is extremely small with temperature, while
liquids have large variations in expansion with temperature.
Liquid in glass thermometers are available with ranges from
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-190°C to upwards of +5000C. The upper limit being set by'f
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
point 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, whether used or not,
are subject to progressive changes in volume. Such changes
will not exceed 0.1°C for good grade thermometic glasses,
provided the thermometer has not been heated above 150°C. It
is for this reason that the National Bureau of Standards will
issuec certificates showing corrections only to the nearest
© 0.19C or 0.29F 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 tc 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

" temperatures 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 known 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 coirections for liquid-in-glass thermomefers
are tabulated by Busse.

Metalic expansion thermometers find wide use in direct
reading type instruments. These devices are simply not accurate

5 )
Busse, J.; Liquid-in-Glass Thermometers. Temperature Its Mea-

surement and Control in Science and Industry. Am. Inst. Physics.
(19%1) |
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enough for research use, and are of interest only for their

quick reading.

B. Resistance Thermometer - The possibility of employ-
ing the temperature dependency of resistance in metals as a
means of measuring temperature is credited to Sir William
Siemens (England( in 1871. The idea did not meet with popular
approval, and was challenged by a commission of eminent English
scientists. Improvement in purety control of metals and in
construction technigues has, of course, made resistance thermo-
. meters practical. H. L. Callendar was perhaps the best known
of the early experiments who developed and demonstrated the
essential elements of a resistance thermometer.

The information available on resistance thermometers as
steady state temperature measuring instruments is quite exten-
sive. Indeed it would not be difficult to write a complete
book on the resistance thermometer alone. The present section
is only a brief review of the state of the art as they relate
to the resistance- temperature transducer family. The main
interest will be the application of the resistance thermometer
to transient and fluctuating temperature measurements. The use
of the thermometer for transient measurements has received very
little attention as compared to steady state applications.

The general concept of resistances temperature transducers
was to divide them into three groups: Metalic conductors, Semi-
Conductors, and Insulators. The division is maintained for the
resistance thermometer. The metalic conductors are of great
value in the measurement of temperatures from roughly - 190°C to
1,000°C. The semi-conductors are of specific interest at the
.very low temperatures, although their large variations in re- .
sistance make them desirable at ambient temperatures also. In-
sulabors are considered for very high temperature measurements.

Metalic Conductors: - Of the many possible conductors,

platinum is perhaps the best known and most important as a resis-
tance thermometer. Other metals used for resistance thermometers

include copper, nickel, tungsten, silver, iron, tantalum,
molybdenum, Iridium, rhodium and their alloys.

a) Platinum - Because of its many desirable characteristics
such as high melting point, chemical stability, resistance to
oxidation, and availability in a pure form, platinum has been
chosen as the interrational standard of temperature measurement
from the ligquid oxygen point ( -182.97°C ) to the animony point

|
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( 630.5°C ). For this purpose platinum is draim into wig?
with utmest care to maintain high purity, and the wire is
formed into a ccil vwhich is carefully supported so that it
will not bLe subjecct to mechanical strain caused by differ-
ential thermal expansian.

The resistancc-tcmperature reclationship for platinum
is eiven by the Callendar-Van Dusen cqua*;on.

Ry/Ry =1+ a[T - 3& J)(100/ A (1000 j)(1000)

(6.1)
where R, is the element resistance at 1°C, R, is the
element resistance at 0 C, and & , § , and ,4? are
constrants for each individual platinum element. is
zero above 0°C, <hat 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,

A , § , and L , to be computed. This is the princi-
ple upon which "calibration" of a pure, annealed strain-free
platinum sensor is based. Ro is normally measured directly

by observation of R_ at 0°C. . Knowing R , can be most
-easily determined by measuring R, at 100°%. At 100%
.Equation (5.1) reduces to:

Rioo = Ry (1 +100 & ) (6.2)

Where R,,, 1is the element resistance at 100%. § is
determined from a third measurement at the boiling point of
sulphur (444.6°C). _& is determined from a measurement of
the element's resistance at a temperature below 0°C. Usually
at the boiling point of oxygen ( -182.97°C ). Typical values
are & = 0.00392, § = 1.49, _& = 0.1 for negative T, and
& = zero for positive T.

1 _
Van Dusen, M.S.: Platinum Resistance Thermometry at Low
Temperatures. J. Am. Chem. Soc. Vol. 47, p. 326 (1925).
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Figure 6.1 shows the resistance temperature rela-
tionship and its rate of change (first derivative, dR/
dT) for the pure platinum resistance thermometer.

A good indication of the impurity and built in
strain of a platinum element is the value of & (Equa-
tion 5.1). For unstrained, annealed, pure platinum wire,

a ‘equals 0.003927. NBS certifies platinum temperature
" sensors with an & of 0.003920 or greater. Typical values
of & might lie between 0.00391 and 0.003925.

For most applications the platinum sensing element
is protected by some type of housing. An open-wire ele-
ment would be best for fast response and conduction er-
rors, but it is most subject to strain and dirt. For
operation in fluids such as water the element may be
ceramic coated to both insulate and protect it.

b) Other Metals - Materials used as resistance ther-
mometers are selected on the basis of their: 1. Tempera-
ture coefficient of resistance, 2. Resistivity, 3. Tensile
streanth and ductibility, 4. Stability, and 5. Linearity.

For a resistance temperature element to be used over .
long periods of time it must be stable under a wide variety
of enviromnmental conditions. The sensing element must be
annealed to obtain a stable resistance. In addition resis-
tance thermometry requires the element to be chemically and
metallurgically stadle over long time periods. Most metallic
conductors are quite stable, however, stability is the major
objection to semi-conductors.
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Figure 6.2 shows the nonlinearity as a function of
‘terperature for typical resistance thermometer materials.
The curves were ccrputed by calculating the deviation of
the true curve fram a straight line having intercepts at

32 and 932°F.

The deviation from the straight line was

then plotted as a function of temperature with the

ordinate normalized for a 900°F
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Figure 6.2 - Nonlinear Effect in the Resistance-
: Temperature Curves of Metals.

Table VIlsummarzies the properties of various conduc-
tors which are used as resistance thermometer elements.

Table VI.l1- Resistance Thermometer Materials

Material Res, 32°F | AR/R/°F |[Max,Air [Tensile
ohn/cnf x1000 | Temp,°F [St,1000#/in%

Platinum 59,1 " 2418 | 2200 0~1000 '

Tungsten 30.3 2.9 L00-500 | 590

Niclkel 36 2.4=33 | 1000 120

Rhodium ok, 2.6 3400 300

Molybdenum 3.1 1.9 LOO' |100-400

Iridium 29,5 2.3 4000

Silver 8.8 2.1 1200 42

Iron %3.1 .3'-.11- 600

Tantalum 73 o7

|Plat~Ira (5| 115 1ad
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Nickel is perhaps the most widely used materials for
resistance thermomcters. It together with copper are
.copmoen in applicaticns where temperature control is main-
tained with the thermometer. MNeither nickel or copper are
used for great accuracy measurements. The alloy of T0
Ni - 307 Fe ( Balco ) is employed for its large resistance(120)
in ohms/cmf. It has a relatively large temperaturc
coefficient of resistance.(2-5 407 2R/R/°F)

Tungsten is, of course, very attractive becausec of its
great strength. Also tungsten has a fairly linear resis-
tance-temperature curve. Although tungsten melts at
6098°F - it is not necessarily a good high temperature
material. Tungsten oxidizes at temperatures in excess of
TOO®F. Of the materials listed, tungsten is least affected
by nuclear radiation, and, therefore, can be employed in
nuclear reactors.

In general the metalic resistance thermometer is em-
ployed for the middle range of temperatures. Metalic
elements can be operated at cryogenic temperatures, however,
their very low resistance makes accurate measurcments
difficult. At the very high temperatures most of the ele-
ments suffer from oxidation or are so weak that strain
problems appear. In general resistance thermometers are
available with ranges up to roughly lUOOOF, however, most
applications are limited to values below 1,000°F.

Operating Techniques for Resistant Thermometers - Sev-
eral methods can be used to measure the resistance of a
resistance thermometer. These may include; potentiometer
circuits, as shown in figure 2.6; wheatstone bridges, figure
2.7, or Kelvin bridge, figure 2.10. TFor moderate accuracy
the Wheatstone bridge is employed. For standards type
accuracy the Kelvin bridges, such as the special Mueller or
Smith bridge, would be used. The Kelvin type bridges are
capable of eliminating lead resistance and are available
carmercially. There are many circuits available commercially
to perate resistance thermometers, including servo-balanced
systems.

The problems encountered in using resistance thermometers
include; Joule heating effects, calibration uncertainty,
instability of the scnsing element, conduction of heat to the
supports, lead resistance, stray thermal e m £ and time lag.
Also, if the thermometer is in a flowing stream the Mach
number effect on recovery temperature must be considered.
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The Joule heating will limit the amount of current
that can be put through the element ocfore it is heated
internally. Any amount of current will produce a heat-
ing of the wire. Thus, the problem is strictly onc of
deciding how accurate the "cold" resistance of the
element is to be measured. In other words what is the
minimum temperature rise that can be detected by the
resistance measuring equipment. The heating of the
element can be determined from an experimental measure
of the temperature versus current as shown in figure 6.3.
The heating will be a function of the physical properties
of the sensing element and also of the heat conduction
abilities of the surrounding fluid.
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Figure 6.3 - Temperature Increase with heating current

for a 907p1atinum - lOZ rhodium wire at atmospheric con-
ditions. '

Figure 6.4 shows a typical témperature rise versus 2R

for an element of 19,000 ohms resistance and the same ele-
ment material with 100 ohms resistance. The difference

in internal heating with the element in air and in water
is also demonstrated in figure 5.4.
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Figure 6.4 - Self-Heating of Typical Commercial
Resistance Thermometers.

The calibration of the resistance thermometer is
usually done against a known temperature standard. 1In
typical calibration laboratories the standard is a
platinum resistance thermometer. The exact calibration
technique depends on the knovm 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 thermometer is not
at the same temperature as the sensing element, there
will be a loss of heat to the probe body. The present
analysis of stem coEduction 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
through the boundary layer of fluid to (or from) the
element, and thence along the stem to the head of the
sensor (and tc the wall or external environment). There
is a resistance to heat flow (Rin*) vhich cannot always
be ignored, ard this is also illustrated schematically--
an exarple of Rint would be a sensing element mounted
inside a therrowell 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, F.D., Royle, R.D., and Anderson, L.E.: Rosemount

Engineering Co. Bulletin 9622.
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as ghovm in Figuve 6.5 there is additionzl heat trancfaer ‘21
directly w 1..r siem and vhence to fhe head, as i3lastratzd
by the lignt srrows. A @oze accurate victure of the st &m.y
giete neat trancfer situstlon will wsualiy show additional
beat conduction detail, but the model shown in Figure 6.5
will be sufficiently accurate for most purpoces of eatimat-
ing and will illustraie the principles involved.

N E I
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Figure 6.5 - Heat Fiow in a Tempersture Sensor.

The stecady state conduction of hezt can be visualized
more easily by cousidaring its elactrical analog. In this
case, a texperasiure drop corresponda to & voltez: drop and
the quanility of heat flowing per unit time corresponds to
the elactrical current. Tous, one recognizes that the
equivalent resistence is in the forn of degrees per watt,
which is the reciprocal of th2 usval vanits of heat conduc-
tance; wavls per degree (or BTJ'c per degree per second
or othar units of heat flow rate).
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Accordingly ncglecting hent conlucted to the stem

Figurc 6.6 is the equivalent clectrical circuit show-

ing the resistance to heat flow in the boundary layer,
the internal resistance, and the resistance due to the
stem of the sensor.

SENSING ELEMENT HERD oF
VWA —ANVAA— ——
- ERROR . '
< LEAT Fiow
e
L I -
8T=T,-T

Figure 6.6 - Electrical Equivalent of Simplest
Stem Conduction Problen.

From the circuit one can show that the error of
temperature measurement is:

§Tgo = BTy (Ryy + Rypy) / (Ryy + Ryp + Ry )e (6.3)

The symbdls and suggested units are as follows:

6§ Tge = error duec to stem condﬁction,loc.
Tf = fluid temperature, %

Te = sensing element temperature, °c

Ty, | = headl(or wall) terperature, °

T = ambient (external) temperature, °C
AT =T -T

1 a big
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0
le - T, =T, C
m = - G,
A;z T,-T C
nbl = thermal resistance of the boundary layer,
O¢ /uabt
Rint = thernal resistance betwecen the element and
- the inner surface of the boundary layer,
oc/watt
Retem = thermal resistance of the stem, °C/wntt
in = natural logarithm
T, = inside radius of a well, om
r, = radius of outside of sensing element, cm
1e - = length of sensing element, cm.
1 = length of stem, em
A = cross sectional area of stem, em?
kg = thermal consuctivity of stem, vatt/em °C
KB = thermal consuctivity of 3P between sensing

element and well, watt/em C
Rbl’ the thermal resistance in the boundary layer,

is calculated f{rom boundary layer theory, and the methods
have been described in detail in variocus text books. The
heat transfer to the sensing element through the boundary
layer should be specific among the specifications for an
irmersion temperature scensor, under definitely stated flow
conditions. Tor other fluids or other flow conditions,
the heat trans{er theory will allow one to male rcasonable
estimates, based cn this specified condition. It is sub-
stantially the same as the "self-heating" effect and will
usually be specified under this heading. As cuh, it is
usually given in watts per °C (a conductance), and the
reciprocal of this number is R, in °C/watt.

!

E B

Rint’ the internal thermal resistance, may be calculated

roughly if the detalls of construction are knovm, or moy be
calculated relatively well if this thermal resistance resides
mainly in the air gop around a sensing element fitted inside
o thermowell, a common industrial practice. In this case,
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it is given vy 412

R = 1n (rw/re) ja 1 kg. (6.4)

. For many kinds of high performance immersion sensors

such as oftzn 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,

Ratem is easily shown to be the following:

R =1/k A | (6.5)

stem

When there is moderate variation in the cross sectional
area, for example a small taper, the simplifying assump-
tion of using the cross sectional arca at the mid point
or .some other reasonable approximation to the mean value
may often be justified. An exact calculation for non-
uniform cross sectional area is relatively complex and
is rarely Justified because of the approxinate nature of
the calculations.,

Methods of minimizing stem conduction error for in-
stellations in tubing are shown in Fig. 6.6.

Dotted lines showm insulation which is always
desirable when acceptable. In large pipes or tanks, a

- long stem on. the sensor with deep immersion will

-ordinarily serve the purpose, and total immersion sﬁould
be considered where feasible. -

In the design of o sensor, stem materials having poor
thermal conductivity, such as stainless steecl are recom-
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. Tor minimum stem conduction errors,
attention should be given to providing rcasonably good
thermal contact betwecen the lcad wires and the stem. A
hollow stem with numerous holes as large as feasible is
highly recommended as a means for -suppressing stem conduc-
tion. :ins can be helpful, although they usually increase
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Figure 6.6 - Mininizing Stem Conduction Error.

the diameter of the stem inconveniently.

In the case of nonconducting fluids at moderate
or low velocity, perhaps no technique is so effective
as the use of a truly "open-wire" element type. By
this, reference is made to the resistance sensing ele-
ment types in which the resistance wire is supported
on a cage or on posts so that the fluid can circulate
all around the resistance wires. In this case, it is
scen that the conduction of heat from the stem must
be via the wires of the supporting cage, and thence to
the fine wires of the resistance element itself. This
gives ample opportunity for exchange of heat with the
fluid whose temperature is to be measured, so that stem
conduction errors can ordinarily be expected to be quite
negligible. Should error estimates be necessary in this
cage, the cross sectional areas of the supporting wires
of the cage, the lengths of these wires and their ther-
mal conductivities are necessary, so that they can be
treated as if they were the stem of the sensor.

The problem of lead resistance can be overcome by
employing tne Kelvin type bridges.. For less accurate
measurements the lead resistance is simply measured once
and there after accounted for in each reading. The
thermal e.m.f. voltage is eliminated by maintaining all

oy
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Junctiona between lead wirc and the reaistance thermo-

meter at conatant terperature. Second, junctions between
diszimilar m:tals are avoided to eliminate the thermo-
couple affect.

Semi -Conductors - The negative slope of resistance
vs. temperature elements such as thermistors, carbon
resistoars, and technical sami-conductors are considered
under the broad hending of gsemi-conductors. As discussed
in Chapter I not all these elements are strictly speaking
semiconductors, however, the resistance-texperature
characteristics behave in a similar manner.

a) Anbient Temperatures - Figure 3.1 shows a typical

comparison of a metallic conductor, semi~conductor
(thermistor) and an insuvlestor, temperature-resistance
variation. Tn the range of ambient teaperatures it is
sc2n that the thermistor has a much wider variation in
resistance then the metallic conductor. Figure 6.7 iz a
linear comparison of a typical thermistor and ccmmon
metallic conductors. The sensitivity of thermistors to
temperature changes around o° many times greater than the
metallic conductors. The resistivity of the thermistor
is many times that of the matallic conductor, so the output
voltage of the thermistor will be much greater even at
texperaturs up to 200°C or more.
5 S i

3 /

~
1,

R T FRrRAT T

R A A, N
R A R Gee
TEMOEAA TS
Figure 6.7 - Semi-ccnductor Resistance-temperatura
Calibration Compared to a metalic conductor.



The thermistor as a temperature measuring instrument
35 24

can only recently been developed. Although the seni-
conductor resistance-temperaturc characteristics have been
knovm for 150 years, their potential as a measuring in-
strument is only now being decveloped. The problem of
producing thermistors with reproducible and stable temp-
erature-resistance characteristics was difficult to over
come. Since most of the materials used as thermistors are
ceramic in nature, they absorbp moisture. Present construc-
tion includes a coating of glass or other non-porous
material about the thermistor to protect it from absorbing
moisture. The repeatability of modern thermistors is ex-
tremely good. Thermistor units are presently available
commercially in almost any shape or size desired.

b) Cyrogenic Zemperatures - At temperatures below
"about 10° K metallic resistance thermometers become rela-
tively useless as a temperature sensor. At the very low
temperatures the germanium semi-conductor has been developed
as a temperature sensor.
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- Figure 6.8 - Low Temperature Calibration of Senmi=
Conductors and Metalic Conductors.
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Figure 6.8 shows a sect of curves of typical semi-

conductor type sensors compared with metallic conduc-
tors. Above 15°K the percentage change in resistance
for platinum, is actually greater than that for
germaium, aowever, the resistance of platinum is very
small as compared to germaium. The carbon resistor is
also erployed as a resistance thermometer at the low
tomperatures. The development of the semi-conductor
as a cyrogenic thermometer is very recent and no doubt
will be of great value as this field of research in-
creases.

Insulators - It is important to note that the in-
sulator_is now being 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 Thermomecter 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-termperature curve for a
90 ‘platinum-10° Rhodium wire. This particular wire has
been fully evaluated for use as a transient measuring
resistance thermometer.? 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 tenperature and resistance is written as

R =R, [l+o<(T-To)J (6.6)
or in terms of the ambient temperature and resistance
I(R -R_)
IR = — 2 _OF (6.7)
(Tw-‘I'a) AT
1
Stickney, T.
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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90 7 Platinum - 10 7, Rhodium Wire.

where I is the current through the wire. Figure 6.10
is a plot of sensitivity. AE/AT computed from equation
(6.7) for differert length of the wire shown in figure
6.9. The longer the wire the greater the value of R,
thus the greater the sensitivity. Note that a steady
state resistance thermometer would employ several feet
of wire to greatly increase the sensitivity. Equation
(6.7) is equally true for either steady state or
transient operaticn. The amount of current through the
| wire is limited by the self heating problem.
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Figure 6.10 - Sensitivity of a 'QOZ Platinum - 10 Z
Rnodium Wire Tc Temperature Changes.
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For this particular wire a current of just under 100
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 heated 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-
gtruments.

C.Thermoelectric Thermometryl- Study in the field of"”
thermoelectricity began in 1821 with the discovery of
Seebeck® that an electric current flows continuously 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 results were expressed more
qualitatively (in terms of the direction of the currenl
flowing in a closed circuit) 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 knowvn as a thermocouple. The resultant
emf developed by the thermocouples generally used for
measuring temperatures ranges from 1 to 7 millivolts when
the temperature difference between the junctions is
100°c.

If a simple thermoelectric circuit (Fig. 6.11) the
current flows fron 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,

1
Present discussion taken from an article by Roeser, W.F.:
Thermoelectric Thermometry. Temperature Its Measurement

in Science and Industry, Am. Inst. Physies, (1941).
2

Seebeck, T.J. Gilb, Ann, vol. T3 (1823)
5The relation between the current and potential difference
in an electric circuit was first clearly stated by G. S.
Ohm in 1826. Schweigger's Journal, 46, 137 (1826).
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C, and that of one composed of C and B, both with their

junctions at Tl and Tz.

or, EAB = EAC + ECB

From this statement of the law it is seen that if
the thermal emf of each of the metals A, B, C, D, etc.
against some reference metal is known, then the emf of
any combination of these metals can be obtained by tak-
ing the algebraic differences of the emfs of each of the
metals against the reference metal. Investigators
tabulating thermoelectric data have employed various
reference metals, such as mercury, lead, copper, and
platinum. At present it is customary to use platinum
"because of its high melting point, stability, reproduci-
bility, and freedom from transformation points.

. Law of Successive or Intermediate Temperatures -
The thermal emf developed by any thermocouple of homo-
geneous metals with its junctions at any two temperatures
-Tl and ?5 is the algebraic sum of the emf of the thermo-

couple with one junction at Tl and the other at ahy

other temperature T2 and the emf of the same thermo-
couple with its junctions at T2 and T3. Considering the

'thermocoﬁple as a reversible heat engine and epplying
the laws of thermodynamics, to the circuit,

T
E=| 2 ¢ ar (6.8)

¢ ar (6.9)

This law is frequently invoked in the calibration of
thermocouples and in the use of thermocouples for measur-
ing temperatures.
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temperature Tz, the thermal emf developed is independent

of the temperature gradient and distribution along the
wires. S : s

-~ ~Law of Intermediate Metals - The algebraic sum of
the thermoelectrorotive forces in a circuit composed of
any 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
cirecuit. 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 contradictipn of the second law
of thermodynamics, and therefore we conclude that the
algebraic sum of the thermoelectronotlve forces is zero in
such a circuit.

i

__,‘—-""‘-———-—-— T

Combining this law with that for ;hhomogéneoﬁs 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 nmetals 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
a point Q, the algebraic 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 terperature. It is also
obvious that the =2mf 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 ccmposed of2 A and any metal
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one junction is maintained at some constant reference
temperature, such as 0°C, and the other is at the
temperature corresponding to the emf. In Fig. 6.11,

Tl is the reference temperature and the current flows

in the direction indicated, the emf of thermocouple
AB will be positive, and the emf of thermocouple BA
will be negative.

Figure 6.11 - Simple thermoelectric circuit.

The law of the Homogeneous Circuit - An electric
current cannot be sustained in a circuit of a single
homogeneous metal, however varying in section, by the
application of heat alone. As far as we know this
principle has not been derived theoretically. It has
been claimed from certain types of experiments that a
non-symmetrical temperature gradient in a homogeneous
wire gives rise to a galvanometrically measurable
thermoclectric emf.

In the present paper, we accept as an experimental
fact the general statement that the algebraic sum of
the electromotive forces in a circuit of a single homo-
geneous metal, however varying in section and tempera-
ture, is zero. As a consequence of this fact, if one
junction of two dissimilar homogencous metals is main-
tained at a temperature Tl and the other junction at a

2
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The above are all the fundamental laws required

in the .measurement of temperatures with thermocouples.
They may ve, and frequently arc, combined and stated

as follows: The algcbraic 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
that if all but one of the junctions of such a given
circuit 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.

Figure 6.12 - Location of the electromotive forces
in a thermoelectric circuit.

in a thermoelectric circuit.
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In a simple thermoelectric circuit of two metals,
A and B (Fig. 6.12) there exists four scparate and
distinct electromotive forces: Lhe Peltier emfs at
the two junctions and the Thomson cmfs along that part
of each wire which lies in the temperature gradient.
The only emf that can be measured as such in this cir-
cuit is the resultant emf{. The identity of the indivi-
dual emfs can only be established by observations of the
reversible heat effects. The Thomson emf will be
considered positive if heat is generated when the cur-
rent flows from the hotter to the colder parts of the
conductor, and negative if the reverse occurs.

Thomson took into consideration the reversible
heat effects in the temperature gradient of the conduc-
tors (Thomson effects) as well as those at the junctions
(Peltier effects), and applied the laws of thermodynamics
to the thermoelectric circuit. A complete discussion of
this application, together with the hypothisis involved,
is given in the original paper by Thomson.

Consider a simple thermoelectric circuit of two
metals, A and B (Fig. 6.12) and let P and P + AP be
the Peltier emfs cf the junctions at temperature T and
T + AT in degress Kelvin, respectively, and let A and

B be the Thomson emfs per degree along conductors A
and B respectively. Let the metals and temperatures be
such that the emfs are in the directions indicated by the
arrows. The resultant emf, AE, in the circuit is given

by
AE = P + AP - P +0A AT -8 AT (6.10)
AE = AP + (¢eA-o0) AT (6.11)

or in the limit

L2 L en - 70) (6.12)
ar .

aT

k

Thomson, W.; Trans. Roy. Soc. Edinburgh, Vol. 21, p. 125

(1851)/
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T T+AT
P( %*‘AP

A 4—6'5_AT

Fig, 6,12, Location of the electromotive forces
in a thermolectiric circuit

By the second law of thermodynamics Z %—: o,

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,

G (P +2P) -EP, 4% AT io—:.r

T+aT T dr AT 0 (6' 13)
Ti- B ‘}"'-;-‘-2 :

which may be written

( )+ (a'-é‘)AT (6.14)
or in the limit

F(E)+2(g-5)=0 (6. 15)
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or

1o £ _dP
(U'—a&)_.}_ d'-'T" (6.16)
Eliminating (crA - o) between (6. 12) and (6. 16)
= dE
we have P= ’I‘-a-,i-,— (6.17)
Substituting (6.17) in (6. 15) we have
d’E
-(U'A-O'B)— Ta';f,—z (6.18)
From (6.17) it is seen that
t
P
E-J),de—J[-q‘:dT (6.19)
t t

which is the expression referred to earlier,

The Peltier emf at the junction of any two dis-

. similar metals at any temperature can be calculated

from Eq. (6.17) and measurements of the variation of
the thermal emf with temperature, The magnitude of
the emf existing at the junction of two eissimilar metals
ranges from 0 to about 0.1 volt for the metals generally
used in temperature measurements,

Although the thermoelectric theory as developed
above does not enable us to determine directly the mag-
nitude of the Thomson coefficient in any individual
metal, the difference between the Thomson coefficients
in two metals can be calculated from Eq. (6.18) and
measurements of the variation in thermal emf with
temperature, Various types of experiments indicate
that the Thomson effect in lead is extremely small, if

By
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not zero, at ordinavy a‘mcespheric temperatures, Con-
sequently some information regarding the magnitude of
the Thomson ceeflicients in othexr metals at these tem-
peraturea can be determined if i? i8 assumed that this
coefficient iz zero for lead. On this basis, it is found
that the Thomson coefficient at 0% C in microvolts per
°C is -9 for platicum, -8 for iron, +2 for copper, =23
for constantan, -8 for alumel, -2 foxr 90 platinum -10
rhodium, and +9 for chiromel P. '
MeTAL A
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Fig. 6 13. Simple thermolectiric thermometer

The simplest form of a thermenouple of twe dis-
similar metals which develcop an emf when the junctions a
are at differeni temperatures, and an instrument for
measuring the emf{ developed by the thermocouple is
shown in Fig. §.13.

As long as the instruinent is at essentially a uni-
form temperature. all the juactions in the instrument,
including the terrainals, will be at the same temperature
and the resuitant thermeal emf developed in the circuit is
not modified by including the instrument. If the reference
junction is maintained at some referevce temperature,
such as 0°C, the emf developed by the thermoccupie can
be determined as a function of the temperatucre of the
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measuring junction, The device can then be used for
measuring temperatures. It is not necessary to main-
tain the reference junction at the same temperature
during use as during calibration. However, the temper-
ature of the reference junction in each case must be
known, For example, let the curve in Fig. 6. 14 be the
relation between the emf, E , and temperature, t, for
a particular thermocouple with the reference junction
at 0%C, Suppose the device is used to measure some
temperature, and an emf, E_, is observed when the
reference junction is at 30°C.” We may add the observed
emf, E_, to E, (the emf given by the thermocouple
when one junction is at 0 and the other at 30°C) and
obtain from the curve the true temperature t, , of the
measuring junction. Certain types of instruments which
are used with thermocouples in the manner shown in
Fig. 6.13 are such that they can be adjusted manually
" for changes in the reference junction temperature, and
the emf, EA , can be read directly on the instrument,
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Fig. 6.14, Illustrating how corrections may
be applied for.variations in the
temperature of the reference junction
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Inasmuch as the curves giving the relation e
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.
= : S '  INSTRUMENT,
_ y REFERENC E
MEASURING WNCTIONS
JunCirion MeEme c

< - =

ke W e ——

LERDS

Fig. 6.15, Diagram for thermoelectric thermo-
~rmeter with copper leads for connect-
L __ ing thermocouple to instrument
_ 1If the junctions C and C' are maintained at
- the same temperature, which is usually the case, the
circuit shown in Fig. 6.15 is equivalent to that shown
in Fig. 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
ﬂsually is, avoided,
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Circuits such as those shown in Figs. 6.13 and 6. 15
are used extensively in laboratory work where it is usually
convenient to maintain the reference junctions, either at
0°C by placing them in a Thermos bottle filled with cracked
or shaved ice and distilled water, or at some other con-
veniently controlled temperature.

_ In most commercial installations where it is not
convenient to maintain the reference junctions at some
constant temperature, each thermocouple wire is con-
nected to the instrument with a lead of essentially the
same chemical compos$ition and thermoelectric character-

istics as the thermocouple wire, in the manner shown in
Fig, 6.16.

INSTRUMENT,
ReFerence
Juwveiions'
MEm¢ A _
e \ [
gt B |
T ~ EXTENSION LEADS §
MEASvaING \ e /
R gt MErnc b

Fig. 6.16. Thermoelectric thermometer with
extension leads.

This is equivalent to using a thermocouple with the reference

junctions at the instrument terminals. Leads which have

the same thermoelectric characteristics as the thermocouple

wires are called extension leads. In most installations
of this nature the instrument is equipped with an auto-
matic reference junction compensator which automatically
changes the indication of the instrument to compensate
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for changes in the tempcrature of the reference ju.uctions,
thus eliminating the nccessity 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 somc point which is at the same
temperature as the instrumecent,

In some cases where expensive thermocouple
wires are used, extcnsion 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 icentical 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
metals have been found suitable for use as thermocouples
in the measurement of temperatures. Obviously these
thermocouples must be such that:

(1) The thermal emf increases continuously with
increasing temperature over the temperature range in
which 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
appreciably altered curing calibration and use either by
internal 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, ctc, which destroys.the wire.
(5) The meltling points of the metals used must
be above any temperature at which the termocouple.is
to be used.
(6) The metals are reproducible and readily
obtainable in uniform quality.

The combinations of metals and alloys extensively
used as thermocouples for the measurement of tempera-
tures in this country are listed in Table VI. 2, together
with the temperature ranges in which they are generally
used and the maximum temperature at which they can be
used for short periods. The period of usefulness of a
thermocouple depends upon such factors as the tempera-
ture, diameter of wires, accuracy required, conditions
under which it is used, etc,

TABLE VI. 2, Types of Thermocouples and Temperature
Ranges in Which They Are Used.

Type of Thermocouple Usual Maximum
' Temperature Range Temperature
(°c) (°F) (%c)  (°F)

Platinum to Platinum-
Rhodium 0 to 1450 0 to 2650 1700 3100
Chromel P to Alumel -200 to 1200 -300 to 2200 1350 2450
Iron to Constantan -200to 750 -300to 1400 1000 1800

Copper to Constantan -200 to 350 =-300to 650 600 1100

There are two types of platinum to platinum-
.rhodium thermocouples used in this country, the platinum
to 90 platinum-10 rhodium and the platinum to 87 platinum-
13 rhodium. These thermocouples develop, at high temp-
-eratures, 10 to 14 microvolts per °C as compared to 40
to 55 for the other thermocouples listed in Table VI. 2. The
platinum to platinum-rhodium thermocouples at tempera-
tures from about 400 to 1600 °C, being more stable than any
"other combination of metals, are used (1) for defining the
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International Temperature Scale from 660 %C to the 237
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%
of 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
country 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
emf 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).



Copper=-constantan thermocouples are generéll?
used for accurate temperature measurements below about
350 %C (660 °F). They are not suitable for much higher
temperatures in air because of the oxidation of the copper.

Combinations of metals other than those listed in
Table VI. 2 are sometimes used for special purposes. As
examples, at temperatures above -200°C (-300°F) chromel
P-constantan gives a thermal emf per degree somewhat
greater than that of any of the thermocouples listed in
Table VI.2 and is sometimes used when the greater emf is
required. Graphite to silicon carbide has been recommended

for temperatures up to 1800 °C (3300°F) and for certain applications
in steel plants.

Reproducibility of Thermocouples - One of the first
requirements of thermoelectric pyrometers for general
industrial use is that the scales of the instruments shall be
graduated to read temperature directly. Although the indi-
cations of the measuring instruments used with thermo-
couples depend upon the resultant emf developed in the cir=-
cuit, the scale of the instrument can be graduated in degrees
of temperature by incorporating a definite temperature-emf{
relation into the graduation of the scale. The temperature
can then be read directly if the temperature-emf relation of
the thermocouple is identical with that incorporated in the
scale of the instrument,

All the thermocouples which have the same nominal
composition do not give identical relations between emf and
temperature. As a matter of fact, in most cases, two
samples of metal which are identical as far as can be deter-
mined by chemical methods, are not identical thermoelec-
trically. This is due in part ot the fact that the thermoelectric
properties of a metal depend to some extent upon the physical
condition of the metal,

It is not practiicable to calibrate the scale of an
instrument in accordance with the temperature-emf relation
of a particular thermocouple and to change the scale each time
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the thermocouplce is replaced. Consequently the scales

of such instruments are calibrated in accordance with a
particular temperature-emf 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 waen 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 b2 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 0C at temperatures up
_to 1200 °C. Consequantly, 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



is difficult and more or less arbitrary. The relatioﬁg
generally used for some of these thermocouples by
some manufacturers nave been changed from time to
time because of differences introduced in the thermo-
electric properties of the materials by variations in raw
materials and methocds of manufacture. However, the
relations in use at the present time are such that mater-
ials can generally be selected and matched to yield the
adopted relations with an accuracy of about + 3 °C up to
400°C and to + 3/4 per cent at higher temperatures.

In special cases, materials may be selected to yield the
adopted relations within 2 or 3°C for limited tempera-
ture ranges.

Temperature-Emf Relations - The temperature-
emf relations for all of the common thermocouple metals
have been measured in great detaill , Figure 6.17 is a
plot of the relation for several of the common materials,
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Semi-Conductor Thermocoupies = The semi-‘?‘M
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 Kesistance and Thermoelectric

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
to use 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
sensors can be chosen to be exactly as desired



4)

5)

6)

7)

8)

D.Measurement of Temperature in a'Flowing Fluid -

K99
over wide limits by adjusting the excitation
current and/or the bridge design.

A reference junction temperature or a com-
pensating device is unnecessary.

The shape of the curve of output vs., tempera-
ture can be controlled, within limits, for
certain resistance sensor bridge designs,

Because of the higher output voltage, more
electrical noise can be tolerated within
resistance sensors; therefore, longer lead
wires can be used.

Sensitivity to small temperature changes can
be much greater,

In moderate temperature ranges, absolute
accuracy of calibration and stability of cali-
bration for resistance elements can br
betier by a factor of 10 to 100,

An unheated cylinder placed in a flowing fluid will reach
a steady temperature, which depends on the flow condi-
tions. This is true, whether the cylinder is a resistance

thermometer, thermocouple, or a liquid-in-glass thermo-

meter, In a low speed incompressible flow, the cylinder
simply measures the static temperature of the fluid. As
the velocity increases the cylinder experiences frictional
heating. A further increase in velocity produces com-
pression of the fluid in front of the probe with a resulting
increase in the temperature of the cylinder. Thus, it is

necessary to know the relation between the flow conditions

and the temperature of the cylinder.

For gaces,/both effects may be described by an
equation, one conveniént form of which is:

- _ 2
'I‘r/Ta- 1+0.5r(y-1)M*,
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where Tr is the temperature of the surface (or ''recovery
temperature'), T _ is the temperature of the undisturbed
gas (or "static temperature'), r is the recovery factor,

vy is the ratio of specific heats ¢_/c, and M is the
Mach number, In this case, whe:pe r 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
Tr becomes the total temperature, usually designed as

T . When there is frictional heating alone, for example
when 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 = c¢_ ulk, (6.21)
P

where c_ is the specific heat at constant pressure, u
is the viscosity, 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:

0. 5V2

T /T, = i +(Pr )/(2gJc, T,), (6.22)

P
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where T_ is the temperature of the plate resulting
from frictional heating, Ta is the temperature of the
fluid at a distance from the plate where its temperature
is undisturbed by the frictional effect, Pr is the Prandtl
Number, V is the velocity in fps, g is the acceleration
due to gravity, 32.2 fps, J is the Mechanical equivalent
of heat, 778.2 ft 1b/Btu, and c_is heat capacity of the
liquid in Btu/1b°F. This equatign can be rewritten for
CGS units '

B 0.5.,2 7
Tf/'ra- t+(Pr ""V)/(2x 10 G Ta) (6.23)

While these equations apply for laminar flow for
a flat plate, and therefore do not apply for reasonably
accurate prediction in the case where flow is turbulent or
particularly, where the geometry of the part inserted in
the flow is not a flat plate, nevertheless calculations of
the temperature rise by equation 3 or 4will give a rough
idea of the temperature rise to be expected on a typical
temperature sensor. A typical temperature sensor is -
usually in the form of a cylinder with flow normal to the
cylinder, and it is most commonly, though not always, at
Reynolds Number sufficiently high to assure turbulent
flow, It may or may not have a perforated cylindrical
guard outside the temperature sensor. There is reason
to expect that for an arbitrary shape, the equation defin-
ing the temperature rise may be of the form:

Tf/Ta= 1+ (f F'rn\e’z)/(Zchp Ta) (6.24)

where f is arbirarily defined as the ''frictional heating
factor'' and the expornent n may be different from 0. 5.
By comparison with frictional heating of gases, one may
expect that n is determined by whether the flow is lam-
inar or turbulent, and that {f is dependent upon the con-
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 7
liquids according to equations (6.23)or (6,24). It may
be noted that the liquids with high Prandtl Number show
the effect most prominently, It is evident that tempera-
ture measurement of high speed liquids can involve sig-
nificant errors because of frictional heating,
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TABLE VI.3
Friction Heating for Laminar Flow Along a Flat Plate
for Various Liquids

The effect is proportional tothe square of the
velocity, This table will give a rough idea of the error
in an ordinary temperature sensor.

Prandtl

Liquid C_,Btu/lb°F Temperature
Number P °R =
Liquid Hydrogen 2.5 2.5 36,65  -423
Liquid Oxygen 2.1 0.394 162,5 -297
Water Tund 1.00 528 +68
Engine Oil 10, 000 0.44 528 +68
Mercury 0.024 0,033 528 +68
NitrogenTetroxide 4.8 0.36 H2Z +62
JP-4 13.6 0,47 510 +50
MIL-0-5606 392 0.475 510 +50
ERROR
¥%% V=1 fps- V = 10 fps V=100 fps
Percent _O°F Percent °F  Percent °F
.000034  .0000i2 .0034 .0012 0,34  0.12
. 000045 . 000073 . 0045 .0073 0, 45 0.73
.0000105 ,000053 .00105 .0053 0,105 0.53
. 00085 . 0045 . 085 45 8.5 45
. 0000175 ,000093 ,00175 ,0093 0.175 0.93
.0000234 .000122 ,00234 ,0122 0. 234 1,22
. 0000161 . 000161 .00316 ,0161 0.316 1.61
. 000104 .000838 .0104 .0838 1.64. - 8.38

g 3 fd Gad AC

3




249
Figure 6. 18 is a summary set of figures slowing

the measured recovery temperatures over several
different shaped bodies.
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As may be seen from Fig, 6,18, the recovery

temperature approaches the total temperature of the
flowing gas. In other words the body acts as a trans-
ducer to convert the thermal and velocity energy back
to thermal energy. The compression process is only
partly efficient for most shapes of probes. However,
if is possible tc design specific probes, which recover
almost the complete total energy of the flow.

Recovery Temperature in a Rarefied Flow - A
striking result from free molecule flow theory is ob-
tailed for the recovery temperature, If a cylinder is
considered in free molecule flow, it {s found both theo-
retically and experimentally that the recovery tempera-
tu2 of the cylinder may be greater than the total
temperature of the gas stream. This result is in direct
contrast to the continuum result discussed above,

Fig. 6. 19 shows the theoretical and experimental recovery
temperature for cylinders.
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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

- A
Kn = 3 (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. 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
interndl energy of tie 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 orientax
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

1Stald.er, 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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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

A= .\/Eul (6. 26)

m

Thus, the absolute temperature of a gas may be expressed

as

ma?

YR

T= (6.27)

The measure of the sonic velocity will in turn be a mea-
sure of the temperature for the still gas, since m, vy
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 will be V=a+ U-= b | , Where t is the
i

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
second 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=-
known, 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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The sound source may be a small speaker, a 1

spark gap, or a piezoelectric crystal operated in reverse
(a voltage suddenly applied to a crystal will produce a
change in shape). The sonic pickup is usually a micro-
phone or piezoelectric transducer, These devices have
been used.in some applications, but they have not found
general use, At extreme high temperatues this sonic
measurement is not of direct value, since in equation
(6.27) neither y or m will be constant with temperature.
This method of measuring temperature is not greatly
affected by recovery temperature, if the distance

is large compared to the size of the source and the
pickup.

F.Special Temperature Measuring Techniques -
The measurement of temperatures by means of thermal
or infrared radiation is widely used, This method is of
major importance in the study of solid materials rather
than fluids. The use of radiation to measure fluid tem-
peratures is possible, but not as yet well developed.
The problem is simply one of how to relate a measured
radiation energy from the fluid, such as air to its
temperature,

Certain materials, such as ''superlinear phosphors"
are found to change their luminescence with temperature,
This phenomenon is associated with the exciting of the
molecular structure of the material, Here also, this
technique is of interest in measuring surface temperature,
but not a direct indication of the fluid temperature.

The schlieren and interferemometer are techniques
which measure density. Thus, these instruments coupled
with the measure of pressure can be used to measure
temperature, For flow speed flows, where density and
temperature vary directly without appreciable effect on
the pressure, these optical techniques are used as a
direct measure of temperature gradients in fluids,

N ]
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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 sufiiciently higher than ions of the gas
will exist'in the flow, and there kinetic energy may be
measured. The measurement principal 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,

. roP View
ONE -DIMENSIGAT "_’ T
Lown Fow : ,.;

SioE

ViEW - COLLECTOR
wira
oOo—>
INSULRATION

Fig. 6.22, Ion knetic energy measurement

If a ion 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
the collector porential will be an indication of the velocity
distribution of the ions, If we assume that the ions (and
also the molecules) have a Maxwellian velocity distribu-
tion, then the relation between the kinetic energy and the
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temperature is known. While the collector teghnique is
a possibility theoretically, it still requires a great deal
of experimental development,

The resonate frequency of specific crystals is
found to vary with the temperature of the crystal. For
a quartz crystal plate of generalized orientation

£(T)= £(0)(1 +a T+B T2+ yT? (6.28)

It is possible to determine a crystal orientation for {
which the second and third order terms vanish (8= y= 0) .
Thus, a ''Linear Coefficient' of frequency with tempera-
ture quartz thermometer is commercially available,
(Hewlett-Packard Linear Quartz Thermometer). This
system can measure the temperature over a range from
-40°C to + 230°C with a resolutign of 0,0001°C. The
accuracy of this system is by for greater than that ob=-
tained by most temperature measuring instruments.

G. Transient Temperature Measurements - The
measurement of transient temperatures can be done mainly
with the resistance thermometer, The thermocouple
and sonic thermometer can be employed for moderate
transient response, but they are not likely to approach
the development of the resistance-temperature element.
Thus, the present discussion is limited mainly to the
resistance-temperature element. Actually, the response
of the thermocouplez follows the same laws as the resis-
tance thermometer, with the major limitation being the
size to which a wire thermocouple can be made, The
response of a thin film type thermocouple can equal
that of a thin film resistance-temperature element.

lHammond, D. L., Adams, C. A., and Schmit, P.,

A Linear Quartz Crystal Temperature Sensing Element,
ISA preprint No. 11, 2-3-64, 1964,

2See for example Shepard, C.E., and Warshawsky, I.,
NACA TN 2703, 1952.
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In Chapter V the general time constant of a wire
was given as

t=. ‘:fa'
X (£)3+4_ 11 8 _4_,.)2 12 i
pc ‘R D? pc pc #D?

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
“from 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

Physical Properties Evaluation of a Transient
Resistance Thermometer Sensing Element

Equation for Type.of

Parameter Evaluating Parameter Measurement Remarks
Wire length Dimension Optical type measure-

Q ing instrument
Wire Diameter Optical or Electron

D Dimension Microscope instrument
Resistivity 2. If ¢ is known for large

- 7D . .
o ¢ =77 Ro (Eq. 1, 5) Resistance and wire sample, can use o
' known dimensions to determine wire diameter
T T . e F : ) . 2
1ermal Conduclivity ) —302 { ‘(Eq. 2) Wire resistance Un_f:ertamty due to D
k k= z p which can not be measured
3zD“ - A!R/R g) versus wire current 2 .
; Al In a vacuum with great accuracy
Heat Transfer 12 Ry Ry a Wire resistance ver- hD ‘is a fuﬁction of flow
Coefficient x wire hD = W0 'sus wire current Velocity density
. : 2 (R_-R.) i .

diameter w a in Air

hD o ;
Density Volume-weight ~ Need determine before

p measurement drawn into very small wire
S_pecific Heat Kk x2 Time constant of Limiting case for I — 0

c c= -—-—1-7_—-— wire to a sdep change change in current

PX. in current in a vacuum

o

1
Chao, J. L., and Sandborn, V. A., A resistance thermometer for transient temperature
measurements. Fluid Mech. Paper No. 1, Colorado State University, 1964.

L Cd bl bead kil bewd K3 m = .2 EL.® L e ——

86¢
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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 convecticn 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
be specified for each particular flow in which the wire
is to be used, '

Figure 6. 24 shows the measurements made for
the Platinum-Rhodium wire in still ambient air. An
estimate of the correction for conduction loss by the wire
is 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 c¢ a value was found for a 87-13 alloy,
which was 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 time constant
for a very small current step in a vacuum was employed
as a check of c,

Figure 6. 25 is a plot of the convection, conduction

(a constant), and wire temperature terms appearing in
the time constant equation., These values are for a
0,0000278 inch diameter, 90 per cent Platinum-10 per
cent Rhodium wire,
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Figure 6. 26 compares the computed time corﬁstant
for the wire with aciual 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.
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Fig. 6.26. Comparison of predicted and measured
time constants in still air

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
somewhat crude, as can be seen by the data of Fig. 6226.



2¢e4
The computed time constant curve is certainly reasonable,
compared to the data, and again justifies the physical
constants evaluated,

An idea of the variation of wire time constant with
flow conditions is demonstrated in Fig. 6. 27.
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Fig, 6.27, Comparison of predicted and measured
time constants in moving air

Using the curves of Fig. 52} it is possible to
estimate the variation of hD with velocity and [or density.
Figure 6. 27 shows the value of corner frequency predicted
for the platinum-rhodium wire as a function of flow velocity.
A set of three measurements taken at a velocity of 45 feet
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 fluctia-
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 opcrate 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
from the r.m.s. output of the wire is done very similar
to the evaluation of anemometer signals. The resistance
temperature curve can be represeated by equation (6. 6)
so that the fluctuation equation may be written as

i* = Ta Ro\/eZ (6.29)

a 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 velocity
usually is resolved to a pressure and temperature evalu -
ation. Likewise the measurement of density is resolved to
a pressure and temperature evaluation. In Chapter V the
details of total pressure measurements were discussed,
without reference to the actual pressure measuring trans-
ducers. In the present chapter we will discuss the
measurement of static pressure and the transducers which
are employed, An attempt is made to consider only those
transducers which actually measure pressure. Thus, the
large class of vacuum 'pressure'' measuring transducers
is not considered until Chapter VIII, where these instru -~
ments, which are turly density measuring transducers,
are treated,

Pressure is characterized by a compressive stress
exerted uniformly in all directions. It is a potential force,
since in theory,its compressive work can be completely
recovered. The basic principles which govern the measu:e-
ment of static pressure is that a force is produced by the
pressure at a surface. Pressure is proportional to the
~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 measure-
ment transducer for pressure will be some form of force
measuring transducer,

When no flow exists it may be assumed that the
pressure of most fluids is equal at all points in the fluid.
This is true in general except in vacuum facilities, where
transfer of information is slow. In a vacuum facility a
pressure gradient may exist for long periods of time,
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.

FE 3

E+3
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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
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Figure 7.1 - Static Pressure Variation Along the
Surface of a Cylinder,



Figure 7.1 shows the variation of local static pr eszsz.g'e
along such a probel., Also shown on Figure 7.1 is the
effect produced by a stem. The general approach to design
of a static pressure probe is to optimize the opposing
effects of head and stem, so that the two effects tend to
cancel each other. Typical static pressure probes are
shown in figure 7.2. Holes are equally spaced around the
cylinder, so that any non-symmetrical flow effects are

reduced.
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g D
3
' 4 to 8
: HoLes

PRANDTL TUBE

16D ———><«— 8D —A $o
; R

B HoLes

NPL Tuse

Hoces 0.09 IN. Diam, , EQUALLY SPACED

Figure 7.2- Typical Static Pressure Probe Designs,

The geometry of the hole through which the
pressure is transmitted may also have an effect on the
measured pressurez. Any hole in a wall will produce
some curvature of streamlines. The smaller the hole
the smaller the effect. The effect is always to raise the
local pressure above the actual static pressure.

1Ower, E. and Johanson, F. C.; The Design of Pitot-
Static Tubes. ARC R and M 981, Aeronautical
Research Council, 1925,

4 Rayle, R. E.; An Investigation of the Influence of Orifice

Geometry on Static Pressure Measurements. M, S,
Thesis, Mech, Engr. Mass. Inst. of Tech., 1942,
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If actual flow separation occurs the pressure will be
below stream static pressure. Figure 7.3 shows the
errors associateq with different size static holes. The
results of Rayle suggest that a hole 0,020 to 0,040
inches in diameter, counter sunk a half diameter to
eliminate burrs, will give a near error free static
pressure reading.

Mach Number Effects.- For subsonic Mach
numbers the effect of compressibility on static pressure
measurements is extremely limited. At Mach numbers
of the order of 0,7 or greater local shock waves can be
formed on the probe. The acceleration of the flow around
the nose of the probe is sufficient to produce local regions
of supersonic flow., Thus, local shocks are formed which
will cause an increase in the local static pressure
measured. Above Mach number of 1.0 the shock wave
is either a detached bow wave ahead of the probe, or
attached directly to the nose of the probe. If the shock
is a detached bow wave, it may be considered as a
normal shock wave. The ratio of static pressure ahead
of a normal sh'ock wave, P, to that behind a noymal
shock wave P, , is given by the relation

Ro . 20 ,2a_T-1
ey R = L 7:1)

Equation 7.1 is plotted in figure 7.4, For a Mach
number of 3 the pressure behind the shock wave is ten
times that ahead of the wave.

For very small probes it is possible to treat
the bow shock as a local disturbance. Thus, if the static
tap is located well behind the nose it is possible for the
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 design
a probe chich measures static pressure independent of
Mach number at supersonic speeds 1. For the probe
shown in figure 7.%, slender-body theory gives the
following pressure coefficient variation with x .

Cp(x) =[PV -p,] /40U & b
a4 {S“(x)ﬁo nx +3%) In [3/96‘)'\}1"'\2*'.]

+£7n (x-t)ds”(t)z -[R’(x)]ﬁ (7.2)

Py, = static pressure in the undisturbed stream

where

R(x) = body radius at a distance x from the nose
S(x) = gr[R(x)Jz the body cross-sectional area
S" = second derivative of S with respect to x.

THREE EQUALLY SPACED LO.I?Om, 0D.

D0.021 i1n. Din. Hoe

Figure 7.5- A Static Pressure Probe that is Independent
of Mach Number,

1I\*Ir::allo-Christens-en, Landahl, and Martuscelli; A Short
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
S"(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,

JO

o8} N 4
o7 ., .
P2, o] w5 cone |
PQ 05L ; -
O

Y. W |
a =

O3

D2 é 9

0l | - Q
(o] | \ {

1.00 1,25 1.5 1.75 2.00

- MACH NUMBER

Figure 7.6- Effect of Mach Number on Static Pressure
Measurements,

Angle 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 direction
on a typical static oressure probe., In general the probe
in insensitivity to small changes in flow direction, but
has a marked effect at larger angles. One may employ
a static type pressure probe to determine the actual
flow direction,
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Figure 7.7- Effect of Flow Angle on Static Pressure
Measurements.

Effect of Turbulence.- The pressure indicated
by a pressure tap is the stagnation pressure of the gas
in the hole. For the ideal flow of a gas directly past the
hole the pressure should be equal to the stream static
pressure, If turbulence exists in the stream it will alter
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

Pm’-.—... Pm’-}-‘zL,OW (7-3)
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An error of 1 % in static pressure measurements would

be obtained for a 109%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 vertical
direction in a turbulent boundary layer appears to be

gy |
v - -
q P~ Py (7.4 )

1Volluz, R. J.: Wind Tunnel Instrumentation and Operation,
Handbook of Supersonic Aerodynamics, NAVORD
Report 1488 ( Vol. 6).

2Sandbcn:'n, V. A. and Slogar, R. J.: Study of the Momentum

Distribution of Turbulent Boundar% Layers in Adverse
Pressure Gradients. NACA TN 3264, 1955,



Thus, it is possible to evaluate the static pr‘essurt;‘:'-‘"ir
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 mea.sureal:ile 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 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 wicely used pressure
transducer is the liquid manometer. The manometer
may serve as a laboratory standard for pressure. The
manometer takes advantage of the gravitational force on
a column of liquid., Figure 7.10 shows the types of ma-
nometer employed in pressure measurements. The
simple U-tube manometer is the most common employed
manometer. The pressure can be computed from the
height h of the column of fluid. For a manometer fluid
of density P and a fluid of density Pe in which the
pressure is measured, the unknown pressure is
p=ghlp_-p;) + p_ (7.5)

If the fluid in which the pressure is measured is air and
the manometer fluid is water for example, then it is
evident that P> Ps and so P, can be neglected.

P& ‘ P=o &
i
. $
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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 accountec 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

A
= ! =2 3 -

P gh(A' t1)(p - p) + P, (7.6)
For a well with a very large area A, compared to A,
the factor 22 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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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

GAUSE,

Figure 7,12 Typical Dead-Weight Tester Setup.
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McLead 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 7.13a). 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, shown in figure 7.13b),
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
= A

(7.7)

: Bs =P v,

This relation assumes that temperature of the gas be-

fore and after the compression are still identical. Thus,
the McLead gauge makes use of the ideal gas equation of

\}%

VACWA

RESERVOIR

Figure 7.13 The McLead Gauge

1 McLead, H.: Phil. Mag. Vol. 48, p. 110, 1874
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state. The actual pressure Pc in the capillary is given
by the manometer relation (neglecting pf, and setting
Py = P) as

pc=gthg+p (7.8)

The volume of the capillary may be expressed as a con-
stant, v, times the length h, (V. = vh). Thus, the
initial pressure, p may be expressed as

2
i vg h Py
p= 2 (7.9)
VA -V h
Note that VA is much larger than V, = v h, so that

the pressure is given approximately as

vgpl_lg h®

p- (7.10)

Va
Thus, since V, , v, g and pHg are all very nearly

constant the pressure will be a function of h? directly.
Equation (7.7) is not dependent on the specific gas, so
it can be used with any gas. The only importart prob-
lem encountered in using a McLead gauge is to make
sure that the gas remains a gas at the pressure Pe -

For example, if water vapor is present in the initial gas
sample, then it might condense at the pressure p_

The condensing of a gas would act in such a manner to
make equation (7.7) unusable. In practices filters and
cold traps are employed to avoid the introduction of
condensible vapors into the sample gas.

oA B B B B
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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 N

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

_ a’p

okl (7.11)
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

p
by v b vy

7 %
—é*ggt'_;;%’?"
26 A

- >

Figure 7.14 - Displacement of a Thin Diaphragm
Lion, K. S., Ibid
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not exceed approximately 0.005a the deflection is linear
with pressure. The thin diaphragm is used in a wide
number of pressure transducers. The major application
is for very small pressure variations as commonly en-
countered in air and gas flows. The diaphragm type

microphone is employed to measure fluctuating pressures,

The thin plate membrane shown in figure 7.15
is simular to the thin diaphragm except it has stiffness
to bending.

P

Flgure i 15 stplacement of a Thm Plate.

The equation for the displacement d, is

_ 3(1-v?%)a4p

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 corrugations
or catenary shapes, rather than flat, The deflection will
in general increase with the number of corrugations and

decrease with corrugation depth. The design of corrugated

i Wahl, A, M.; Recent Research on Flat Diaphragms and
Circular Plates with Particular Reference to Instrument

Applications, Trans, Amer, Soc. Mech., Engrs. vol. 79
p. 83-87, 1957.
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diaphragms is covered by Haringx 1 aﬂc% by Wildhack,
Dressler and Lloydz. 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

¢ _ 1.16 pr2

bg tE b

(7.13)

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.

3 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 appli-
cation. Bellows gauges are employed as absolute
pressure gauges, in that a known pressure can be
sealed within the gauge. A typical application is the
recording barometer.

It should be evident that either the displace-
ment or physical strain of the elastic deformation
material can be employed as a measure of pressure.
The expanding tube shown in figure 7. 8 is an example
where it might be more desirable to measure strain.
The expanding tube is the limiting case of a bellows
and would be of most value for moderate and high
pressures. The expanding tube proves of value in
measuring pulsating pressures.

The piston type transducer is not generally
employed as a measurement transducer, but rather it
finds extensive use as a check valve on excess pres-
sure,

Electrical Readout of Pressure Transducers. -
The elastic deformation type pressure transducers
all require a displacement, d, to be sensed. Figure
7. 16 is a schematic diagram™ of the electrical pheno-
menon which are used to sense a displacement, The
electrical readout systems can be explained in the
following manor.

1, Slide Wire - The displacement, d, causes
a change in resistance of the potentionmeter voltage
divider. For a constant battery voltage, the output
voltage E is directly proportional to the change in
resistance as d varies.

Lion, K. S.; Ibid.
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‘Figure 7. 16 - Electrical Sensing cf 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 producing
a charge between two sides of the crystal.

The selection of any particular type of electri-
cal readout will be determined by the application. For
large variations in pressure, which in turn causes
large variations in displacement, d, the slide wire or
inductive type readout might be preferred. For small
variations in pressure, the strain gauge or capacitive
type readout is usually employed. The piezoelectric
readout is mainly for use in transient-type pressure
measurements,

Electro-Mechanical Pressure Transducers, -
In figure 7. 16, we have noted that several electrical
phenomena may be employed to sense the displacement
of a mechanical pressure transducer, The direct
conversion of pressure (or force) into an electrical
signal is also possible. If a material is placed in
high pressure, it is possible that it can be compressed
to a point where its resistance will change. Likewise,
the dielectric constant of a material and the perme-
ability of a material may change with pressure.
Figure 7. 17 is a schematic diagram of possible electro-
mechanical pressure transducers. 1

The resistance of materials as a function of
pressure has been reviewed in detail by Bridgman. 2
The resistance of several metals are shown in figure
7.18. The variation of resistance with pressure is

1 Lion, K. S.; Ibid.

2 Bridgmen, P. W.; The Physics of High Pressure,
G. Bell and Sons, Ltd., ILondon, 1949,
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given approximately by the relation

R = Ro (1 +bAp) (7.14)

where R is the resistance at reference pressure
(such as g atmosphere), b is the pressure coefficient
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 one
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'' pressure
transducer is mainly employed for the extremely high
pressure measurements (up to 100, 000 psi). The
sensitivity at low pressures is extremely small.

A special case of the resistance-pressure trans-
ducer is the carbon microphone. The carbon micro-
phone takes advantage of the variation in resistance
thrcugh carbon granules. The phenomenon is basically
that the contact surface area between granules increase
as the pressure increases. For useable pressure
transducers, the granules are replaced by thin disks
of carbon material. The resistance of a stack of disks
varys approximately as

Cc
R_Ro.i.mp (715)

The stability of carbon material is not as good as
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 (N2 K C I-I O 4H O) barium titanate,
MgO, KCl and KBr, w1ﬁ change w1th pressure,
Neubert 1 has computed the relations for a general

1 Newbert, H. K. P. ; Instrument Transducers,
Oxford University Press, 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

3 67d (17.16)

C=

Thus, a change in dielectric, 6€, produces a change
in capacitance, §&,

_ A (e +se)
C+ 5C = T (7.17)
or
i B 3 - - (1.18)
C €

;Figure 7. 19 shows a plot of the variation of € with
pressure for several typical materials. The variable

Figure 7. 19 - Variation of the Dielectric Constant with
Pressure,.
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dielectric pressure transducer is limited to moderate
and high pressures because of the elastic properties
of the material.

It has also beern suggested that an elastic
material be employed as the dielectric. 1 In this case,
the dielectric is simply thinned out by the pressure,
and the capacitance physically reduced. Thistype of
transducer has not been dcveloped in detail, tut it
might be of extreme value for low pressures,

In figure 7. 16 the piezoelectric phenomcnon
was suggested as a means of sensing deflection of a
mechanic diaphram type transducer. The piezoelectric
transducer may, of course, be employed directly to
indicate pressure. The piezoelectric crystal actually
requires an almost negligible deformation to produce
a measurable charge build-up. The major difficulty
has been the requirement of more complex electrical
circuits, in order tc operate the high impedance crys-
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 output
of a crystal will depend, as demonstrated in figure 3. 4,
on the direction in which the force is applied. Thus,
an expression of the crystal sensitivity will be in terms
of at least three coefficients,

Lion, K. S.; Ibic.

Neubert, H. K. P.; Ibid.
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Figure 7. 20 demonstrates several possible
shapes of piezoelectric crystals employed in pressure
-.measurements, together with typical califrations.
_In some cases, it is possible to place the crystal in
_a shear or bending moment and greatly increase the
force applied to the crystal.

CRYSTHC
= Piui=
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purkRAGH LoAdED TUBE LOADED

) Figure 7. 20 - Piezoelectric Pressure Transducers.

C. Transient Pressure Measurements. -
There are many applicationswhich require the mea-
surement of fluctuating or transient pressures. The
major application is of course the sound-measuring
microphone. In fluid mechanics, we will be interested
in both pressures related to 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 composed
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 and
the transducer itself is elastic. Consider the pressure-
transmitting system shown in figure 7. 21. If the flow
in the connecting tube is laminar, and the fluid and
pressure transducer respond elastically, the governing
equation isl

dzpt d p,
—:;:2— -+ CIT + c2pt =C2p ( 7.19)

The constant C_ is the damping coefficient and C
determines the natural frequency. The damping is a
function of the viscosity of the transmitting fluid.
Equation ( 7. 19) is a second order equation, thus we
may expect a resonance in the tube if the damping is

not great. Figure 7. 22 shows a typical response curve
for a system such as shown in figure 7,21. This system
shows a resonance at 40 cycles per second. The re-
sonance frequency of the system is given by the relation

L B

T

CovmecTi 19 Lube

Figure 7. 21 - Model for the Transient Response of a
Pressure Transducer System.

Hubbard, P. G.; Interpretation of Data and Response
of Probes in Unsteady Flow. ASME Symposium on
Measurements in Unsteady Flow, 1962.
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(7.20)

20) At ]

!
f= - A*
oL )

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 tke tube, '

For rigid capillary tubes, an expression between
the rate of flow, the change in volume, and the change
in pressure is obtained

dm dv dp

BT = 8= == dt (7.21)

1
2 19 /100 @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. ! The solution for the response
time is

t:’zs’“‘p‘ Y, (B=F)(peR) | 3V B8
T P (P-E)R+R) R-K P+A

Vi ). B-R
+ == In 27
R-fi P-A

(7.22)

where
v, = entire air volume of system from orifice
to and including the manometer or transducer, Ft. 3

v, = volume displaced by motion of manometer
fluid or by deflection of transducer, Ft.

d = diameter of the capillaries, Ft, *

je= 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, Ib. -sec/Ft, 2

e
( for a system of varying diameters, the value of d
may be selected as an arbitrary diameter, dl’ and the
equivalent length written as

&

dlf C"f d
'Pez’qi-lzgf'k’psﬁf.“'t&i’? )

1 Sinclair, A. R., and Robins, A. W.; A Method for the

Determination of the Time Lag in Pressure Measuring

Systems Incorporation Capillaries. NACA TN 2793, 1952.
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Figure 7. 23 shows a comparison of the computed and
measured response time for a tygical capillary system
reported by Sinclair and Robins. © The capillary size
will limit the response time. Equation ( 7.22) suggests
the time respcnse can be reduced by making the capill-
aries as large as possible. Expressing the equivalent
length ,Ve as
g
Lo=de + A (7.23)

the expression for the optimum diameter dx is
approximately

d =~ {8 (7.24)
X ere

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 cf the respconse time of pressure time of
pressure-measuring systems., These charts may be
~ found in the following reports:

Aldrich, J. F. L., and Tripoli, S.: 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.



300

Y
s
.m.J_GoG S -
s 7 i, il =
3w u/ﬁ
T '3 <
B
U S O/.«:\.ﬁ_u
.m.. Yeo J = __
~ 300: -
T NG
R o /
:...;H&T l/." h\ o ¥
TN T
m ¥
R AN
mg_ N J..L_l.. .\1!
X 90! : T~ ¥
V so.— ,.FJ./ T
m 70! ./r;.,/A 1
s & *... S -4
TW Q_ //Vl —- A \sUN
h..usﬂ = ./\.\\ .
P- 40 ._r f\ .,,..,:_M.v.
o _ N N 2 &/
E L PN A
i N LN TR
| / = ..//.\..r_‘
M Z«/u /I/
n.b.. ~
| L | ™
“ N\
= 3

obuu-..ﬁ.k. 37 2F 39 0 3 22 33 34 35 36 37 3§ 27 W

d, 1m

Figure 7. 23 - Typical Response Time in a Capillary Tube.
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Transducer Response. - 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. Thfie 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.
LSS
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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., Michaels, 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] mX + cxX + kx=f (t)
(7.25)

[two-degree-of-freedom]

Ll
mx+cx+k1;c - C (i

11 11 1 2

’
2-x1) - k2_(x2-x1)— 0

" » [ -
m,X,+ C, (xz-xl) + k2 (xz—xl) =71 {t)

L _ (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 value
of the damping constant, c.

1) 0 < c < 1; the system is capable of oscillation
and is termed "underdamped. "

2) ¢ > 1; the system can not oscillate and is
termed "overdamped. "

3) c = 1; the system is in the transition region
between under- and overdamped, and is
termed "'critically damped."

If c= 0, a disturbance to the system will cause an
oscillation which never dies out. A system with c=o0
is not physically possible, since it would violate the
second law of thermodynamics. However, conditions
are sometimes encountered where the simplifying
assumpition c=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
c 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 element, The
natural frequency for typical diaphragms are listed
on the following page.

5
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Figure 7,25 - Responses of Second-Order Pressure
Transducers.

Neubert, H. K. P.; Ibid.
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_L20 /35S
Membrane f= == /‘%
(7.27)
. g 2-_&2 E
Thin Plate  £,= 225 +/55 55
where .
t = plate thickness (in.)
2a = diaphragm diameter (in.)
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)
p = specific weight (b, /cu. in.)

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 specific
weight Br of the medium

f
fl = e ( 7.28)
4 (1 +B)
where
B-O-SST (17.29)

The useable resporise 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 frequencies of more than approximately 1/2 fo.
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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 tahe frequency response., Techniques
for improving the frequency response of the pressure

transducer are discussed by Michaels and Paskusz. 1

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,

1Schweppe, T T 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 tube
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 demonstrates
the natural frequency of the transducer. The actual
constants are given by the relation

Oscillation period =
1=¢

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

7/2C? = LY

Thus, from the measured period and the oscillation
amplitude damping the natural frequency and damping
constant can be determined.,

td
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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 amplituces are possible in guases. 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 zlement
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 resuliant presure field is nearly a function only
of the instantaneous cross-flow. The side-force exerted
on the probe is approximately

(High Reynolds numher) --,rrffmp (;2- 4 WZ).’?d P
(Low Reynolds number) g2 . “u (v2 o+ ?2')';'24{"_

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, and fis the probe length. The
pressure due to the weighted average of the cross-flow
is not necessarily proportional to the cross-flow drag.
Minimizing the effect of cross-flow on the probe is an
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. The
fluctuations due to the lateral turbulent velocity com-
ponents tends to be of the same order as those of the
static pressure fluctuations,

C WL d % - @
d v
BN 7 5.0.9%05.0.0 8.3} N v

-2

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. Corcos 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.

59 ;
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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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Chapter 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 . As a
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, /4, 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 gascs follow the reclation. 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 extremec 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 confused
with the use of compressibility to describe a fluid flow.
The deviations from ideal gas behavior were first investi-
gated for gases under high pressure, thus, the origin of
compressibility factor was related to the high pressure.
In recent research the compressibility factor has become
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 8. 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 evaluating
of density in a shock tube where the non-equilibrium
processes are not well defined.

B Bl Bad bl bl Eed Rl Rad

I -

5 S

el

d  Bad  Bd KL

'



313

P

B 2

o

Q.

] 3_
N

>: -
= o2
=
=

w

[0}

w

~

Q.

E a 1 1 1 i 1 L 3
8 2 4 A 3 ) 12 41 1o

Temperature, OK

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 numbcer density employ a method of "tagging"
the molecules and then collecting and counting them. The
tagging is gencerally done by ionization of the molecules
and the counling is donc¢ by a mcasure of the current
produced by the collecled 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

I
|
VANE ——C |1
\ |
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 sirike them. The hot mole-
cules will then fall on the vanes, with a result that a net
force is produccd to causc 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 differe:>ces in the temperature of the heated plates.

Tp , and the gas temperature, T , the density is given
as
_ 4F 1
p = R ( T = T ) (8. 3)
where F is in dryness and the temperature is °K . If
the gage is used to measure pressure the pressure is
given by
i
P = 4F Tp__—',f.- (8.4)

The Knudsen gage is used over a pressure range
from 108 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. The
lower end of the usable range will be when heat transfer
by thermal radiation is greater than molecular conduc-
tion. As in velocity measurements, the thermocouple
and the resistance-temperature transducers are employed
as vacuum gauges.

Hot Wire Manometer - The hot wire manometer is
commonly termed a Pirani gauge. The hot wire may be
viewed as the same as described for velocity measure-
ments. The practical Pirani gauge may of course be
made of a much longer wire than that used for the ane-
mometer. In general the calculation of the wire tempera-
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 up
a free convection type flow. The conduction of heat due
to the free convection will be much greater than the mo-~
lecular conduction, so that the heat conduction is a func-
tion of the flow and not of the molecular density. When
free convection occurs the Pirani gauge is insensitive to
the gas density. Figure 8.3 shows the heat loss expect-
ed at different pressures

_ _Mojar Conductivity . _— . —

o o 20 30

Figure 8.3 - Heat Loss from a Hot Wire as a Function
of Pressure.

E

E"e

{ i
| ey |



317
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

Qgas . (.@_": PR | : (8.5)
Qe KJ\D/ Tw,co-Ts (EZE—TANH%Q- .

Figure 8.4 is a plot of equation (8.5) for a platinum-
iridium wire (0,02025 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.1

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,

! Sandborn, V. A.: A Hot-Wire Vacuum Gauge for
Transient Measurements., AVCO Corp. RAD-TM-63-41,
1963,
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Figure 8.5 - Ratio of Molecular to Support Heat Loss
for a Platinum - 20% Iridium Wire.

and of the accommodation coefficient. The accommoda-
tion coefficient, a , (where a < 1) is necessary to
express the imperfect exchange “of energy between the
wire surface and the molecules. The accommodation
coefficient is roughly a constant for a given element
surface and gas, so it represents a constant of propor-
tionality in the heat transfer relation. The non-
dimensional parameter of importance in expressing the
heat transfer is the Knudsen number.

From kinetic theory the mean free path between
molecules is inversely proportional to the gas density.

-9 -8
1.
o 1746 x 1077 _ 1.502 x 10 a8

p (gm/cm?) p (slugs/ft.3)
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Equation (8.6) is for air. The predictions of A are
plotted in figure 8.6.

GAS &
TEMPERATURE K
2000

|66 L L1 1 | N L L1 1 L1

16° Tk 19" 10° 10!
ABSOLUTE PRESSURE (PSI)

Figure 8.6 - Mean Free Path Between Molecules in
Air (Ideal Gas, Z = 1),



320

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
0.01 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 atmos-
phere a wire 106 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.

RN

.0CI I ] 1
O 20 40 60 80 100
OUTPUT

Figure 8.7 - Calibration of a Tungsten Wire
in Different Gases.

The measurements shown in figure 8.7 were reported
by Von Ubisch!. Von Ubisch gives a detailed review of the
hot-wire manometer.

1 Von Ubisch, H.: On the Conduction of Heat in Rarefied
Gases and Its Manometer Application. Jour. Appl. Sci.
Res., Vol. A2, 1951,

[ i s |

>y

prn pry

i

r

-l

s B3

3

B



321
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 lergth 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
£ electrons col-
ELECTRON lide with gas
EMITTER molecules with

: sufficient energy
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 collision
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

Pi = no (8.7)
where P; is the probability of ionization, ny , is the
number of molecules at 1 torr and 0°C, and ¢ is the
collision cross section. The number of ions produced
by an electron per centimeter of path length is

+ _ 273 273
n" = =% Pnlo' . = PiP (8.8)

i Leck, J. H.: Pressure Measurements in Vacuum
Systems, Inst. Phys., Phys. Soc., Chapman and
Hall, Ltd. Lond., 1964.

w 1

[ R -



323
The term 213 P converts the number of molecules at
1 torr and "0° C to the total number at pressure P and
temperature T . The probability of an ionization for
some common gases is shown in figure 8. ol

20
1S
0,
Pi Ng
10
s
_HZ
He |
| 1
(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
v =22 p p (8.9)
S

Equation (8.9) is written in terms of pressure as

P = 3 T (8.10)

lTa.te, J. T. and P. T. Smith: Phys. Rev. Vol. 39,
p. 270, 1932.
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or density as

(8.11)

where S or S, is the sensitivity of the ionization gauge.
In practice S is determined from a calibration against
some other measurement, such as a McHead gauge. The
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 basic
ionization gauge to be found in the liturature?. The mag-
netronl%auge has a linear calibration to pressures as low
as 107"~ torr. The output of the ionization gauges is
usually in the micro-amp. range.

The Alphatron gauge employs alpha particles to ion-
ize the gas molecules rather than electrons.

Mass Spectrometers - All of the ''vacuum' gauges
discussed above measure the total number density of
molecules present. Detailed study of a gas requires not
only the total number density but also, the number density
of each speciesof moleculespresent in the gas. The
mass spectrometer separates the species according to
their molecular weight. Figure 8.10 is a schematic
diagram of a simple mass spectrometer. The gas to be
analized enters at the left. The gas is ionized just as in
a normal ionization gauge. The ionized gas is then accel-
erated to a known velocity with an electrostatic accelera-
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 velocity,

: Nottingham, W. B., and F. L. Torney: 1960 Vacuum
Symposium Transactions, Pergamon Press, Lond.1961.
See for example: Van Atta, C. M.: Vacuum Science
and Engineering, McGraw-Hill, 1965,
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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.
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