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Abstract:
The thermistor and its use in anemometry is explained. Selection and use of an electrical circuit for a
thermistor anemometer is covered in detail.

A thermistor anemometer was constructed and calibrated. A closed system was constructed so that the
parameters of interest for this research could be isolated and controlled.

The effects of ambient temperature, humidity and pressure must be known before the thermistor
anemometer can be used with any degree of confidence.

Temperature was held constant in the closed system since the electrical resistance of the thermistor is a
function of temperature.

Pressure was made to vary from 0 to 1 psig and the effect on the accuracy of the velocity determination
is noted. The magnitude of this effect is shown by both experimental and analytical results.

Humidity was varied from 0 to 100% relative humidity and the effect on the accuracy of the velocity
determination is shown to be negligible. This is verified by both experimental and analytical results.
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Abstract -

The thermistor and its use in anemometry is eéxplained, Selection and
use of an'electrical circult for a themmistor anemometer is covered in de-
tail, :

A thermistor anemometer was constructed and calibrated., A closed sys-
tem was constructed so that the parameters of interest for this research
could be isolated and controlled. '

The effects of ambient femperature, humidity and pressure must be known
before the thermistor anemometer can be used with any degree of confidences

Temperaturemﬂé held constant in the closed 'system since' the electrical
resistance of the thermistor is a function of temperature.

?ressure was made to vary ffoﬁ 0 to 1 psig and.the effect on_ﬁhe acCl=
racy. of the velocity determination is noted. The magnitude of this effect
is shown by both experimental and analytical results,

Hﬁmidity was varied from O to 100% relative humidity and the effect on
the accuracy of ‘the velocity determination is shown to be negligible., This
is verified by both experimental and analytical results,
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INTRODUCTION

Anemometers are instruments used to determine velocity, generally used
for low-velocity air streams., Hereinafter, the anemometer will be referred
to with i;s most predominant use understood; measuring the velocity of ai?
at or near atmospheric pressure.

Those in use at présent conéist of three basic types; mechanical,
electro-mechanical, and solid state., The first two devices are characteriz-
ed by moving parts and have mechanical and electricai outputs respectively,

An example of a mechanical device is the familar vane type anémome’oern
This device consisfs essentially of a rotating element whose speéd of rofam
tion varies with the velocity of flow. The relation of speed of rotation
to air velocity is found by calibration. Tﬁis type‘éf device extracts
mechanieal work from the air stream,

So0lid state anemometers have no moving parts and usually operate on
the principie that the cooling rate of a heated object is a function of
fhe velocity of the air moving past the object, |

An example of a solid state anemometer is the ho Buwire angmsmetérihéﬁ
hot-wire anemometer consists essentially of a heated wire sensing elemenf
and associated circuitfy to measure changes in the electrical resistance of
that element. |

The sensing element consists basically of a thin (0.001 to 0,005 inch
diameter) electrically heated wire stretched between the ends of two prongs.
When this wire is exposéd to an air stream, it ioses heat by convection.

The wire changes resistance upon cooling and the resistance change is thus

a function of the air flow.
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The circultry used to measure the resistance change of the sensing -ele-
ment depends on the type of operafion selected for the sensing“-element° In
one methpd of operation, the wire can be maintained at a constant temperaé,
ﬁPre by adjﬁsting the curfent through tﬂe wire to offset the changes in the
rate of convective cooling, The measured value of current through the wire
may be used to debermine the air flo%u The wire is used as one leg of a
Wheatstone Bridge. To maintain the wire at constant temperature‘and there-
fore constant resistance reqﬁires the use of an amplified alternating-cur-
rent Wheatstone Bridge because of the small ré§istance change in the wire.
Another method of operating the hot-wire anemometef sensing element is to
mgintain a constant heating current in the wire an& allow the resistance to
change. This‘causes a voltage change across the wire which must be aﬁpii—
fied and accuratelj determinéde The voltage change is é function of the air
flow,

Either type of 6peration of the hdt-wire’aﬁemometer requires expensive
electronic equipment,

Thermistor anemometers are also solid state. In principle, they are
identical to the hot-wire anemometer except that the resistance of the wire
increases with temperature and the resistance of the thermistor decreases
with increasing temperature., The thermistor performs the same function as
the wire. Themain advantage is that phe\resistance change of thé thermistor
per unit of temperature change is ten times greater thaﬁ that for metals,
See Chapter 1l.l. This allows the use of simple eléctrénic circuitry when
comparad to the hot-wire anemometer,

The effects of ambient conditions (ieeﬁ, pressure - temperature -
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humidity) mﬁst be known to accurately use. the solid state anemometer, A
closed system was constructed for this research so that these parameters
couid be isolated and investigated independent of each other,

Temperature change 1s discussed but is not a part of the experimental
research, Research has been previously preformed in this area and time
limits did not allow the extensive'reseafch‘which would have been required
to reach a conclusion., |

Pressure and humidity are experimentally investigated as mo previous
research is known to have been performed in this area. The results of this
regearch show that pressure changes héve'a significant effect on the heat
transferred from the thermistor but humidity changes cauSerﬁnly a negligi-

ble effect on the heat transferred,




CHAPTER 1
'THERMISTOR ANEMOMET®R THEORY

1.1 - THERMISTOR CHARACTERISTICS

Théfmistors are semiconductors which exhibit an éxtremel& large change
in resistanée with a small temperature change. They can be made with either
a positive or negative teﬁperature coefficient of resistance, In general
@6ét'thermistors are now made With a negative temperatufe coefficient (i,ee,
an increase in témperature causes a deéfeasé in resistance). This is oppo-
site to the effect of tempeféture change on the electrical resistance of
metals, |

_Thermiétors are made frbﬁ'sﬁécific mixtures of very pure metallic

oxides such as iron, cobalt, copper, nickel, mnpganese, magnesium, titanium,

and uranium, A mixture of these oxides in the desired shape is sintered

under carefully controlled conditions of temperature and a‘binosphe're9 The

sintered piece has leads applied by a method such‘as silver soldering or

ultrasonic welding,

| ‘Sténdérd thermistor forms now available are:

Eﬁigé: Beads are small ellipsoids of thermistor material formed
on two fine wires. These Wireé become electrical 1eads after the
material is sintered. Some beads are coated with glass for pro-
tection,. 'They cén be sealed into the tips‘of gléss rods to form
probeé. Resistance values of 300 ohms to o?er 100 megohm are pro-
duced in beads.
2}§93 Discs are formed by pressing thermistor material in a
round die to form a flat rognd configuration, The thermistor ma-

teriai,is-them.sintered. Teads are attachéd to the two fiat sides.
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Washer, Washers are formed like discs except that a hole is form-
ed in the center so that the washer may be placed over a bolt,
Rod, Rods are formed by extruding thermistor material through
dies to make long cylindrical units. The thermistor material is
then sintered,

There are three important characteristics, which follow, that thermis-

tors exhibit that make them useful in electronic circuits,

‘Resistance - Temperature Characteristic;

The resistance of a thermistor is a function of its temperature,

The resistivity variation follows the empirical equations

F/v - §/to
Iy e.( /% ﬁ’/t )

N

}
" resistivity at temperature t,

where 'pt
o

resistivity at temperature i,
f = constant which varies for different thermistorﬂmaterials
but is usually in the order of l,000,
e = constant (2.718).
The temperature coefficient of resistance of a thermistor "o is
expressed in thé following equations
0(='R% %%Qohm/ohm/30
whichiis approximately equal to -%%é.
where T = absolute temperature,
Ro = resistance at a reference temperature.
"The value of 'of ' may also be expressed in %/ °C and in some

A

cases~I§as high as -5,8% at room temperature as compared to
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0.36% for platinum,"l See Figure 1 on page ),

Voltage -~ Current Chafacteristic:-
When a current flows through a thermistor, the resistance obeys
Ohm!s Law until the power is sufficient to increase the tempera;
turé of the thermistor above that of its-SHrroundings. When the
current is increased beyond this point, the resistance of the
“thermistor is 1owéred due to its increase in temperature. See
Tigure 2 on page "5,

Current - Time Characteristic:
When a voltage is applied to a thermistor and fixed resistor in
series, a current flows which is determined by the total resiste
ance of the circuit, If the current is sufficient to cause self-
heating in the fhermistor, its resistance will be lowered which
causes more current to flow in the circuit. After‘a,period of
time, a point will be reached where the power dissipated in the
circuit balances the pbwer applied and the current flow cannot
increase, The time to reach this ﬁoint is determined by the volt-
age applied, the resistance of the thermistor and its thermal in-

ertia, and the value of the fixed resistor. See Figure 3 on page

6

'Thermistors are inherently quite stable and reliable devices when used
properly. They are being used on various military and private missile and
space projects where high reliability is essential, They are subject to

two types of damage; thermal and physical shock,. Suitable mounting and

T Thermistor MamualW, Femwal %lectronics, Inc,, EMC-5,
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encapsulation,of the tHermistor will minimize the effects of physical shock,
Thermal shock appears to be the major cause of ‘failure. | |
There are two effects of thermél éhopk on a thermistor:ﬂ'
1;)' Changes in the electrical and/or thermal contact between the ther-
mistor material and the é%ﬁéched electrical leads,
2.) Changes in the physical impurity level and/or lattice structure
of the thermistor material,

The cﬁange in electrical contact appears to be dominant, However,
bead .thermistors which have thermistor material and leads sealed in glass
are much more stable in this respecﬁ than other types,

Most thermistors of the oxide type exhibit an aging effect, This is
in the form of an increase in resistance with time., As much as 0.5 to 1.,5%
?esistance change méy occur during the first week of use, Changes of as |
much as 1% may still occur after sevéral months, They may be pre-aged by
exposing them for a period of time to a temperature slightly higher than
that at which it is to be uéede The length of tiﬁe should be determined
by the thermistor manufacturer,

Pre-aged thermistors may vary by as little as 0.,2% per year, -Bead
thermistors enclosed in glass are less éubjéct to aging effects than other
types. Humidity, which may have an effect on aging of thermistoré, is'not
significant to glass enclosed beads as the g;asﬁ makes‘an.éffective MOLSw

ture seal,
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1,2 - SELECTION AND USE OF THERMISTORS

As discussed in éhapfer 1.1, thermistors are avéiiable in a variety;of
sizes and types., In addition, custom-made thermistors can be obtained from
several different manufacturers. There is no general rule covering what
thermistor to use in a'certain application‘and the designer must make this
'decigionc Any thermistor manufacturer will help in selecting a ﬁhermistor
for a given applications'

Reference material on previous research on thermistor anemometers in-
dicates that bead thermistors are generally used for this type of dévicg,
One reason for this préference is the ease of mounting'é bead thermistor,
They ;re small in diameter {0.01 inch for a glass enclosed bead) and presenb
little restriction to the air flow. They can be quite easily suspended in
the center of the air flow by mounting them with epoxy cement to a small
plastic or metal probe, The probe is then positioned as desired in the air
flow, See Figure 16 on page 50,

As discussed in Chapter 1,1, glass enclosed beads are more stable than
bare beads which would be an advantage for anemomebter work. .In addition,
the glass protecﬁs them from any reaction with the media to which they will
be exposed.

There are many points to consider when using thermistors but the proper
Térocedures for testing them cammot be overemphasized, One who is mot expe-
rienced with thermistors would do well to read "Considerations in Testing
Thermistors™ by M, L. Milier,favailable from Victory Engineering Corpora- .
tion, before attempting amy work with them,

Temperature control is very important in obtaining good resullbs with'
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thermistors, An error in temperature measurement.of 1 °C can result in a
faifly large error in the measured resistance, A Fenwal Blectronics, Inc,,
GA51P68 thermistor as used in this research, has a temperaturs: coefficiént .
ot of -h.é%/'°c at 25 °C, At an operating temperature of about 295 °c,
the resistance 1s 120 ohms ané the temperature éoeffiéient "ot is aboub
~i55%/ °c, An error in temperature measurement of 1 °C will céuse an’ ine
dicated resistance error of 1.5%.

Thermistors can'be'destroyed'during checking the voltage—curreﬁt chare
acteristic, When the voltage is sufficient to reach the peak on the curve
(see Figure 2 on page 5), self-heating of the thermistor starts to lower
the resistance which allows more current to flow and therefore more heating
of the thermistbr. The voltage cannoﬁ be manually reduéed,in time to pre;
vent the thermistor from damage, If the thermistor is not completely de-
stroyed, a change of resistance as described in Chapter 1,1 is probable,
There are two basic rules which must be ébserved in tﬂis type of testing:
1;) Never place a thermistor directly across é voltage source without a
limiting series resistor. 2.) Never exceed the maximum temperature.eveﬁ

for a short period of time.
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1,3 - ANEMDMETER CTRCUITS -

The basic principie of the thermistor anemometer is that when a self-
heated thermistor is‘exposéd to a stream of moving air, a cooling action
takes'place which changes the resistance of the therﬁistor, The change in
resistance is a function of the rate of flow,

The basic requirement then for an anemémeter circult is that it be able
to accurgtely determine a resistanée change in the sensing thermistor, This
may be acpomplished by the simple circuit of Figure La on page 11. By meas-
uring the- current (I) and the voltage across the thermistor (%), the re-
sistance of the thermistor may be-calculated and plotted against the known
‘air velocity. This would be the calibration for the instrument for fixed
aip and thermistor properties., While not extremely accurate, this circuit
would make a basic anemometer,

To.improve accﬁracy, a Wheatstone Bridge is used for this research. 4
good Wheatstole Bridge is capable of determining resistance with an accuracy
of 0,54, See F'igure Ub on pagé 11,

Ry ié the resistance of the thermistor and R) is a variable resistor
used to balance the bridge. The theory of a Wheatstone Bridge shows thatbs

Ry = (Ro/R3) x R |
when the bridge is balanced, If Ro is made eéual to By, then Ry ﬁill equal
By, wﬁén the bridge is at bélan;e., The accuracy of the bridge is maximum
ﬁheﬁ all four resistances afé equal,

The sigﬁal from a thermistor is sufficient so'thaf the bridge may be

balanced without amplification, If amplification were required, the use of
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an.élternating-current circuit would have an advantage since alternating
cﬁrrent is easier to amﬁlify. ‘When the bridge is to be rebalanced for each
observation, a d-c source is generally used because of the inhereﬁt simplic-
ity of performﬁnée of d-c bridges,

There are two methods fof operating the bridge for anemometer work,
The gridgé must first be balanced with thg thermistor eiposéd to the desire-
ed air teﬁpefature and no air flow, When air is moved past the thermistor,
convective cooiing causes a resistance change and a consequént unbalance of
the‘bri.dge which will be indicated by a voltage value, Eq.

The first methed of operaﬁing the bridge then is to let the bridge re-
main unbalanced and use the voltage B, as an indication of the air flow,
The second method is to increase the voltage applied CEin) until the bridge
is balanced and used the current fiow (I) as the air flow indication,

The first method has the disadvantage that sufficient air flow will
cool the thermistor to the point where self-heating of the thermistor will
:not be sufficient to maintain operation on the right side of the voltage-
current peak shown in Figure 2 on page 5, The thermistor is generally op-
erated oﬁ the right hand"side of the voltage peak because of the current
requireé to heat the thermistor éufficiently to avoid the étéepest portion
of the resistance-tempgrature curve in Figure 1 on page k. Maximum stabile
ity of the thermisﬁor iS'obtéined when it is 0peratéd in this manner,

The second method of operation requires the thefmistor to be at 2 cone-
stant temperature for any air fiow. By increasing the voltage across the
bfidge, current flow increases which heats the thermistor to offset the con-

vective cooling; The bridge is balanced only by increasing this voltage.
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If sufficient vwltage is available, a wide range of air flow may be meésurei

One caution which must be observed in the second method of operation is
that the bridge voltage must be lowered before the air flow is reduced, If
this is not done, the deéréééé in convective cooling will permit the ther-
mistor to exceed its rated temperature wifh'éubsequénﬁ damage to the ther-
ﬁistor, |

It Would be desirable if the output of a ﬁhérﬁistor'anemometef were a
linear function of the air velocity. Hoﬁéver,'this,is not the case as may
be seen in Figures 6, 7, and 8, Chaﬁter.B.l. It is possible to construct
an electronic circuit’ﬁhich would provide a linear outpuf for flow velocity
plotted against bridge,oﬁtput but it is bgth éipensive and time consuﬁing,
This is again a deeision for the designer of the device depending on the

accuracy required in the range of air flows to be measured,
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1, - TEMPERATURE EFFECTS

The effect of ambient temperature change on the calibration of the
thermistor anemometer is considerably more complex than a pressure or humid_
ity change. Ambient pressure and humidity changes are assumed to have no
effect on the thermistor physical properties. This is not the case with a
temperature change as the fesistance‘of the thermistor is a function only
of its temperature. Sse Chapter 1.1, |

Since the velocity of the air flow is indicated as a bridge unbalance,
any bridge unbalance due to an ambient temperature change would cause error
in the cglibration curve, Consider a thermistor énemometer in a system '
where the temperature may be regulated. The temperature of the system is -
changed but there is mno air flow., The bfidge will become unbalanced and in-
dicate an air velocity when there is no velocif.ye Considgr this as a static
unbalance, Rebalance the bridge, Now let the temperature remain constant
and let air fiow which cools the heated thermistor, The bridge will become.
unbalanced and properly indicate an air flow. Consider thils as a dynamic
urbalance, The thermistor anemometer indicates air flow by dynemic unbal-
ance and any static unbalance will cause erfor in the calibration,

Again, let there be no air flow. The static unbalance may be elimi- .
nated by placing an ldentical thermistor in the other leg of the bridge.
The identical thermistor must be sgbjected to only static conditionsﬁl As-
suming that this is possible, the bridge balance with no air flow-woﬁld be
independe;t of temperature. Now, let there be an air flow and consider only

the thermistor exposed to that air flow. Different ambient temperatures

will cause a different £ilm temperature (see Chapter 2.3) and will cause
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the thermistor opefating resistance value and temperature to shiff either
left or right on its resiétanceétemperature characteristic curve (see Figure
1 on page L), Both of these changes will affect thé bfidge output and
therefore, the velocity determination, The magnitude of this effect would
have to be detérmined_by éxperimentél research,

One definite method of contending with temperature change of the air
wuld be to run a series of calibration curves over the range‘of temperature
expected with about 2 °C increments of’temperature éhang;eo The result would

. t ]
be a series of calibration curves for different air temperatures,




CHAPTER 2

SYSTEM DESIGN AND ANALYSIS

2.1 - TEST EQUIPMENT AND PURPOSE

The equipmenﬁ used to construct and calibrate a thermistor anemometer
wass

1. Air Blower

2. Reference Flow Meter

3. Thermiétors

L., Wheatstone Bridge

5., Multimeters

6. Temperature Indicator

7. & Closed Air System

~ The air blower was used to provide air flow. The blower selected has
a variable speed control so the rate of air flow could be regulated. See
Figure 20 on page 52,

A Meriam Iaminar Flow Meter was used for a reference flow meter, This
unit is a complete primary flow me;suring element calibrated within +0,.5%
.of the Meriam Instrmment Company flow standards,

~ The thermistors selected for this research were Fenwal Electronics,
Inc,, glass coﬁted beads., Three different thermistors Wére used with re-
..sistance values at 78 °F of 20,000 ohm #20%, 50,000 ohm -+5% and 100,000
.ohm +5%, The part numbers'for these thermistors are GBL2P2, GALSP27, and
GAS1P68 reSpectivelye These thermistors have temperature coefficients F
"ol of .l.L%/ °C,'-h,6%/ °C and -l1.6%/ °C respectively at 78 °F.
Resiéﬁance ValueS'iess than 20,000 ohm were not used because of the

low resistance at the operating temperature, The 20,000 ohm thermistor has
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a resistance of 38 ohms at an operating temperature of about 300 °C, If
lower than 20,000 ohm thermistors had been used, the effecf of lead resist-
ance could have become éignificant at the operating temperature.

Higher resistance values were not used because of the power required to
drive fhem over thelr voltage-current peak. See Figure 2 on page 5.

The thermistors were mounted in a copper tube with epoxy to form a
probe as shown in Figure 16 on page 50, The probe assembly was placed in
the test section so that the bead was at the center of the test section,

The probe was held in place by a compression fitting which also formed a
pressure éeal° See Figure 21 on page 53,

The elements of the Wheatstone Bridge consisted of four decade resist-
ors and'diréct;current power suppliés. Three of the decade resistors Wefe
used as legs of the Wheatstone Bridge and one for voltage control across
the bridge. The bridge was operated with the thermistor at a constant tem-
perature and theréefore cons’cant.resistancem The reasons for using the ther-
mistor and bridge in this manner were discussed in Chapter 1.3.

The multimeters were used to measure voltage and current at the ther-
nistor.,

Temperature measurements were made with a'thermocouple, The thermo-
couple pfobe was mounted immediately downstream from the thermisfor probe
as seen in Figure 21 on page 53. A type J ilron-constantan thérmocouple was
used and the output was read on a Brown Potentiometer,

A closed systeﬁ was constructed for this research by using a MU" shaped

section of li inch diameter pipe and making pressure tight connections to the

‘air blower, A portion of this pipe may be seen in Figuré 20 on page 52,
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The methods used to isolate the various parameters Qf‘a thermistor.
dnemometer may be piaced ih the foliowing catagorieé:

1, Humidifying

2, Dehumidifying

3, Pressurizing

i, Temperature regulating

Humidifying the closed system was accompliéhéd by introducing steam
until the desirgd relative humidity was reached, Th; relative humidity was
determined by a wet and dfy bulb thermometer, The wet and dry bulb thermo-
meter was mounted in the downstream portion of the test section. See Figure
21 on page 53.

Dehumidifying the closed sysﬁém:was accomplished with a mechanical dew
hydrating unit. The air oubput of this unit was connected to one side of
the closed systenm and the air return was comnected to the other, By circu-
lating air through the drier in this manner, 'the closed system could be
dried in 48 hours. See Figure 19 on page 51,.

The dehydrating unit was also used to pressurize the closed systen,
When the return to the unit was opened to the atmosphere and the return
'from the closed system.ﬁaé blocked, a static pressﬁre was built up in the
system, Thé compressor in the déhydrating unit is capable of supplying 30
psig. The pressure in the closed gystem'was limited to about 1 psig due to
the type of construction of the heat exchanger and pipe. Pressure regula-
tion was achieved by a co;umn of water of sufficient length to sustain 1
psig. See Figure 19 on page 5l. Pressure was read directly on a water

manometer calibrated in psig.
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‘Tempéraﬁure regulaﬁio# was achieved by a heat exchanger installed in
the”aif stream, Cold water (LS °F) was circulated through the heat exchang~
er as required to maintain the air flowlat the desiréd temperature.'.Temper—
;Pure regulation”byuthis ﬁethod'was slow and difficult since the water flow
was controlled manually,. Howéve:; with patience; good temperature control

was possiblé., See Figure 21 on page 53.
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2.2 - FIOW CHARACTERISTICS

The ohj.y flow ’charac:peristic of concern for this research is the flow’
regine (i.,e., laminar, transition, or turbulent). The flow regime is deter-

mined from Reynolds numbers

R,=YVDP
¢ I
where V = mean velocity of the fluid in the pipe in feeb per second,

D = diameter of the pipe in feet,
© = mass density of the fluid in the pipe in lb-sec2/gth,
M= viscosity of the fluid in the pipe in Ib-sec/ft2,

For the conditions of this experiment:

V=1 .f.‘t/éec ('bllliS is the lowest air flow reading taken for cali-
bration)';-
D = 0.32L ft;
P-= 1.9 % 10-3 Tb-sec2/ft L (at 25 inches Hg and 70 °F),
and M = 3,8 x 10-7 lb-sec/ft2 (at 70 °F),
Thens
\ R, = b x 0,324 x 1,94 x 103
3.8 x 10~7
‘and Re = 6620,

This is the lowest value used in the performance of this test,
Since the flow regimes are defined as laminar for Ry <2100, transition
for 2100 éReéhOOO and turbulent for Re>L000, it is concluded that all the

work done in this research is in the turbulent flow regime.
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2.3 - HEAT TRANSFER CHARACTERISTICS

1Consider the three principle modes of heat transfer; conductioﬁ, radia-
tion, and convection, Conduction is a process by which hea£ flows from a
region of higher temperature to a region of lower temperature within a medi-
um or between different mediums in direct physical contact, Radlation is a
process by which heat flows from a high temperature bdd& to a body at a low-
er temperature when the bodies are separated in space, even when a vacuum
exists between them, PConvection is a process of energy transport by the
combined action of heat conduction, energy storage; andvmixing motion, Cone
vection isﬂmost important as the mechaniém.of energy transfer between a
solid surface and a gas,

A 9omp1ete'heat transfer analysis then will include all three modes of
heat transfer, Héweyer, as stated above, convection includes the effects of

conduction so only radiation and convection need be considered,

The uwnit surface conductance for radiant heat transfer “Er" may be de-

fined asg
h, = JvécTsu - Ta h} ‘
(Ts =T )
where - °’=_Stefan - Boltzman constant
(0.171h x 1078 Btu/nr ££2 °Bl),
. € = emissivity (0,90 for glass), .-
Ts = 781 °R - Absolute temperature in °R of the surface from

which the radiation takes place, (Since the thermistor is
operated at 572 °F and the air temperature is 70 °F, the sur-

1. "Principles of Heat Transfer®, by Frank Kreith, Lith Ed, International
Textbook Company, Scranton, Penusylvania
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face and film temﬁefature-are assumed to be 3217Fn),

: Te = 530 °R - absolute temperature of the pipe walls, .
‘Thens
S el _eay
h_=0.171k x 1078 x 0,90 {Z8LL =530
r * 090 7812530 )
R, = 1,795 Btu/hr £t2 °R,

The convection heat transfer in this case is actually forced convection
over an exterior surface. While the heat transferred by radiation is a
function only of temperature difference, the heat transfer by forced convec-
tion depends on the behavior of the fluid boundary layer around the object
gxposed to the air stream,

Consider a sphere exposed to an air stream; For an ideal fluid, parti-
cles,strik%ng the most forward point on the sphere are stopped and the pres-
sure ;ncreases one velocity head., This point on the sphere is called the
stagnation poiﬁt, the flow must divide'and flow around the sphere. The
fluid must accelerate when it flows around the sphere and reaches a maximum
velocity on both sides, then fal%s again to zero at the stagnation point in
the rear. This is an idealized flow pattern and is not aﬁproched by a real

fluid except for very low Reynolds number.

At other than very low Reynolds numbers, skin-friction drag causes an
adverse pressure gradient with a resultant separation of the flow from thé
sphere, For flow of real fluid, the particles at rest at the forward

stagnation poinﬁ accelerate to maximum velocity on the sides of the sphere,
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ﬁhe particles separate from the surface of the sphere and a wake is formed
at the downstream side. See Figure 5 on page 2l,

| For thexeal.fiuid, boundary layer growth will begin at the stagnation
point and energy will be dissipated in overcoming resistance of the adverse
pressure gradient. The angle " " as shown in Figure 5 is dependent on the
Reynolds number, decreasing with incre#sing Reynolds number,

It is concluded that the heat transferrsd by forced convection is some

function of the Reynolds mumber due to the change of surface of the sphere

in direct physical contact with the moving fluid. In the Reynolds number

range from about o5, to 100,000, the equation recommended by MeAdams (ref,
) for calculdting the average unit surface conductance “EC" for spheres

heated or cooled by a gas is:

h,. Do . 0.6
c = 0037 . .Y.;P._]Z?.
Ke Mg

where Do = sphere diameter in feet,
Ke = thermal conductivity of air at mean film temperature in

Btu/hr £t °R,

V = velocity of free Stream in ft/sec,
€ = mass density of the free stream in 1b -'Secz/fth,
Mp = viscosity of air at mean film temperature in 1b - sec/ft2,

&n example calculation of the average unit surface conductance ®h.¥ is

,Qﬁ value forncomparisop of its pagnitude to the magnitude of the unit sur-

face conductance for radiant heat transfer "E%ﬂ, Since h, is a function of
velocity and vélocity is a variable in this resaafch, the lowest veloclity

used for calibration (h.ft/seg) shall be used in this calculation, 4 mean
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film témperaturé of 321 °F is assumed,

Thens

and

-7
¥

Do = 0,00833 ft,

Ke = 0,0197 Btu/hr £t ;’R (at mean film temperature of 321 °F),
v = h_ft/sec;

£ = 1.9 x 10-3 1b-sec2/ct! (at 25 nchés.Hg &hd 70°°F),

Hp = 5.1 i 10-7 lb-sec/ft2 (at mean film temperature of 321 °F),

=007 0,37 (h x 1.9 x 1073 x 0,00833 ) 0.6

¢ 0,00833 5.1 x 10-7

= 15,95 Btu/hr £12 °R,

Since EC is calculated from the lowest velocity used in this research

‘and still is greater than‘ﬁ;‘by a factor of 8.9, it may be concluded that

the heat transferred by radiation will always be quite small compared to the

heat transferred by forced convection, However, the most accurate results

will be obtained by defining a total unit surface conductance "Et" where:

-

h.b = Er + Ec ®




CHAPTER 3

TESTS AND RESULTS

3,1 = TEST METHODS AND CALIBBATION

This research was gonduqted by isolating the parameters’and investigat-
ing their effects separately. The first portion of the research was devoted
to backgrpund investigation and construction of the equipment.,

The'aﬁemometer was assembled after selection of the circuitry and ther-
mistors as described in previous chaptefs0 The Meriam Laminar Flow Meter
was used as the primary velocity reference,- The closed system was cone
structed so that the pa;amepers could be controlled;

Prior to iniﬁial célibration of the’anempméter; the test conditions for
the entiye research were fixed, The air stream temperature was held within
% ].jF at 70 °F for all measurements, The thermistor temperature was held
constapt at 572 °F as debermined from the resistance, For initial calibrasw
tion; air at atmospheric pressure of 25 inches mercury (4900 feet altitude
at laboratorg'éite) and 0-10% relative humidity was used, The air was dried
to O-lp% re}ative humidity by the dehydrating unit previously discussed.

Calibration curves for the following thermistors were obtained

Thermistor . Figufe ' Page
GB42P2 6 27
GALSP27 7 28
GA§1?68“ 8 29

¥

These calibration ruﬁé were reﬁéaﬁable within £2% current measurement -
and =1 °F temperature control, The only problem encountered with repeating
calibration runs was when a thermistor was used which had been accidently
subjected to excessive temperature with consequent damage to the thermistor,

The effects of ambient pressure were iﬁvestigatéd by pressurizing the
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closed system to 1 psig. Temperature and humidity of the system were held
constant, .See Chapter 3,2,

The effects of ambient humidity were investigated by alternately
drying and.saturating the closed system while temperature and pressure were
held constant, -See C_ihapter.B.,B°

The following has no bearing on the research conducted but is of tech-
nical interest., Considerable time was lost during the research on the
humidiﬁy effect dﬁé to the change in resistancé caused by overheating one
of the thermistors, This change was first taken as the effect of humidity
until the lack of consistency in the results was noted. At that time, meas-
urements were made on the thermistor to determine its resistance. This was
a CA51PA8 thermistor which originally had a resistance at 78 °F of 100,000
ohml:tS%o At the time it was removed from the humidity test, its resistance
was about 300;000 ohm at 78 °F, This thermistor was operated once more at
the same voltage to see if it would change resistance again. After this
run; the resistance at 78 °F was found tp'be 345,000 ohm, This deteriora.
tion with time is shown in Figure 9, The thermistor was used on the dates

given but was not used dﬁring the interval between dates,
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3.2 - PRESSURE EFFECTS

It was assumed for this portion of the research that small pressure
variations have no effect on the physical properties of the thermistor.

The effect of changes in the air pressure was determined by comparing
the calibration curve for a thermistor in a closed system at atmospheric
pressure and the calibration curve for the same thermistor in the same
closed system at an elevated pressure, For these measurements, all para=-
meters were held constant except pres§ure;

The pressure'effect was investigated using the three thermistors de-
scribed in.Chapter 2.1, Figures 10; 11, and 12 show the two pressure-cali-
bration curves for each thermistor,

It is readily ssen from the curves that the pressure effect for.é 1
psig pressure change is fairly small but consistent for all three thermis-
ﬁors, The average increase of power dissipated at elevated pressure for
all three ﬁher@istors lies in the range from 1,5 to 2.0%,

An examination of the heat transfer equations is of value to see if
these_results are.consistent With the'change iﬁ the total unit surface con-
ductance "Et" resulting from an increase in préssures

“The total unit surface conductance is a summabtion of the average unif

surface conductance for forced convgction "hc" and the unit surface conduct-

. ance for radiation "Erﬂo As eiplained in Chapter 2.3, Er is a function only

of'temperature differences and does not change with pressure. hg is a func-

tion of the Reynolds number which does change with pressure:

- 066 1
he = 0,37 K& (Y Do ,
Do Hf \
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where ‘Do = sphere diameter in f%,

K¢ = thermal conductivity of air at a mean film temperature of
321 °F in Btu/hr ft °R;

V = velocity of free stream in ft/sec,

f = mass density of free stream in 1b-sec2/fth;

Hp = viscosity of air at a mean film temperature of 321 °F in 1b-
sec/ft2,

For purposes of calculation; the assumed mean f£ilm temperature of 321°F
shall be assumed constant over the rangé O to 1 psige The film temperature
will vary with heat flow but for the small changes in heat flow expected
here; the variation in temperature will be assumed negligible, Another
reason‘fqr this assumption is that the calculations are made for a constant
velocity,

Consider the effect of a pressure change on each of the above terms.
The free stream veloéity and sphere diameter do not change with pressures
Thermai condugtivity and viscosity are functions of the film témperature
assumed constant over the range 0 to 1 psig and do not vary significantly
with pressure for moderate ranges (i.e., for air this is true up to 100 ate
mospherés)q‘ Mass density is a function of pressure and theimagnitude of its

change is calculated below,

= P
gRT
where P =.absolute pressure in 1b/ft2,
g = 32,2 ft/se02 - gravity;
R = 53,3 ft-1b/1b °R - ideal gas constant,
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T = absolute temperature in °R.

The mass deﬁsity at 0 psig is calculated using:

P = 23 inches Hg absolute,'
T = 530 °R,
and £ = 0,0019L 1b-sec2/stl,

The mass density at 1 psig is calculated usings
. P = 25 inches Hg absolute + 1 psig,
) T = 530 °R, |
and = 0400210 1b-sec2/eth,

To calculate a typical value of Ec for comparing the effects of

pPresSe

sure change, a velocity value must be selected., & velocity value of 20 £t/

sec will be used,

Then:

by
I

- ' 0.6
¢ =037 Kr - [V 2D
Do Mf

&
@
H
o
‘_‘)ﬁ
|

0.01970 Btu/hr £t °R,

Dy, = 0.00833 ft,
vV =20 ff/sec;
He = 5.1 x 10~T 1b-sec/ft?
f = O;0019h'1b-sec2/ft4 for O psig;
and € = 0.00210 1b-sec?/etl for 1 psie.
Thens
B, = 4b2.0 Btu/hr £42 °R = for O psig and dry air,
and Hé = }},2 Btu/hr ££2 °R - for 1 psig and dry air,




From Chapter 2.3

h, = 1,795 Btu/hr £t2 °R,
Thens
By = he * ﬁr;
hy = 13.795 Btu/hr ££2 °R - at O psig and dry air,
and | Ht = h50995 th/hr £42 °R - at 1 psig and dry air,

MThe expectedlpercentage increase of power dissipated at the thermistor
for a pressure change of 1 psig at a velocity‘of 20 ft/sec would; by the
aboYe calculations, be L.8%, The actual percentage increase at 20 ft/sec
is about 1,58, Although the results do. not coincide in magnitude, the
effects are both in the same directiony a pressure increase causes greater
heat transfer. The fact that greater heat is transferred as a result of a
.pressurg_increase cont;adicts the assumption that the mean film:temperature
is constant over the.range 0 to 1 psig.

The pressure.-calibration curve for the GA51P68 thermistor (Figure 12)
indicates that at a vélocity of 20 ft/sec, the heat transferred from the
thermistor or power dissipated is 623 milliwatts for O psig and 633 mill-
iwatts ior 1 psig. Now consider that the thermistor is enclosed in glass,
This heat must pass through the glass and follows the equation for heat

transfer by conductions

Q = K (% - 1))
where @ = heat transferred,
K = a constant for a given material and configuration,

11 = temperature of inside surface of gléSS‘ﬁiueag thermistor




tempergture),
by = tgmpé;ature of outside surface of glass (i.e.,, film tempera-
ture), |

Thg inside surface qf the glass is at the thermistor temperature of
5?2 °F which is constant. To evaluate the constant "K", the assumed film
temperature of 321 °F and theé heat transferred.walue of 623 milliwatis are
used..

K = 2,48 milliwatts/ °F,

Then to calculate a new film temperature, tﬁe inside sufface tempera-
ture of 572 °F and the heét transferred value Of‘633 milliﬁatts are_usedq
The new approximafion-for the film temperature is 317 °F,

This difference in film temperature, however, is not large enough to
change the heat transfer COeffici?nt "EC“ for engineering calculations.

It is%tﬁéreforemconc}uded that the difference in magnitude for the per-
centage change in heat transferred due to the pressure increase is attri-

buted to a lack of correlation between theoretical equations and experimen-

tal results,
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3.3 - HUMIDITY EFFECTS

”It was assumed for this portion of the research that the moisturehin
the air has no e?fecﬁ'gn.the»phygicgl properties of the thermistors since
the thermistors are sgalea in glass,

The effect of changes in the moisture content was determined by compar~
ing the. calibration curves for a thermistor in a closed system with dry air
and for the same thermisﬁor in the same closed system with saturated air,
For thesg measurements; all parameters were held constant except relative
humidity{

The gir in the system was dried with the dehydrating unit previously
described, Humidity measurements made with a wet and dry bulb thermometér
indicated relative humidities below 10% for the dry system, Humidif&ing
was accomplished by introducing steam into the system until satﬁration Was
obtained,

The humidity effeqt was investigated using the three thermisfors de-
scribed in Chapter 2.l. TFigures 13, 1L, and 15 show thé two hﬁmidity—calin'
bration curves for each thermistor,

Tt is readily seen from the curves in Figure 13, 1k, and 15 that the
humidity effect is mot within the sensitiviby of the test equipment., It
may be concluded that while humidity does affect the heat transferred by
forced convectidn; as shown in the following analysis, the effect is négli-
gible for ordinary engineering calculations.

Consider the effect of a moisture content change on the value for heaf
transfe;red by forced comvection. The average unit surface conductance for

forced convection.®h." is a function of Reynolds number and the thermal con-
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Aductivity, both which change with humidity,

R, ='0,37. Ke (v £ D, > 0.6

Do He

where Dy = sphere diameter in f4,
Ke = thermal conductivity of air at a mean £ilm vemperature of
321 °F in Btu/hr ft °R,
= velocity of free stream in ft/sec,

= mass density of free stream in,lb-Secz/ftu,

i

Ke = viscosity of air at a mean film temperature of 321 °F in

1b-sec/ft2, , L .

For purposes of calculation, the assumed mean film temperature of 321°F
shall be assumed constant over the range O to 100% rélative humidity;
| Consider the effect of a humidity change on each of these terms, The
| free stream velocity and sphere diameter do not change with humidity, Mass
‘ dgnéity; viscosity and thermal copductiyity are not direc@_functions of
\‘ humidity but they do exhibit a small change with humidity. |

{, The effect of humidify on mass density shall be considered first,

P
‘ ,F = a . RH
BB T g ¥yg

| where P, = absolute pressure of dry air in 1b/ft2,
| g = 32.2 fit/sec? . gravity,

R, = 53,3 ft-1b/1b °R - ideal gas constant,

T = absolute temperature in °R,

RH = relative humidity,

&

Vo™ specific volume of saturated water vapor at temperature T in




b5

£+3/1b,

4

The mass 'density for dry air is calculated using:

P, = 12.25 psia,

T =530 °R,

0.0019) 1b-sec?/rtlt,

and £

The mass density for saturated air is calculated using:

P, = 11.89 psia,
T =530 °R
and # =0,00192 1b-sec?/rtl,

_Néxt consider the effect of a humidity change on thé viscosity, Assum.

ing air and water vapor to constitute a gas mixture:

. 1 ) ]
é = ____1__ 1+ Mi -3 u .
and ij — A
J ' My M

where n

L& Xj

number of species in the mixture,

i

mole fractions of specles i and J,

=

Hi & Mj= viscosities of species i1 and j at the system conditions,

My & Mj = molecular weights of the species.

This is a very long and detailed calculation and only the results will

be presented here,

The equations and methods of calculation are fully ex- .




‘:-hé'-’l
plained in "TrgnSport Phenorflenaﬂ by Bird, Stewart, and Lightfoot, published
by John Wiley and Sons; Inc,

For dry air at‘a mean film temperature of 321 °F,
M, 2 5.1 x 10-T 1b-sec/ft2, |

For saturated air at 2 mean f£ilm tenperature of 321 F,
Ko = 5,05 x 10-7 1b- sec/ft2,

Finélly9 consider the effect of a humidity change on the themmal con-

ductivity,
Kf =b f*a Cv .
‘ where U= absolute viscosity in 1lb/br ft,

C, = specific heat at constant volume in Btu/lb R,

b a constant that depends upon the number of atoms in the gas
molecule (1.90 for air).
For dry air at a mean film temperature of 321 °F,
Kp = 0,0197 Btu/hr £t °R.
' TFor saturatgd air at a mean film temperature of 321 °F§
Ke = 0.0199 Btu/hr £t °R,
The small change in the thermél conductivity is due to the fact that

the viscosity change and the specific heat at constant volume change tend to

cancel each other,

\ 0.6
=037 2 [T T D
¢ Do Mf

and for saturated air:

Thens

‘Do = 0,00833 ft,




= 0,0199 Btu/hr £t °R,

1—5
T

< \
W

' 20 ft/sec,

£

< 5,07 x 1077 1basec/rt?,

%
]

0,00192 1b-se02/ftha
Then: ,

.ﬁcw= 12,3 Btu/hr ££2 °R - for O psig and saturated air,

From Chapter 9: o }

'Ec = 112,0 Btu/hr ££2 °R - for O psig and dry air,

The unit surface conductance for radiation "Er"'is undhanged for either
ﬁresSure of humidity,
R, = 1,795 Btu/hr £5° . °R,

Consider the total unit surface conductance "Er"vwhereeg

h'b = hC < hr, -
i, = 43,795 Btu/hr £62 °R - for O psig and dry air,
and 'ﬁt = 1,095 Btu/hr ££2 °R - for O psig and saturated air,

-This result verifies that the change in heat transferred caused by
moisture content variation is negligible, The calculated pefcentage change

is only 0,68%,




CHAPTER L N

EXPTANATION OF PHOTOGRAPHS

The photographs of the whole test arrangement are collected after this
chapter for quick reference. See Chapter 2,1 for the descriptions of the
equipment shown in these photographs; |

Figure 16 is a closeup of a typical thermistor probe, All of the
GBL2P2, GALSP27, and GAS1P68 thermistors wers mounted in identical probes,
The tip of the glass enclosed thermis£br may be seen protruding from the
left end of the copper tube. The thermistor was sealed in the copper tube
by injecting an epo%y into the Qoppef tube, The electrical lead wires may
be seen extending from the right end of the copper tube. The tape wrapped
around the copper tube was for éccurate placement of the probe in the test 0
section, The entire prbbe is 3 3/li inches from end to end.

Figure 17 is a closeup of the solid state temperature sensor probe.
See Appeﬁdix, Tt was constructed in the same manner as the thermistor
probe, No lLape was wrapped around the tube for placement because this part-
icular ;Iobe mist be installed from the inside of the test section due to
the sige of the backing plate for the. sensor,

Pigure 18 shows the equipment used for the Wheatstone Bridge, tempera-
turé and flow indication. ~The décadelresistors may be seen in the
left foreground., The power supplies are shown in'a stacked position imme-
diately to fhe right of the resistors, Next to the power supplies are the
multimeters_usea to balance the bridge and indicate thermistor power. The
Browm Recording Potentiomelter for temperature is right behind the mul i~

meters, The inclined manometer for the reference flow meter is shown in the

background. It should be stéted that the equipment shown in this photograph
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was not used in this crowded arrangement, The equipment was placed in this
manner solely for the photograph, |

Figure 19 shows the equipment used to dehumidify, pressurize and con-
trol pressure. The dehydrating unit is shown in the left foreground., This
unit was used to.dehﬁmidify and pressurize the closed system. One of the
plastic hose connections from the unit to the closed system may be seen
coming from the side of the unit. The column of water used for pressure
regulation is seen in the center foregrounda

Figure 20 shows the closed system constructed for this researchf The
I inch diameter pipe extends aboubv 18 feet from the air blower in a closed
loop. The air bloweruié on the extreme right of the photograph., The rubber
hose connections were used to make pressure tight joints,

Figure 21 shows a closeup of the test séction, heat exchangef and re=
ference flow meter. The reference flow meter is in the left foreground
withan arrow indicating the direction of air flow. The two plastic hose
connections to the inclined manometer extend from the tép of the element.

The rectangular heat exchanéer is shown in the center background., The
two plastic hose connections for cold supply water and warm return water ex-
tend from the top of the heat exchanger. : |

The test section is shown in the center foreground., The first test
port on the upstream side was used for the thermistor probe. The second
port was used for the thermocouple probe, The‘last port was uSed for the
wet and dry bulb thermometer to measure humidity. A plastic hose pressure

tap is seen extending from the back portion of the test section.
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FIGURE 18, CIRCUITRY AND INSTRUMENTATION

FIGURE 19, DEHUMIDFYING AND PRESSURIZING EQUIPMENT
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FIGURE 21, DETAIL OF TEST SECTION




CHAPTER 5
SUMMABX

This research rev?aled that a thermistor anémometer can be constructed
which is reliable and accuratea\ There are two important items to consider
when desiéning a thermistor anemometer; keep it aé simple as possible and
fully understand the fuﬁction‘of the components., The thermistor anemometer
used herein is certainly not the only type which could be used and may not
even Be tﬁe best but it waé entirely sétisfactdry'for this ressarch, There
are many variations of themistors and circultry which could be used,

The experiments presented here are complete in only one respect. -The
" effect of humidity is shown to be negligible for ordinary engineering meas-
urements over the entire range from dry air to saturated air. This encom-
passes all the humidity variation possible,

Pressure is shown to affect the accuracy of the velocity determination
but this effect is determined from a pressure change of only 1 psig. This
was the maximum range possible with the equipment used.

More research on thermistor anemometers is necessary as explained.ianQG
Appendix,; £lso included in ”r,ln_e'Append:i.xfé are the results of a calibration
rin of the anemometer with the thermistor replaced by a Micio' System, Inc.,

Temp-Sensor, This sensor shows a lot of potential in the field of aﬁemom;

etrye.




APPENDIX
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SUGGESTED TESTS

Thermistor anemometry is a new field and requires research beyond this
thesis; In addition, the recent development of solid state temperature sen-
sors similar to thermistors opens a new area of research on flow measure-
ment,

Additional work on thermistor anemometers is required to determine the
effect of large press&re changes, It is the author's suggestion that work
in this area be done with a variéty of available thermistors., For this re-
search, only glass coated bead probes were used,

Information is needed in phe area of température compensation or cali-
bration., For this research, temperature was simply held constant.

There is much work to be done on circuitry. This is primarily an
Blectrical Engineering problem, There-are at least two major areas for this
work, The calibration curves for a thermistor anemometer can be made linear
by’using the appropriate circuitry. A self-balancing bridge would be espe-
cially applicable to thermistor anemometers.,

Another important area of work is to construct a thermistor flow meas-
uring device and calibrate it in different media., With suitable calibra-
tion, this device could be used in different gases and liquids,

Micro Systems, Inc., Pasadens, Califérnié, supplied the author with
free samples of their TE3-10-1000 and TE3-10-5000 Temp-Sensor* s0lid state
temperature gages., Although not a part of the original scopé of this re-

search, one of the TE3-10-5000 sensors was installed in the test in place

#Temp-Sensor is a trade name of Micro Systems,; Inc, for its solid state
temperature gage,
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of the thermistor,

“The Temp-Sensor solid state teﬁperature gage is a stable, linear,
rapid response, high sensitivity, and wide rénée device that owes its out-
standing performance'characteristicé to careful selection of the silicon
semiébnductor material and ‘o proper cutting of the.crystal, | |

"The Temp-Sensor gage differs from the thermistor in several respects,
Indeed, thé only common characteristics are that both are semiconductors,
and both exhibit a change of resistance with temperature. - The Temp-Sensor
gage has a posiﬁive temperature coefficient of resistance, and its res;st;
ance change with temperature can be so chosen as to be linear over a range
of 1i00 °F voeoin ¢ontrast, the thermistor has a negative coefficient of re-
§istancé, and its resistance change with temperature is logarithmic. In
addition; the Temp-Sensor gage provides considerably greater stability than
the thermistor, '

Thg Temp-Sensor which was installed in the test may be seen in Figure
17 on page 50, The sensor was mounted on a 0,25 inch square steel carrier
when obtained from £he manufacturer and could not be removed without dama.ge.
- This is not an ideal shape to suspend inan air stream but other mountings
ICan;pe obtained from the manufacturer upon request, ‘The Temp-Sénsor was
operatéd exactly as the thermistor had been éperafed,

The Temp-Sensor was first suspended in the center of the air stream
with the steel carrier perpendicular to the air stream, This célibration

curve is shown in Figure 22, The Temp-Sensor was then suspended in the

1. "Temp-Sensor, Solid State Temperature Gages", Micro“Systemé, Inc.,
Pasadena,-Califorhia.
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center with the steel carrier parallel to the air streaﬁ. This calibration
curve is shown in Figure 23, |
Although the TE3-10-5000 Temp-Sensor has a linear resistance change
with temperature over a range of LOO °F, the calibration curves are not lin-
ear due to the nature of the‘convective cooling of the air stréam. The lin-

earity could be improved by selecting a better configuration than the 0.25

inch square steel carrier for this type of work,
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