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Chapter 1
DEVELOPMENT OF A THERMISTOR ANEMOMETER
Introduction

This thesis investigates the performance of a previously designed and
tested instrument and attempts to explain and to consequently eliminate inade-
quacies uncovered by the initial investigation of the instrument's perfor-
mance. The instrument under scrutiny is a temperature-compensated thermistor
anemometer that evolved out of a thesis entitled, "A Thermistor Anemometer
For Measurement of Air Velocity" by Mr. William A. Flanders (1).

The main purpose for the construction of this type of an anemometer is to
measure air speed in unrestricted spaces, or more specifically in living quar-
ters such as offices, public meeting places, and homes and apartments. Air
speed measurements in these types of spaces require that the instrument must
be portable, must accurately perform in temperature ranges comparable to those
encountered by humans in various types of living conditions, and must be cap-
able of measuring air speeds comparable to those experienced in ventilation
and airconditioning of these spaces. Mr. Flanders, in his thesis, used an
ambient temperature range of 40°F to 110°F as a basis for his design calculatioms.
A velocity range of 10 to 1000 feet per minute was determined to be adequate
for fully covering all feasible air speeds encountered in the field. As far
as being portable, the final instrument could be easily hand-held while

taking measurements.



Another desirable feature that should be incorporated in the design
of such an anemometer is insensitivity to changes in the direction of air
flow. Non-directional behavior of the anemometer is desirable because a point
measurement is desired in a space. The air speed at this point is being af-
fected by a large number of variables. Placement of supply and return ducts,
movement of the occupants, and temperature gradients in the space all combine
to affect alr currents. If non-directional qualities are designed into the
anemometer then it becomes unnecessary to evaluate these variables. Measure-
ments of air speed should not be encumbered by always worrying about the orien-
tation of the anemometer. Preliminary studies of this subject by Mr. Flanders
indicated that the problem of directional sensitivity was minimal. This
thesis will not attempt to delve into this area for two reasons. First, there
seems to be no unsolvable problems associated with the present probe config-
uration although this is not an excellent reason by itself. Secondly, major
problems have appeared in other areas whose solution must be found before the
temperature-compensated anemometer can perform properly.

In the final evaluation of the anemometer, success can only be realized
when it can be determined that the anemometer is ready for manufacturing. This
conclusion is inevitably reached each time the purpose for undertaking the
research, design, and construction of the anemometer 1is examined. An inex-
pensive (relatively), temperature-compensated, self-balancing, non-directional,
fast read-out, portable anemometer is not commercially available.

To analyze the feasibility of manufacturing the anemometer the sensi-
tivity of the error in the air speed with respect to the error in the indi-
vidual circuit components was considered to be the crucial factor. If this

sensitivity was unreasonably high, construction of the anemometer on anything



other than a limited, custom-built basis would have to be ruled out. The
objectives of this thesis are rooted in developing a component and system
error analysis.

The major objective of this thesis is the evaluation of the feasibil-
ity of manufacturing the proposed temperature-compensated thermistor anemo-
meter. The secondary objectives that must be accomplished before the major
objective can be adequately analysed are:

1. Development of a component and system error analysis

2. Improvement of the method of component sizing

3, Determination of an appropriate self-heat

4, Investigation of required thermistor performance; deter-

mination of "ideal" temperature-resistance curves .

5. Evaluation of the instrument on the basis of allowable

and/or reasonable component error
6. Re-evaluation of the validity of the describing heat trans-

fer equation based on new experimental observations.
Background

The thermistor anemometer was designed to measure air speeds from 10
feet per minute up to 1000 feet per minute in an envirgnmentai tempera-
ture of approximately 50° F to 100°F. The measuring circuit for this device
consisted of a 4-leg resistance bridge in the feedback circuit of an ;pera-
tional amplifier. The circuit for the anemometer is shown in Figure 1.
The sensing thermistor and the temperature-compensating thermistor are
mounted on a probe that is placed in the air stream. The fixed resistances,

R}, Ry, and R3, are designed to cause gself-heating of the sensing thermistor

to a temperature above the ambient air temperature. Air flow across the
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ANEMOMETER CIRCUIT



sensing thermistor bead causes heat to be dissipated at a rate propor-

tional to the air speed across the probe. However, the bridge is automa-
tically held at a predetermined balance point, forcing the sensing thermistor

to maintain a constant temperature elevation regardless of the heat loss to the
air stream. The IZR power required to maintain this temperature is, therefore,
an indicator of the air speed. The compensating thermistor in the opposite

leg of the bridge provides temperature compensation for changes in the ambient
temperature of the air stream by maintaining a constant power dissipation in
the sensing thermistor for a specific velocity regardless of the changes in

the ambient temperature.

To improve the overall accuracy of the anemometer, two subdivisions of
the original velocity range were deemed necessary. The resistor, Ry, was held
constant for both ranges at 2500 ohms while the resistors R2 and R3 were
sized for the low range and the high range on a separate basis to improve the
accuracy of the anemometer. The low range circuit was designed to measure
air speeds in the range of 10 feet per minute to 100 feet per minute. The
high range circuit was designed to measure air speeds between 100 feet per

minute and 1000 feet per minute. The following resistance values were used

in each circuit:

Low Range  High Range
R2 = 18,677.5 ohms R2 = 18,707.5 ohms
R3 = 149,460 ohms R3 = 154,790 ohms

The power dissipated by the sensing thermistor was calculated using,

P = ElES/Rl. [1]



The voltage across the resistor R, is designated E. and the voltage across

1

the sensing thermistor is designated ES. Measurements of the power dissi-

1

pation were taken by Mr. Flanders at ambient temperatures of 65°F, 80°F,

and 100°F. Reference air velocities were provided by an induced draft wind
tunnel. Figure 2 graphically indicates how the error between the predicted
and the experimental values is distributed throughout the instrument's range.
Figures 3 and 4 compare the experimental results and theoretical results for

low and high speed ranges. It should be noted at this point that the sensing
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thermistor's temperature above ambient is approximately 20°F. Mr. Flanders
reports a maximum error between measured and predicted velocities of approx-
imately 2% in the high speed range and approximately 31%Z at 20 feet per
minute in the low speed range. The large errors encountered in the low
velocity range were attributed to the inability of the mathematical model to

predict the power dissipation of the sensing thermistor.



Chapter 2
THE THEORY OF OPERATION
Introduction

To predict the performance of the anemometer, and consequently to size
the circuit components,a mathematical model of the thermistor anemometer was
developed. The power dissipation of the sensing thermistor bead to the air
stream had to be accurately modeled. A describing heat transfer equation had
to be derived to predict the heat transfer from the sensing bead to its envir-
onment by means of radiation, conduction, and convection. Also, the describ-
ing equation for the circuit had to be accounted for at the same time. The
basic derivations appear in Mr. Flanders thesis. They will, however, be pre-
sented in this chapter and will be briefly reviewed. This will facilitate
the discussions concerning the error analysis. A basic understanding of these
equations 1s necessary to comprehend the relationships between the errors in

the air speed and the errors in the circuit components.
The Describing Heat Transfer Equation

The sensing thermistor is shown in Figure 5. The first step in the
development of the mathematical model is to perform an energy balance on the
sensing thermistor. An energy balance yields the following equation:

P=1%R =Q +cs 4 g [2]

s cond * Qrad de conv’

where,

P-Power dissipated by sensing thermistor
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I-Current through the sensing thermistor
Rs—Reslstancv of the sensing thermistor

Qcond—Conductive heat loss

Q -Convective heat loss
conv

Qrad—Radlatlve heat loss

C-Specific heat of the sensing thermistor

TS—Temperature of the sensing thermistor

8-Time
RADIATION TO THE
SURROUNDINGS
DIA.
DIA. .00%6 §t. 1000333 .
et S G IV, p
0) ()

CONDUCTION INTO
THE SUPPORT WIRE

THERMISTOR BEAD 15
ACTUALLY A PROLATE

CONVECTION SPHERO\D IN SHAPE

Figure 5

Means of Heat Transfer from the Sensing
Thermistor to its Environment

Since the power readings are taken after steady-state has been reached,

dTS/dQ = 0.

The conductive heat loss by the thermistor will be dissipated into the

support wire. The support wire will then dissipate this energy by convection

and radlation to the surroundings. The loss from the support wire can he
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expressed as,

Qcond = Qc,w + Qr,w’ (3]
where,
Qcond ~ total heat dissipated into the wire by
the thermistor bead
Qc . convective heat loss by wire
Qr ™ radiative heat loss by wire.

An energy balance on a differential element (see Fig. 6) of the support

wire yields,

S P (T L RO LT L [4]

"'KwA

Figure 6

Means of Heat Transfer From
a Differential Element
of the Support Wire

This differential equation can be solved for the temperature distribution

along the wire. The solution is,

_ -Bx
T = Ta + (TS—Ta)e .
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where,

2 4 :
B = E—ﬁ“(hw + 450Tf3). [5]
W W

The energy loss from the wire can be found by evaluating,

- - dT
Q kwAcdx el : (6]
where,
12
AC T4 Dw )

Q is the total energy flux into the support wire from the thermistor. Eval-
uating dT/dx|x=0 yields,

aT| = -B(T-T). (7]

dx x=0

The total energy flux into the support wire can now be expressed as,

T 2
cond Dy

Q B(TS—Ta). [8]

Substituting Eq. [5] for B and noting that there are two support wires,

Eq. [8] becomes,

Q = 'IT[kaw3(hw + 4EUTf3)]%(TS—Ta). [9]

cond

The following equation was used to evaluate the convective heat transfer

coefficient for 0.02< Ref <44.0,

k
_fa Bal? 0.45
h = D QT3 (0.24 + 0.56Re. "), [10]

Summarizing, the expression for the conduction term in the energy balance

equation becomes,

k

a 0.17 0
Q = ﬁ[kWDW3 ( ﬁ;(Tf/Ta)

.45 3.3
—_— (0.24 + 0.56Ref ) + 4eoTy ] (TS—Ta).[ll]
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The radiative heat loss from the thermistor bead was calculated by,

e 4 4y 3
Qg = S0A (T "-T, ")=beoA T, ~(T_-T), [12]

where,
=552
A B Dy

and the convective heat loss from the thermistor bead was found to be,

Qopy = DA (T-T), [13]

conv

where the convective heat transfer coefficient, hs’ is computed by,

k
_ _a 2,4 0.25
hS = E;{Z + 0.5(Ref + SGrf) 1, [13]

for,

0.3 < Ref < 3000.

The convective heat loss equation then becdmes,
k A
Q. = 22 24 0.5@e,” + 20" 1001 [15]

conv D 3
s

The describing heat transfer is derived by substitution of Eqs. [11],

[12], and [15] into Eq. [2].

k
- 3;, a 0.17 0.45 3.8
P = ﬂ[kaw [(ﬁ;(Tf/Ta) (0.24 + 0.56Ref ) + 4EUTf 1% +
3, BA, 2 4. .0.25
AEUASTf + DS [2 + O.S(Ref + EGrf) ]](TS—Ta). [16]

This equation describes all the modes of heat transfer from the sensing ther-
mistor. This is the mathematical model of the sensing thermistor used to

design the circuit and also to compute the power curve of the anemometer.
The Circuit and its Describing Equation

Figure 7a shows the bridge circuit of the anemometer. Figure 7b
shows the same circuit but with the parallel resistances Rc and R3 replaced

by an equivalent resistance, Dx' The relationship that must hold for a null
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or balanced bridge is,

o A -
R ® - [17]
s X
Since
R R
- c 3
Rx " R_+R [18]
c 3
then,
R RR
1 c 3
= =R,/ ) [19]
s c 3
Solving for RS yields,
R1 RcR3
R o) [20]
s R2 Rc + R3
Beta is then defined as,
Rl
Beta = —— . [21]
2
And so Egq. [20] becomes,
RcR3
R Beta( TR ). [22]
c 3

This is the describing equation for the circuit.

In Figure 7a the output voltage, Eout’ remains zero so long as the
bridge is balanced. An imbalance can be introduced to the bridge by either
the compensating thermistor or the sensing thermistor or both simultaneously.
The output voltage, no longer zero, is amplified by the operational amplifier
and the bridge exicitation is changed so that a null bridge can be achieved
at the new conditions. During these transient conditions the bridge equation,
Eq. [22], does not apply. However, power measurements will be made only
when balance has again been achieved. A Fairchild operational amplifier,

MA741, was used. This op amp has a rise time on the order of .5 microseconds
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Figure 7

The Bridge Circuit of the Anemometer

so the taking of measurements when the bridge is unbalanced is eliminated.
The capacitance in the circuit does not affect the balance equation

during steady-state null conditions. However, transient response to changes

in the thermistors' resistances is affected by the fact that the capacitance
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is used to damp out fluctuations (or "gusts') in the air speed.
Theoretical Operation of the Complete Model

To avoid later confusion some basic terms relevant to the theoretical
operation of the thermistor bridge circuit need to be defined.

Self-heat is the temperature differential, in Fahrenheit degrees, be-
tween the ambient temperature and the temperature of the sensing thermistor.
This differential is always positive and is caused by purposely imposing 12R
heating of the sensing thermistor.

The reference temperature is an ambient temperature at which a specific
self-heat is designated to occur. The self-heat will usually be specified
in multiples of 5°F. Thus, the reference temperature will normally correspond
to an interger value of self-heat.

The term "power curve'" will be defined as the curve resulting from plot-
ting the power dissipated (in milliwatts) by the sensing thermistor on the
ordinate and the corresponding air apeed (in feet per minute) on the
absissa. As will be illustrated later, a power curve can also be defined
in terms of self-heat and reference temperature.

The heart of the bridge circuit is the thermistor. A thermistor has
a negative temperature coefficient as is illustrated in Figure 8 by a plot of
the sensing and compensating thermistor's temperature-resistance curves. The
sensing Ehermistor's operating point on its particular temperature-resistance
curve is subject to simultaneous regulation by the describing bridge equa-
tion and by the describing heat transfer equation. The operating point for
the temperature compensating thermistor is regulated-only by the ambient

temperature.
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To begin an analysis a power curve is needed to uniquely relate power
dissipation to velocity. By examining the describing heat transfer equation
(Eq. [16]) it is evident that power dissipation is a function of air speed,
V, ambient temperature, Ta’ and the temperature of the sensing thermistor,

Ts' This can be expressed in function form as

P=f£(V, T, T) [23]
By definition,
Reference Temperature = Ta* [24]
Self-heat = T - T {25]
s a

where Ta* is used to indicate that the reference temperature corrésponds to a
specific ambient temperature. If the self-heat is also specified, Eq. [23]
can be rewritten as,

P* = f(V, Reference Temperature, Self-heat), [26]
where P* indicates that the power dissipation varies only with V since the
reference temperature and the self-heat are now fixed. This leads to the
conclusion that,

Power Curve = f (Reference Temperature, Self-heat) [27]

This means that the operation of the system can be defined by specify-
ing a self-heat and a reference temperature. Computer Program I (see Appen-
dix C) was used to generate the power dissipation values of the sensing
thermistor for nineteen velocities throughout the 10 to 1000 feet per minute
range. For illustration purposes, a self-heat of 20°F was specified to
occur at any ambient temperature. The results of the computer program are
presented in Table 1. For a specific velocity a number of different power

dissipation values are seen to occur. Of course, this is undesirable. Each
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POWER DISSIPATION AT VARIDUS AMBIENT TEMPERATURES FOR
A CONSTANT SELF-HEAT OF 20 OEGREES FAHRENHEIT

. ———— T — S i A A U S S D A S S e S S A T S S e " - i - —— s

POWER DISSIPATION

AIR SPEED
(EPM)

————— e ———— D e — . i —— T — T ———

10
20
30
40
50
60
70
80
90
100
200
300
400
500
600
700
800
900
1000

! SOF
| 5.46
{ 6.09
| 6.56
| 6.95
| 7.28
| 7.58
| 7.84
| 8.09
! 8.32
l 8.54
| 10.25
1 11.51
i 12.56
| 13.47
I 14.28
] 15.02
1 15.70
| 16.34

| 16.94

60F T0F
5.51 5.56
6.14 6.19
6.61 6.65
6.99 T.04
T.32 T.37
T.62 7.67
7.89 T.93
8.14 B.18
8.37 8.41
8.59 8.63
10.29 10.33
11.55 11.59
12.60 12. 64
13.50 13.54
14.31 14.35
15.05 15.09
15.73 15.77
16.317 16.41
16.97 17.01

(MILLIWATTS) AT

80F 90F 100F
5.61 5.66 5.71
6.24  6.29  6.34
6.70  6.75  6.80
7.09  T.13  17.18
Te42  Tadl  1.51
7.71 7.76  7.81
7.98  8.03  8.08
8.23  8.28  8.33
B.46 8451  8.56
8.68  8.72  8.T7
10.38 10.42  10.47
11.64 11.68 11.73
12.68  12.73 12.77
13.59 13.63 13,68
14.39 14.44  14.49
15.13  15.18  15.22
15.81 15.86 15.91
16.45 16.49  16.54
17.05 17.09 17.14
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velocity, independent of ambient temperature, must have a unique value of
power dissipation associated with it.

The solution to this problem is to choose a value for self-heat and
then specify a reference temperature somewhere in the ambient temperature
range of the anemometer. The power dissipation is calculated at the specified
self-heat and reference temperature for each velocity. The resulting power
curve is to be used at all other ambient temperatures, so it is necessary
that the self-heat be a variable so that at different ambient temperatures the
power dissipation remains the same for each velocity.

The results of Computer Program II for a self-heat of 5°F occurring at
50, 75, and 100°F reference temperatures are presented in Tables 2, 3, and 4,
respectively. Examination of these tables shows that when the ambient temp-
erature changed the self-heat had to change slighfly to maintain the same
power dissipation for a given velocity. For the power dissipation to have a
unique value for any velocity throughout the temperature range, the tempera-
ture, and therefore, the resistance of the sensing thermistor must be changed
to compensate for the change in the ambient temperature. The rate of change
of the sensing thermistor's resistance is not the same as the rate of change
of the compensating thermistor's resistance. Hence, a temperature differ-
ential of exactly 5°F cannot be maintained between these thermistors through-
out the temperature range of the instrument.

A typilcal power curve was generated by Computer Program IIT and is pre-
gsented in Table 5. This power curve represents the power dissipation-velocity
relationship for a self-heat of 5°F at a reference temperature of 100°F. For
purposes of explanation, assume that the velocity to be measured is exactly

50 feet per minute. The measured power dissipation should be 1.8685
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