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A THERMISTOR ANEMOMETER FOR MEASUREMENT OF AIR VELOCITY
CHAPTER 1

Introduction

In recent years, there has been an ever increasing interest in human
comfort during working conditions and the maximum allowable environmental
stress, during these working conditions, for considerations of health and
safety. One of the major variables which affects a person's physiological
sensing of the environment is the local air velocity, irrespective of
direction. To aid in furthcr research in the area of air diffusion and to
assure compliance with the new Occupational Safety and Health Act (OSHA)
regulations regarding the maximum ailowable velocity under working condi-
tions, an inexpensive velocity sensor is needed which is - not affected by
the divection or temperature of the air flow over it. The <ensor should
be usable over a wide range of velocities.

The desirable characteristics in an ancmometer for such application
would be:

1. A permanent calibraticon with 1ittle or no drift after

extensive use.

2. Small sensitivity to ambient temperature fluctuation.

3. Possible connection to standard auxiliary equipment, to

provide & continuous and automatic recording of air velocity.

4., Sensitive and accurate over a wide range of velocities.

5. Response independent of the direction of the moving air.



6. A fast response to velocity changes.,
7. Inexpensive production and calibration.
8. A sensor elenent smail enough not to cause undue disturbance
of air flow patterns.

9. Durability, to allow ease in transportation to locations
remote from the laboratory.

10. Read directly in velocity units over a wide range of velocities,
example 10 fpm to 1000 fpm.

With the establishment of the need for an air velocity sensor which
satisfies the above reaquirements and since there is currently no such
device on the market, it was the objective of this research project to:

1. Design, build, and calibrate & thermistor anenometer and

compare its performance to a predicfion model.

2. Develop a mathenatical model for the predictidn of the

behavior of a thermistor anemometer.

3. Reconimend a procedure for further optimizing the anemometer

desian,
A Brief Literaturc Review

The present Titerature dealing with anenometers is very extensive,
for they have been known since the seventeenth century, when Rebert Hook
(1635-1702) buiit a mechanical device to indicate the magnitude of the
wind velocity. In this section, only the main types of thermal anemometers

used in ventilating and air-conditioning practice will be discussed.



1.

Kata thermometer, is an instrument useful for studving air

currents in free space. It consists simply of an alcohol
thermometer with a large bulb and with only two divisions
etched in the stem. In operation this instrument is heated
in water until the temperature has risen sufficiently above
the upper division of the stem. It is then thoroughly dried
and placed at the location at which the velocity is to be
measured. The elapsed time for the thermometer to cocol from
the upper mark to the Tower mark is an indication of the
velocity.

Heated-bulb thermomater, in which a heater wire is wrapped

around the bulb of a mercury-in-glass thermometer, and the
temperature difference between this thermometer and a similar
unheated one is an index of the air velocity. -Again the
accuracy of this instrument is not good at low air velocities,
and the thermal time constant is relatively high.

Heated-thermocouple anemoreter, consists of a hollow sphere

(usually copper) with a thermocouple junction embedded in its
surface, a heating resistor inside the sphere, and another
thermocouple junction placed close to the spherc, measuring
the ambient temperature. The ancrometer is calibrated to
give air velocity as a function of the emf output of the two
junctions.

The main advantages of this type of anemometer is that it

gives both the air temperature and velocity at a point in



space. The main disadvantages are: it 1s somewhat directionally
sensitive, affected by radiation, and needs frequent calibration.
For a detailed description of severail different kinds of heated
thermocouples see [5, 17, 24]*.

4. Hot wire anemometer., This instrument is the nmost precise for

measurement of velocities in the range from 1,000 to 60,000 fpm.
For these velocities its precision ranges from 1.0 to 0.01%,
respectively. It is also the most satisfactory for measuring
turbulance due to the small size of the probe. The sensing
element is an electrically heated platinum or tungsten wire
mounted between two small steel rods. A constant voltage or a
constant curvent is maintained through the wire which is thus
heated due to the Joule efiect. In steady state, the heat
generated in the wire is equal to the heat Tost to the surrounding.
This heat loss is a function of the wire temperature, ambicnt
temperature and the air velocity. L.V. King, in a famous work
done in 1914 [ref. 11] derived the following equation relating

the heal loss and the above parameters:

o fo ¢ ¢ oMy .
Q= (Cy + CN/E) (1T

vhere Q is the rate of hcat loss from the wire, C1 and C2 are

constants, T and T0 are the wire and ambient temperatures,

respectively, and ¥ the velocity of the air.

*Number in brackets refer to the refercnce in Appendix F.



The precision of the hot wire anemometer in the rangé of
velocities 5 to 1,000 fpm is 20 to 1% respectively. The
limitations are: care must be taken not to damage the small
probe, it is sensitive to the direction of the flow, and it

is expensive. Directional sensitivity can be eliminated by
simultaneous use of three mutually perpendicular hot wire
anemcmeters but this becomes very expensive and cumbersome [1].

Thermistor anemometers. The use of heated thermistor anemo-

meters is not new. Several different types have been used
[2, 13, 16, 18, 19, 31, 32, 33, 35, 37] but they all are
temperature or directionally sensitive, or are not self-

balancing and thus difficult and slow in their operation.



CRAPTER II
DESIGN OF THE ANEMOMETER CIRCUIT

2.1 General Remarks

The anemometer has been designed to measure air velocities from
about 10 ft/min. to 1,000 ft/min. A small glass-coated bead type
thermistor was used as the sensing element which served as one leg of a
Wheatstone bridge. Bridge excitation was sufficient to causc self-heating
in the sensing thermistor. The air flow over the heated thermistor tends
to reduce its temperature, but the bridge was automatically held at a
balance point such that the bead temperature was slightly above ambient.
Therefore, the power used to maintain the sensing thermistor self-heating
{s depencent on the velocity and to scme exteﬁt the air properties. Since
the air propertics are mainly dependent on temperature, the power
dissipated was depandent on velocity and air temperaturc. A second un-
heated therimistor was used in an adjacent leg of the Kheatstone bridge to
compensate for the temperature dependency (see Fig.1), thus making the
power dissipation almost solely dependent on the air velocity across the
sensing thermistor and therefore, an indication of the air velocity.

The temperature compensating thermistor was physically Jarger so that
the self-heating was negligible, thus making 1t insensitive to velocity.
The compensating thermistor was selected, and its resistance versus
temperature curve was modified by techniques to be described later, so

that the amount of self-heat of the sensing thermistor viould require the



same power dissipated at the same air velocity independent of the tempera-

ture of the air.

Ry Ry Ey
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Rs - Sensing thermistor

>
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Temperature compensating thermistor

=
?

Temperature compensating resistor
3

E] - Voltage across resistor R]

Y
!

Veltage across the sensing thermistor

FIGURE 1. ANCMCMETER CIRCUIT



2.2 Erergy Balance on the Sensing Thermistor
The energy balance of the thermistor can be expressed as:

dT

Ist =P = hoA{T, - T) + G —Hg' Qe t Oy (1)
where 1 - Current through the sensing thermistor
g = Resistance of the sensing thermistor
P - Power dissipated by the sensing thermistor
hs - Surface heat transfer coefficient of the sensing thermictor
As - Surface area of the sensing thermistor
Tt - Temperature of the sensing thermistor °R
Te - Temperature of the envircrment °R
Ct - Specific heat of the sensing thermistor
8 - Time
Qt,r*' Heat transfer from tha sensing thermistor by radiation
t,e " Heat transfer from the sensing thermisior by conduction

Since the power readings are taken after steady state is reached,

Aap =
d Tt/“G C.

for the determination of the surface heat transfer coefficient (hs)
the thermister was assumed spherical although actually it was more like a
prolate spheroid with a major axis of 0.0367 inches and minor axis of

0.0371 inches. The surface areas of a prolate spheroid is

S = 21 b? 4 21 ?—g sin”! e (2)



where

e = 1/(:12 - bP)/a (3)

and a and b are the major and minor semiaxes respectively and e is the
eccentricity. A sphere with a diameter of 0.0432 inches has the same
surface area of the prolate spheroid thermistor and was used to approxi-
mate the thermistor as a sphere in the eneryy balance. The value of hs
in air was obtained from the semi-emperical relation for heat transfer

from a sphere by Tsubouchi and Sato [28]:

h,D

A5 2405 (Re? + Far) 2 (4)
a

ol

Nu =

for 0.3 < Re; < 3000

f‘

wkere Nu is the Nussett number, DS the diameter of the sphere, ka the
thermal conductivity of the air, Ref the Reynolds rumber of the air,
Grf the Grashoft number of the air, and the index f refers to the film
tenperature T = (Tt + Te) / 2. From which we find:

k

& B e 2 4 4
hS Ds [2+ 0.5 ‘R“F + 3 Gr

0.25
5 M (4a)
Several other correlations for heat transfer from a sphere are given in

[6, 9, 12] and these result in somewhat larger or smaller values of

Nusselt number. This relation was chosen because it gives about the
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average value of Nusselt number over the range of Reynolds numbers 3.2 to
358.3 which were of interest.

Since the thermistor will radiate as a gray body to a gray surround-
ing medium, which is essentially at a constant temperature, the heat loss

due to radiation from the thermistor can be written as:

4
£ 0O As (Tt - T

G, 94) (5)

or

0 . =eoh (TZ+T2) (T, +T) (T, - T) (6)

s

where o is the Stefan-Boltzman constant and € is sensing thermistors
emittance. However, since Tt and Te were approximately eoual in magnitude
.2
(7
(T¢

+ Tez) (T, + Te) can be approximated (with less than 0.1% error) as

t

2 4 sz) (Tf + Tf) = 4 Tfs which reduces Eq. (6) to

Qp=4co ASTf3 (T, - T,) (7)

The energy loss by conduction from the thermistor to the support
wires was, in turn, dissipated by convection and radiation from the
support wires. An energy balance on a differential element of the
support wire will determine this quantity. Internal heat generation
in the support wire and radial conduction were neglected since the

support wire was a good electrical and thermal conductor.
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dr d_ ATy
41 4 kg At ke A g (g de
T

e

h AW(T—TE) + g

W o AW(T

w

Element of the Support Wire
aft
-kwAa_; I/

Dw is the diameter of the element, hw is the surface heat transfer co-
efficient of the element, kw thermal conductﬁvity of the element, A

is the cross-sectional area of the element or A = an2/4 and Aw is the
surface area of the element or A = «D dx.

From an encrgy balance on the element there obtains after simplifi-

cation:
? Ah de o
d T W W 4 4
=R e TR (T - T ) T i (T - T ) (8)
dxd kaw & kaw €

The radiation term (T4 - Te4) can be approximated as noted before
as 4Tf3 T - Te)’ and since Te was approximately constant at steady

state, we can lincarize the differential Eq. (8) as:
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.3
4h 16 ¢ o7

2 W w  f

d7T = (T~-T) + — (T - T.)
E;f Rwﬁw e kaw e

or

2 . 4
i (1-71,) . (h, +4¢e0T) | (9)
dx W

4
Let Bz = F;ﬁ;'(hw + 4 go Tf3), y=T- Te and note that Te and Tf

are constants at steady state so that QEI - gfx_ and £q. (9) reduces
2 Z
dx dx
to:
2
dy - 8%y = 0 (10)
dx '

Since the support wire was 250 times longer than its diametcr, a reason-
able approximation of the temperature distribution and heat-fiow rate is
that the support wire is infinitely long. As is shown later, the heat
flow by conduction from the end of the support wire to the probe holder,
is a very small percent of the total heat flow inte the support wire

from the sensing thermister. Thus, for engincering purposes, the support
wire can be assumed to be of infinite length, which gives rise to the
boundary condition T = Te @ x = », Since we are only interested in the
rate of heat transfer from the sensing thermistor it should be noted

that the two other boundary conditions that could have been used ave
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di/dx = 0@ x=2o0rT-= Te ¢ x = 2, both of which give the same resuilt
when evaluated at x = 0 (at the sensing thermistor). The other boundary
condition was T = Tt @ x = 0. The boundary conditions for the ¥y

transformation becomes y = Tt - Te = Yy @x=0andy=0@x=«, The

general solution to Eq. (10) is
y = 0P+ g e (1)

where C] and C2 are constents of integration determined by the boundary
conditions. Applying the boundary conditions end solving for C] and CZ’

Eq. {11) beccines;

The energy Toss from the support wire can b2 found by finding the
total cnergy flow into the wire at x = 0 from the thermistor. The total

encrgy 1oss Trom the support wire then becomes:

R LA e (13)

Q= -k Ao o |

W

where Ac is the area of conduction or the cross-sectional area of the

wire. From Eq. (12), noting that %§-| = 5™ %£'|x=0 there cbtains,

el Lg=-8 (T -T) (14)
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and substituting Eq. (14) into Eq. (13) it is found that:

2
D
Qo= 2k, u§,s (Ty = Tp) (15)

where the two in the numerator comes from the fact that there are two

similar support wires. Recalling that g = E;%; [(hw + Aech3)] 1/2 and
substituting this into Eq. (15), it may be shown that,
k, wDf ' s /2
Qe | kD, (h + deoTg )] (Ty = Tg)
or
Q¢ = (T = T) v [kd (hraeoTH] /2 (17)

The convective heat transfer coefficient for the wire to air in
forced convection was found by the semi-empirical relation due to Collins

and Willjams [4].

o = E-‘Ezﬂ = (1 7 1% (0.24 + 0.56 Re,. %) (18)
for 0.02 < Ref < 44
from which there is found
Ky 0.17 0.45
hy =5 (Te/ Tg) (0.24 + 0.56 Reg ) (19)
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The range of Reynold numbers under investigation were, for the support
wire 0.299 to 33.3, well within the range of validity. With Eq. 19 for
calculating the value of hw the ratio of heat transferred from the end
of the support wire to the amount that entered from the sensing thermis-

tor was found using Eq. 12. The heat transfer from the sensing thermis-

tor is qy * ~KA %£-| % & 0 and the heat transfer from the end of the
suppoert wire is Ay = -kA %£-| T The ratio is:
dT
Ay -kA dx | x = ¢ .
—= dT = .
qy -kA HE'I x=0 ¢ (19.1)

Evaluating Eq. 19.1 from typical values, with the length of the support
wire equal to 0.083 feet, it is found that the heat transfer leaving the

~4% percent of the hcat

support wire at the end is approximately 2 x 10
transfer entering from the support wire. 7Thus the assumption of infinite
length does, for engineering purposes, give satisfactory results.

Substitute Eqs. 7 and 17 into Eq. 1 to get:

1/2

i 3 o 3 -
P=h A (T, =T )+ m Do (b, + 4507l (T - T
3 .
+ beohy Te (Tt - Te) (20)
or
1/2

p - P o 3- . 3

o o hS AS + [t\HDW (hw 1 4LWUTf)J 1 4E0A8Tf (21)
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This power/temperature-difference ratio is then almost solely ¢ function
of the convection heat transfer coefficients, hS and hw' which are in
turn functions of air velocity. Substituting Eq. 4a, 19, the parameters
of Reynolds number and areas into Eq. 21 determines the final design

equation:

2 .2 3
D 4 Dg o(Ty - Te)vo.25
3 I 2

o =1rkaD§[2+O.5

t e

2
vf e Vf

ol o3 _“i(T_t*Te)o.w
w4 Dw 2 Te

VD : 2l
‘ (0.24 + 0.56 ( ”) °°45)+ 4E:W0T3- 0.2 (22)

i
+ 4EGDS i

—h W

Vi
o
vihere Ve is the kinematic viscosity of air at the film femperature.
Thus, if the thermistor and lead wire sizes and properties are known,
along with air properties and velocity, the power dissipation from
the thermistor for a given thermistor temperature above ambient, can be
calculated from [q. 22. This cquation was used as the mathematical

model for desigrning the anemometer.



2.3 Theoretical Prediction & Method of Balancing

A computer program was written (see Appendix) using the heat trans-
fer equation (Eq. 22, Chapter 2) to determine what temperature elevation,
above the environmental temperature, of the sensing thermistor was
required to have the same power dissipated (see Appendix for graphical
representation of values) at several "reference" velocities at different
environmental tempcratures (every 5° F from 40° F to 110° F). The
reference velocities used were 10, 50, 100, 500, and 1,000 fpm and the
approximate temperature differences between the thermistor and the
environment were 5, 10, 20, 30, and 40 degrees Fahrenheit.

The temperature resistance curve of the thermistors used, as Fenwell
model GB32L1 2k sensing thermistor and a Fenwell model QB41J1 10k temper-
ature compensating thermistor, was experimentally determined by use of a
stirred o1l bath. The oil bath was equipped with three heaters, two of
whiéh had their power output controlled by rhcostats. The temperature
control of the oil bath was adjusted, then the rheostats for the two
heaters were adjusted in such a manner that they were turned off and on
by the temperature control at least five times per second. This insured
close to steady state temperaturc of the 011 bath (fluctuating less than
0.02° F.)}. After five minutes the tempcrature of the oil was measured
with precision mercury-in-glass thermometers having 0.10° F divisions
from 60 to 115° F and 0.2° F above 115° F. The resistaence of the two
thermistors was than measured with a Fluke digital multimeter model

800A having an input impedance of 10 megohms and an accuracy of + (0.2%

17
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of rdg. + 1 digit). Readings were taken appreximately every 4% F over
the temperature range of interest (60 to 140° F). The oil was then
thoroughly cleaned from the thermistors and the resistance temperature
values checked in air to make sure that neither the 0il nor the cleaning
had affected the thermistor. The same mercury in glass thermometers were
used to measure the temperature inside a closed air-filled box and the
resistance values checked at several different temperatures. No change
was noted. It was found that over a range of approximately sixteen
degrees Fahrenheit, the thermistor temperature resistance curve could be
approximated by:

. p BT
R = Ae (23)

where A and B are constants and T is the thermistor temperature in
degrees Fahrenheit. This approximation agreed with the measured values
within 0.03%.

The schematic below shows a typical bridge circuit containing fixed
resistors R] and RZ’ sensing Rs and compersating thermistor Rc‘ This is

Figure 1 simplified., Since the bridge is always balanced it must be that

R2 R (
b B 24)
RC RS
or
Ry
Rc = C R where ¢ =constant = B (25)

2
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Hoviever, the resistance of the compensating thermistor is determined
by its environmantal temperature so the resistance, and thus the opera-
ting temperature, of the sensing thermistor is changed to achieve bridge
balance by changing the excitation voltage E1. The current to Rs’ supplied
by the excitation EI’ is multipliad by the voltage E2 aCY'0SS Rs to obtain
the Power P] which is related to the velocity across Rs by the heat
transfer Eq. 22. Thus both Eq. 22 and Eq. 25 must be satisfied. This
could not be done by the compensating thermistor chosen for constant
power dissipation at a given reference velocity, or any ctheyr known
thermistor for that matter, so the characteristic curve of ke had to be
modified by adding series and/or parallel resistors into that leg of the
bridge. |

For initial study of the method to modify the characteristic curve

of the temperature compensating thermister, the value of the constant
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was arbitrarily picked to be 0.2. Several different arrangements of
resistors and compensating thermistor were investigated to find how the
different combinations modified the thermistor’s characteristic curve, A
sumnary of the general effects that the different resistor combination

have on the thermistor's characteristic curve can be seen in Figure 2. The
magnitude of these effects can be altered by the magnitde of the various
resistors. After extensive study of these compensating circuits, through
graphing the effects of changing the various resistor values, it was found
that, over a limited tcmperature range, a circuit of the general type of
¢ircuit A would give the least amount of error from the desired temperature
compensating values.

The value of R] (See Figure 1) was arbitrarily chosen to be 2500n and a
second computer program was written to determine the value of R3 and the
ratio of R1 to R2 necded to balance the bridue at one reference velocity
and two specified environmental temperatures {"zeroing tewperatures").

Using these values the program then calculated the number of degrees of
self-hcat (required to balance the bridge) in the sensing thermistor every 5°
F over the range of environmental temperatures of interest. Finally, having
the temperature of the environment and the sensing thermistor temperatures,
the power dissipated by the sesning thermistor was calculated (by Fq. 22)
every 5° F over the environmental temperature range and every 10 fpm

velocity range. A statistical regressicn of the calculated data was

performed to dind the "best fit" of the calculated values to the equation
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Fig.2 Effect of Resistors on Thermistor Characteristic Curve
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1/2

P=a+bV/% or V=[P -a)/b)] (26)

where P is the power dissipated in milliwatts, a and b are constants and

V is air velocity in fpm. For these "best values" of a and b, any

velocity could then be assumed and the power calculated from Eq. 22 and

Eq. 26 and compared to obtain an "error". This was done for all reference

velocities, different degrees of self-heat and different "zeroing temper—'

atures". |
The value of R3 and the ratio of R2 and R] were determined from the

fact that, for the bridge to be balanced (see Figure 3), it must be that:

R R ' :
A (27)
X s
(Ry) (Rye) R:oR
3 1C TC %
where R, = w———7—— or R, = =% (28)
X R3 * RTC 3 RT Rx

and RTC is the resistance of the temperature compensating thermistor at
the environmental temperature and RS the resistance of the velocity sensor
at the environmental temperature plus the amount of self-heat to balance
the bridge. TFor the bridge to be balanced at the exact previously
calculated amount of self-heat, for both of two different environmental
temperatures and one reference velocity, it may be shown using Eq. 27

and 28, that



'R|= 2500 A

Calculated Values

Low Velocity Range High Velocity Range
I0-100 fpm 1001000 fpm
Ro / Ry® 7.47I . Re /Rj= 7.483
-
Ry =1.49496 x 107 A Ry = L5478 x 107 A,

Fig.3 Temperature Compensation Design Circuit

23
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(Reclr,) (el ) Rl - Rl )

S 7 PR G E® R (e G P (29)

1

and

R,
() (Rl

L CAE (30)

e, Bt

where T1 and T2 were the two environmental temperatures at which the
bridge was to be balanced. All combinations of T1 and T2 (in 5° F
intervaTs) for calculation sequences and all reference velocities were
checked (sce Appendix for computer programs). It was found that the
smallest percentage of error (from Eq. 26) was found when 65 and 100
degree Fahrenheit "zero" temperatures were used with a reference
velocity of 50 fpm and approximately 30° F of self;heat-for low veloci-
ties. For high velocity a reference velocity of 100 fpm with 65 and
100° F "zero" temperatures and approximately 30° F of self-heat was
best.

The maximum error in using Eq. 26 to predict a given velocity
from the power dissipation calculated from Eq. 22 was found to be + 3%
of reading or + 0.75 fpm (sce Figure 4) whichever is the larger. The
theoretical prediction thus indicates that the ancmometer should be
sufficiently accurate and not be particularly temperature sensitive

over the environmental temperature and velocity range of interest.
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EXPERIMENTAL PROGRAM
CHAPTER III

The following paragraphs describe the equipment and procedure used

during the experimental work,
3.1 Test Apparatus and Procedure

Due to the difficulty of measuring low velocities directly, the
velocities were measured indirectly in the wind tunnel shown in Figure §.
For velocities less than 100 feet por minute a two-inch nozzle was used
in the measuring section and for velocities greater than 100 feet per
minute a four-inch nozzle was used.

The wind tunnel shown in Figure 5 had a 12-inch nozzle at the test
section No. 1. The air was drawn through this nozzle by-a fan at the
other end of the duct. In the measuring section No. 2, a pitot-static
tube was located at the center of the measuring nozzle (two or four-inch
depending on the velocity range). The velocity pressure at the center
line of the measuring rozzle was measured with a Hook Gage (F.W. Duycr MNo.
1420) for veiocity pressures less than 0.25 inches HZO and with a Meriam
Micromanometer (model 34FB2) for velocity pressures greater than 0.25
inches HZO' The flow rate was adjusted by a damper located on the exhaust
of the fan and by changing the fan pulley size.

The continuity equation relates the velocity at the center of the

12-inch nozzle, V], to the velocity at the measuring section Vz by:
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¢, ¥z (31)

where A1 and A2 are the nozzle arecas and CC and CC are the "centerline

1 2
coefficient” of the nozzles, (see development in Appendix). CC’ by

definition, is

h
= r2
Cc = _j’ he  d Igl (32)

where h is the velocity pressure head at radius r from the centerline of

the nozzle, hC is the velocity pressure head at the centerline of the

nozzle and R is the radius of the nozzle. Equation 32 was solved by
graphical integration for CC2 for several points and a graph was constructed
with these points of CC2 versus h2 for both the 4-inch and 2-inch nozzles

to be used in the calibration. Due to the difficulty of measuring the
veicoity head at lTow velocities to calculate CC]’ an attempt was made to
analytically predict CC] when the nozzle is at the exit of a large chamber.

The true flow rate through the 12-inch nozzle is:

Qa = 2n J}‘ V(r) r dr {33)

where V{r) is the velocity in the nozzle as a function of the radius from
the centerline. The flow rate using the centerline velocity and assuming

slug flow is:
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2

Qt = VC m R (34)
where VC is the velocity at the centerline of the nozzle. Therefore,
CC]’ becomes:
Q
C. = > (35)
G
or
2 ¥
CC = "—'-—?'- f Vir) r dr (36)
1 \C R 0

where R is the radius of the nozzle.

The boundary layer thickness of the 12-inch nozzle can be assumed as
that of a flat plate since the flow does not become fully developed by the
discharge of the nozzla. The boundary layer thickness for a flat plate for
laminar flow is given in [12] as: H

4,96

X v

with a velocity profile given by:

v._.o3 _1
Vo 207720 (38)

1

where n = y/¢ and y is the disteance from the plateto the point where V is

measured. Cutside the boundary layer the velocity is uniform and cqual to
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v,
Let rh be the radius to the edge of the boundary layer; then Eq. 36
becomes:
R Py rare Ty (3n_ Loy ar| (39)
c S f - J Yelz -z e
1 vV R
0 0 Y’b

Noting that r = R - y and dr = ~dy, Eq. 39 can be rewritten as:

V°° rg -jL
2 3] 1 1.3
Cp, & oo +V, (5 =¥ (Rey) = 575y (R-y))dy
C] v Rz { 2 A 2 6 2 &3
(40)
which simplies to:
- 2.2 .
CC = 1,0 - 0.75 6/R + 0.2 §°/R (41)
!
or since the radius of the 12-inch nozzle was 0.5 ft:
C = 1.0 - 1.5 6 + .8 & (42)
1

vhere the boundary layer thickness & was calculated using Eq. 37 with an
entrance length x of two feet. This approximation was checked out at
three velocities (1400 fpm, 1200 fpm, and 800 fpm) where the velocity
pressurc head was measured with the micromanometer and the pitot-static
tube and CC] calculated graphically by integrating Eq. 32. The two values

for CC » agreed within 0.1% at all three velocities. To check Eq. 39 at
]

low velocities, where the velocity head could not be read directly in the
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12-inch nozzle, a traverse of the nozzle was made with the thermistor
ancmemeter in the same manner as the pitot-static tube traverse. Since
the square root of the power dissipated from the ancmometer was predicted
to be directly proportfona] to the air velocity, the centerline power
dissipation and power dissipation at radius r in the nozzle were substituted
in Eq. 32 for velocity pressure at the centerline of the nozzle and velo-
city pressure at radius r, and was graphically integrated for velocities
of three velocities (50 fpm, 300 fpm, 880 fpm) to determine Ccl. The
three values for CC] agreed within 0.6% at all velocities. Therefore Eqs.
37 and 42 were used to calculate CC] for the calibration.

Assuming incompressible flow for low Mach numbers and standard

conditions cof Pb = 20.0 in. Hg, g = 32.174 ft/secz, Py ™ 0.072 1hm/ft3,
and Py = 62.28 1bm/ft3 we have

V, = Y29 h (43)

where h is the velocity pressure head at the centerline of the measuring

nozzle in feet of air. In terms of feet of water:

v. = | // Py Mo

a

where hw is centerline velocity head in fect of water. From Eq. 31 there

obtains:

¢

€y 113.5
T . hw Py 0.07
W T /e v (45)
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for the two-inch measuring nozzle where hwz is the centerline velocity

pressure in inches of water and CC is the centerline coefficient for the
2
two-inch nozzle, For_the four-inch nozzle:

C Pw  0.072

% yan
V= 2 4560 R 62.28 o, (46)

C
4

vihere Cc2 is the centerline coefficient for the four-inch nozzle. Equation
45 or 56, 42, and 37 were the equaticns used to calculate the velocity at
the anemometer,

Tests were run for both high and Tow velocities in two phases (1) to
check temperature dependency and (2) to check directional dependency.
Three tests were run at three different average temperatures. The tempera-
tures were at the extremes of the design temperaturé combensation and one
in the middie. Dircectional derendency was checked at onc mean temperature
by taking rcadings at several different orientations of the sensing probe.

From the symmetry of the thermistor it can be scen that there should only

be one major axis of dependency as shown below:

e\
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Tests were run every 15° of ¢ to check for directional dependency.
3.2 Test Procedure

For the Tow velocity range (20 fpm to 100 fpm) readings were taken
approximately every 20 fpm and for the high velocity range (100 fpm to
1000 fpm) readings were taken approximately every 200 fpm. The damper
on the fan discharge was adjusted to give the approximate velocity necded.
The velocity head was measured and then checked after two minutes to
insure the velocity wes constant. The power dissipation from the sensing
thermistor was taken by measuring E1 and Es (see Figure 1) and then
calculated by P = E] . ES/R]. Three sets of readings were taken at each
velocity value, five minutes apart. The velocity pressure and environmental
temperature were checked before each reading. The barometric pressure

and wet and dry bulb temperature was taken before and after each test.



EXPERIMENTAL RESULTS

CHAPTER IV

4,1 Comparison to Prediction

Figures 6 and 7 show the plots of the theoretical power dissipation
versus air velecity at three different environmental temperatures, 1C0,
80, and 65° F and experimental data at approximately the same air tempera-
ture for high and low velocities, respectively.

As can be seen from Figure 8, in the high velocity range there is
excellent agreement between the actual and predicted values. The maximum
deviation of the true velocity from the predicted velocity for a given
power dissipation is around 2% of reading.

There appears to be a larger discrepancy in the low velocity range,

a maximum 31% of reading at 20 fpm or an error of 7 fpm in the predicted
velocity for a given power dissipation. As can be seen from Figure 7, the
experimental values approach the predicted values until they almost

coincide at 160 fpm. This would indicate that the mathematical model for
the power dissipation from the thermistor has an error at low velocities.
The three main possibilities for this error would be: (1) the surface

heat transfer coefficient used for a sphere does not take natural convection
into effect enough at Tow velocities; (2) the assumption of the heat
transfer from a sphere and an ellipsoid of the same surface arca is more

in error at lower velocities or, (3) the prediction of the centerline

discharge coefficlent for the twelve-inch nozzle at low velocities.

34
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Figure 9 shows the percent of error or reading which was found when

1/2 where P is the

experimental data were fitted to the curve P = a + bV
power dissipated, V is the true velocity and a and b are constants deter-
mined by numerical regression. As can be seen the maximum error for a
given power dissipation is + 3% of reading or 2.0 fect per minute (See
Figure 9) whichever is larger.

By using the experimental data to calibrate the anemometer there is
obtained an excellent instrument for the measurement of air velocities
over the range of 20 to 1000 feet per minute.

In investigating the effect of the directional sensitivity no

appreciable effect was noted except when the flow was directly over the

support wire as shown below,

Air Flow Direction

This cculd probably be reduced by mouniing the thermistor farther from the
back support.

To check drift in the calibration curve after extensive use the
anemometer was left on for twenty continuous hours during which time no
readings were taken. The calibration curve was rechecked at several
velocities at 78° F. No drift in the calibration curve was noted.

Figure 10 shows the total theoretical power dissipation from the

sensing thermistor by convection, conduction, and radiation. As can be
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seen, the amount of radiation from the thermistor is only approximately one
tenth as much as that by convection. A majority of the power dissipated
frem the thermistor by conduction is dissipated by convection from the

lead wires. Thus the total contribution by convection is greater than

ninety percent and is thus directly a function of the air velocity.
4.2 \Uncertainty Discussion

The velecity that the thermistor was measuring was calculated by

Ay G, / Py 0.072
. . T p -
V, = 4026.4 A CCz Y ﬁw] 62.28 a (47)

where V2 was the air velocity at the calibration Section 2 (Fiqure 5),
'A] and A2 were the cross-sectional areas of the nozzles at Section 1 and
2, respectively, CC] and CC2 were the dischurge coefficients of the two
nozzles, hw] was the velecity head measurced at Section 1 and Py and Py
were the density of the water and air, respectively when data were taken.

The velocity pressure (h__) in Section 2 was measured with a hook gage

W
below 0.25 inches H2O and]with a Merian micromanometer for pressures
above 0.25 inches H,0. having uncertainties of +0.001 inches of HZO and
40,005 inches H20, respectively. The diameter of the nozzles were
measured with inside calipers giving a maximum uncertainty in the nozzles

area of +0.5%. The density of air was deterwmined from the "Buffalo Chart",*

and was within +0.003 ft3/1bm. The density of the water was within +0.02

* v
Buffalo Forge Compeny, Fan Engineering Handbook
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ft3/1bm. The uncertainty of the centerline coefficients CC and C. have

c
1 2
too many variables to determine exactly but should be no greater than
+1.0% and +1.5%, respectively. The total uncertainty in the velocity as
measured at Section 1 to the velocity calibrated from at Section 2 was

calculated from,

1/2
2 2 2 2 .2 2 02 2 ,c2 2 .2 2 .2 2
e = {82 o2 455 g2 457 gF 48T gL 45 uf 48T g 457 g° )
¥ C] CT CZ C2 A2 AZ A] A'I hw hw Pw Py Pa Pa
where SC]’ (the sensitivity of CC ) was calculated from:
, 1
N
BCC] CC]
SC =
1 v

2

A11 other sensitivities were calculated similerly, and 501 was the un-
certainty in CC]and similar uncertainties for the other subscripts.
Figure 11 shows the uncertainty in velocity at Section 2 as a percent of
reading.

The power dissipated from the sensing thermistor was calculated from:

s 1

P = —

1

(See Figure 1, Chapter 2). The voltage drop across R] and the sensing
thermistor were measured with two digital multimeters with an uncertainty
of +(0.2% rdg + 1 digit) and an input impedance of ten megohms. The
resistance of Ry vas measured with one of the same multimeters. Uncertain-

ty in the power reading was found from:
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2 2 .

2 2 2
ep = (Sc ¢ e *+ S
P E1 E] E2 E2

1/2
Ry R

1

where the sensitivity (SE ) was found from:
1

e E

P

SE] = _iiEl__;l

p

and similarly for the other sensitivities. The balance of the bridge
was checked with the digital multimeters and was kept in balance within
+0,002 which should not add significant errer and could be considered in
balance at all times. The calculated uncertainty of the power dissipation
then has a value of +1.0% of reading.

The power dissipated could be approximated by P = a + b‘.f]/2

, and by
observing Figure 12, it can be seen that the uncertainty in the power and
velocity are about equal. Therefore, the total uncertainty in the cali-
bration was the square root of the sum of the squares of the uncertainties
in the power dissipation and the square root of the calibrated velocity

which is shown in Figure 13 as percent of reading error of the true velocity.
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CONCLUSICNS AND RECOMMENDATIONS
CHAPTER V

Equation 22 gives a satisfactory approximation of the enecrgy
dissipation by the velocity sensing thermistor to be used in designing
and optimizing a non-directional, non-temperature sensitive anemometer.
Further investigation should be done by the use of Eq. 22 and the computer
program to determine the maximum error in the temperature-resistance
curve which could be tolerated in the manuvacturing of the thermistor with-
out individual calibration of the thermistors.

The effects of the uncertainty of the other resistors R]' R2 and Ra
should be checked. Due to the already determinsd effect of R3 on the
control of the level of self-heating, a variable resistor should be
substituted for RS and a calibration procedure developed so that for the
velocity range to be measured the sensing thermistor could be momentarily
replaced with a precision resistor and the variable resistor R3 adjusted
to a precalculated velocity ocutput.

Other sets of thermistors should be checked out with the aid of the
computer program ard their published resistance-temperature data to deter-
mine the best set of velocity sensing thermistors and temperature compen-
sating thermistors. |

A direct read-out device should be incorﬁorated in the final design

of the anemometer. For simplification, increased accuracy and reduction

47
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in cost of construction, it is recommended that RI be either one or ten
thousand ohms or have a one thousand ohm resistor in series with another
resistor to make up R1. The power dissipated in the sensing thermistor

is:

p =1 (48)

thEth
where Ith is the current through the thermistor and Ein is the voltage

drop across the sensing thermistor. The current through the sensing

thermistor is:
Iy = Ey/Ry (49)

where E] and R1 are the voltage drop and resistence of the resistor R].

Then the power dissipated by the sensing thermistor becomes:
p = 1 (50)

and the voltage drops E1 and Eth can be multiplied by a high impedance
solid-state multiplier. Since most multiplicrs also divide the product
by ten, the voltage output of the multiplier would be direct measure of
the power dissipation. The voltage scale of a volimeter could then be
marked in velocity according to a calibration curve.

The temperature of the location where thg velocity is being measured
could be meastred by switching the temperature compensating thermistor to
a conventional thermistor bridge measurement, built in the same control

box of the anemometer. References 21, 23, 34, 35, 37 explain this circuit
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in detail.

The range of velocities was arbitrarily divided at 100 fpm. However,
by leoking at the predicted and measured values, the temperature dependence
increases towards the high end of beth the high and low velocity range.

The feasibility of dividing the range into three groups should be investi-
gated.

Effects of humidity should aiso be cﬁecked by the computer program on
the density and viscosity of air and their resultant effect on values of

convection coefficients.
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APPENDIX A
SUPPORT EQUIPMENT LIST

The following is a 1ist of the support equipment and instruments which
were required for this investigation.
1. Micromanometer, 10" H20 range, Meriam Co., serial No. R39331.
2. Digital multimeter, Fluke model 800A, serial No. 76662.
3, Digital multimeter, Fluke model 800A, serial No. 65231,
4, Hook Gage, F.W. Dwyer Mfg., No. 1420.
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APPENDIX B

TYPICAL DATA

Test of velocity range 10-100 fpm at 78° F.

Atompheric pressure 29.10 in. Hg Date 5-4-74
Dry bulb 78° F

Wet bulb 64° F

h .
“2g Gze 1E;/ft3 e,/ vz%zs vE?%s o fﬁm
038 78 L0712 .942/.82  2.90 5.40  6.26  25.5
038 78 0712 .942/.82  2.88 5.03 6.20  25.5
038 78 L0712 .942/.62  2.89 .04  6.23  25.5
756 78 0712 L964/.91  3.43 6.02 8.8 104.0
756 78 L0712 .964/.91  3.43 6.02 8.84 104.0
755 78 L0712 L964/.91  3.42 6.02  8.82 103.9
280 77 L0714 .949/.88  3.26 5.68  7.79  65.0
280 77 .0714 .945/.88  3.27 5.5  7.83  65.0
200 77 L0714 ,949/.88  3.26 5.50  7.80  65.0
473 77 L0714 .953/.895  3.35 5.79  8.31  83.5
47377 L0714 .953/.895  3.35 5,78  8.29  83.5
47377 L0714 3.36 5.78  8.32  83.5
26 77 L0714 .944/.868 311 5,34  7.11  44.8
a2 77 .0714 .944/.859 3.1 5.3 7.11  44.8

126 77 0714 .944/.859  3.12 5.35 #.15 44.8

b2



APPENDIX C

THE CENTERLINE COEFFICIENT
FOR
FLOW IN A ROUMD DUCT*

The mass flow rate ﬁf of a homogeneous fluid flowing in a uniform
diameter duct is given by

ﬁf = pp Q= pc AV (51)
where F is the density of the fluid, Q is the volume flow rate, A is the
cross-secticnal area of the duct and V is the uniform velocity through the
duct. IUnfortunately, the Tluid velocity in a round duct is not uniform
but parabolic in nature. To determine the mass flow rate through a round
duct, consider the mass flow rate through the annular differential section

(Sce below).

*
Develeped by Dr. P.L. Miller, Professor of Mechanical Engincering, Kansas
State University.
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The mass flow rate through the annular differential element is given by,

dm VdA | (52)

£ Pf
=pr2ﬂrdr

Integrate over the cross-sectional area of the duct to obtain

m | R
l([)-dmf = {pf‘!&rrdr

Assume that the density of the fluid is independent of the radius r to
get:

R

f
0 .

The exact relation between velncity and radius is seldom known but can be
experimentally nmeasured and then Eq. 53 can be graphically integrated.
Starting with the general energy equation and considering flow toward

a pitot-static tube

C Duct
1

.:—"’ e — o
Flow

1 g e
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: W v,: P
there is obtained: iﬂr—-+5-gir 7= EET—*-D g + 1, (54)
T N
Since Z] = Z2 and V2 = 0 (stagnation point) Eq. 54 reduces to:
1/2
vy = (20, (P, - Py) /o) (55)

~and since P2 is the stagnation pressure Pt and P1 is the static pressure

PS, we obtain

vy = (20, (P, = P) / p)'/? (56)

The difference between the stagnation pressurc and static pressure, when
measured with a pitot-static, tube can be expressed in terms the manometer

deflection as

(57)
If the fluid in the duct is a gas and the gauging fluid is a liquid so
that pc >> p. then

-p > 9.
¢ Ps - g hpf (58)

By combining Eq. 53, 56, and 59 to get

R

. 1/2
m= 2 _4: [2 pe g pgh] rdr



and noting that rdr = dr2/2 and changing the variable of integration to

r/R2 there obtains

a=v R 2goe)? [ /F am2 (59)
0

Since it is desired to determine the mass fiow rate from a single
measurement taken at the centerline of the duct, the centerline coefficient

C. 1s defined such that

c

It is appropriate tc combine Eq. 59 and 60 and solve for the centerline

coefficient to obtain:

1 —
h :
C=f\/t"f d |5 (61)

The centerline coefficient can thus be graphically integrated from experi-
mentally determined velocity prussures taken at known locations along the

duct radius.
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COMPUTER PROGRAMS



o NI OOy (o] o [eEalaleNe OO0

(o <y OO, (e (e

Lor S

a0 0O 0

10
20

58

THE FOLLOWING PROGRAM FINDS THE AMGUNT OF SELF HEAT OF THE
SENSING THERMISTOR AT DIFFFRENT ENVIRONMENTAL TEMPERATURES
GIVEN A REFERENCE VELOCITY, INITIAL ENVIRUNMENTAL TEMPERATURE,
AND STARTING A MOUND OF SELF HEAT,

READ, EW, ES, DT, DWs WK

EW-THERMAL EMITTANCE OF THE SUPPCRT WIRE.

ES-THERMAL EMITTANCE OF THE SENSING THERMISTOR.
DT-DIANMETER OF THEL SENSING THEAMISTCR IN FT.

DW-DIAMETER OF THE SUPPRRT WIRE IN FT,

WK-THERMAL CONDUCTIVITY OF THE SUPPCRT WIRE,

PI=3,14159

CALCULATE THE SURFACE AREA OF THE SENSING THERMISTOR

AT=P I#DT%%2,0

§=0. 1 7146-08

S—-STEFEN BOLTZIMAN CONSTANT,

READ, V1, TE, DTl

VI-REFERENCE VELOCITY IN FPM,

TE-ENVIRONMENTAL TEMPERATURE(FAHRENHETT)

DT-AMCUNT OF SELF HEAT OF THE SENSING THERMISTOR AT THE REF-
ERENCE VELDCITY.

V=V1%60.0

CHANGE V! TO FEET PER HOUR.

IF (V1.L7.5.0) GO TO 500

TE=TE t460.

CHANGE TE TO DEGREE RANKINE

TY=TE + DT1 |

TT-TEMPERATURE OF THE SENSING THERMISTCR (DEGREE RANKINE)
TE=TE +(DT1/2.0)

TE-FILM TEMPERATURE {DEGREF RANKINE)

CALCULATE THE PUOWER CISSIPATED dY VYHE SENSING THERMISTOR AT THE

GIVEN VELOCITY AND GIVEN AMOUNT OF SELF HEAT.
VEC=0.00198%{TF~-460+)+0.451

VEC—KINEMATIC VISCOSITY OF THE AIR
AK=0,0000233%(TF-460.1+#0.01317

AK=THERMAL CONDUCTIVITY OF THE AIR
RET=(V*DT)/VEC

RET-REYNOLDS NO, NOF THE SENSING THERMISTOR
REW={V2DW) /VEC

REW=REYNOLDS NO. OF THE SUPPORT WIRFE

GR=(DT%%3 ,0)%32 1 T4*{TT~TE)/(TEXVECH*2,0)
GR=GRASHOFF NO. UF THE SENSING THERMISTOR
HS=(AK/DT 1% {2 0+0.5%{RCET¥%2 ,0+(4./34)#%GRY%%0Q,25]
HS=SURFACE HEAT TRANSFER CCEFFICIENT OF THE SENSING THERMISYNR
HW=s{AKZOW YR LITF/TE) #2017 % (00244 0.56%REN#%0,45)
FH~SURFACE HEAT TRANSFER COEFFICIENT OF THE SUPPORT WIRE
QR1=ES4#SH¥ ATH [ TT4%4, 0-TEX*4.,0)

CRI-POWER DISSIPATION FROM THE THERMISTOR RY RADIATION
QVI=HSXATS(TT-TE)
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QVI-POWER DISSIPATION FROM THE THERMISTOR BY CONVECTION
QCIl=f [ (WK*{ O3 0) 14 {HW+ G4 OXEWHSKTFARS O I¥*0.5) %P *{TT~TE)}
QCL-POWER DISSIPATION FROM THE THERMISTOR BY CONBUCTION
P1=QR1+QV1+QC1

P1L-TOTAL POWER OISSIPATED FROM THE THERMISTOR

P=P1/3.4127

P-TOTAL POWER DISSIPATED IN WATYTS

TEL=TE~-460.

TE2={5%5.0/9.C)*={TEL1-32.0)

TEZ-ENYIRONMENTAL TEMEERATURE [N DEGREES CENTIGRADE
D¥2={5.0/9.0)%DT1

DY2-DT IN UEGREES CENTIGRADE

PRINT, V1y Py TELy DTLl, TEZ,0T2

CHK=0,C001

CYZ2=DNT1

Co 100 I=1,12

DT i=DT2

CECREASE THE ENVIRONMENTAL TEMPERATURE BY € DEGREES FAHRENHEIT
TE=TE=-5,0

A=0.1

TT=TE + 0T}

TF=TE +{DT1/2.0]

CALCULATE £ THE POWER DISSIPATED BY THE SENSING THERMISTOR AT
YHE NEW CCNCITICNS.

VEC=0.CCLl9B8*{TF-460.)+0Ca451

AK=0,0000233%(TF-460.)+0.,0L317T

RET={V*DT ) /VEC

REW=[V#DW)/VEL .

GR={DT*%3.0}%32.174¥{TT-TEJ/{TERNECKE2,0}
HS={AK/DT)*[2.0+0.5%(RET*%2.04 (4 4/ 3 ) 2GR} %%0,25)

HW = (AK/DW)#{{TF/TE)*%0.171%( 0. 2440, 56%REWK®0,45)
QRI=ESHSHATH[TT %4 ,0-TE*%4,0)

QVI=HS*AT*{ TT-TE}

QCL={ [ (WEA[ W3 0} ) R HW 44 OXEWRSHTRR®RI ) ¥ Q.5 ) %P IR { TT~TFE)
PO=QR1I+QVL+QC]

CHANGE THE AMCUNT OF SELF HEAT UNTIL THE AMOUNT OF CHANGE IN
SELF HEAT A IS LESS THAN CHK,

IF{PL=FC) 35,45,40

CT1l=DT1+A

GE TO 30

CT1i=DT1-A

A=A/10.0

IF(A.LTLCHK) GO TO 45

GO 11 30

P=P0/3.4127

TEL1=TE-460.

TE2=15.0/9.0V%[YEiI-32.C})

CT2=(5.,0/9.0%DT1L

)



PRINT, VI,
10C CONTINUE

G0 TO 9
500 CONTINUE

sTnp

END

Py

TEL,

DT1,

TC2.0T72
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THE FOLLOWING PROGRAM CALCULATES R3 AND R2/R1 FUR THE BRINGE
BE RALANCED AT A GIVEN REFERENCE VELCCITY AND TWO GIVEN ENVI
MENTAL TEMPERATURES. THE TEMPERATURE OF THE SENSING THERMIS
AT THE REFFRENCE VELOCITY AND THE ZERCING TEMPERATURES WAS
TAKEN FROM THE PROCEDING PROGRAM, WITH THESE VALUES OF R3 A
RZ/R1 THE PCWER DISSIPATED FROM THE SFNSING THERMISTOR AT
DIFFERENT ENVIRONMENTAL TEMPERATURES AND AIR VELOCITIES OVER
THE RANGF OF INVESTIGATICN WAS CALCULATED USING THE HFAT TRA
FER EQUATINN. A LINEAR REGRESSICN WAS THEN TAKEN 0OF THESE
POINTS TO FIND THE CONSTANTS OF THE EQUATICN P=A+B(V¥Xx0.5).
THEN FIND THE PERCENT OF ERROR IN READING BY USING THIS EOUA
TION TO DETERMINE THE AIR VELOCITY OF THE POWER DISSIPATION
THE SENSING THERMISTOR.

DIMENSTION RY{20),T(20),P{20,203,PR(20,20),PCND[20,20),PCV(20,
DIMENSION RLET(20,20),RLEW{20,201)

READ, T1eV2¢ 73, T4,START4NP,NCT

RT-RESISTANCE OF THE SENSING THERMISTOR

TLAY-TEMP, OF THE SENSING THERMISTOR

P(A,3)-TOTAL POWER DISSIPATED BY THE THERMISTOR AT (A) THE T
PR{A,B}=POWER DISSIPATED BY THE THERMISTOR BY RADIATION AT A
PCDUALB)-POWER DISSIPATED 8Y THE THERMISTOR BY CONDUCTION AY
A& B,

PCV(A,;B)=PNOWER DISSIPATED BY THE THERMISTOR BY CONVECTION AT
A L R,

RLEVIA,R)-REYNOLOS NO. QF THE THERMISTCR AT A £ B,
RLEWIA,B)-REYNOLDS NO. OF THE THERMISTOR AT A&R.

Tl & T2-ARE ENVIRCNMENTAL TEMP., FCR THE BRIDGE YO BC BALANCE
T3 & T4-ARE VHE TEMPERATURE OF YHE SENSING THERMISTOR AT THE
GIVEN REFERENCE VELUOCITY AND T1 & T2.

START~THE HIGHEST ENVIRUONMENY AL TEMPERATURE UNDER [MVESTIGAT
NP=NO. OF POINTS OF INVESTIGATION.

KCT-RANGE OF INVESTIGATION.

CALCULATE R2/Rl1 FOR THE BRIDGE TCQ BE BALANCED AT T1-T3 AND T
TQ‘

RYCL=RTCF(TL}

RYC I-VALUE CF THE COMPENSATING THERMISTOR AT Tl.
RTC2=RTICF{T2)

RTC2-VALUE CF THE COMPENSATING THERMISTOR AT T2

RTLI=RTF({T3}

RT1=VALUE OF THE SENSING THERMISTOR AT Tl.

RT2=RTF{T4}

RY2-VALUE OF THE SENSING THERMISTCR AT T2.

CALCULATE R3 FOR THE BRIDGE TO BE BALAMCED AT T1-T3 AND T2-T
R3I={(RTC2%RTCLI*(RT2-RTII)I/IIRTC2*RTLI~-{RTCL®*RT2))
RZI=(R3*RTC2)/((RA+RTC2I1*RTZ)

R21-RAYIO OF R2 YO Rl.

PRINY 4R3,R21

N=NKCT /NP
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NDEL=N

TC=START

FOLLOWING IS TO FIND THE TEMP, OF THE SENSING THFRMISTOR AT
DIFFERENT ENVIRONMENTAL TEMP,

CO 10 I=]l,NP

FIND THE RESISTANCE OF THE COMP. THERMISTOR AT TC.
RTC=RTCF(TC)

FIND THE RESISTANCE OF THE SENSING THERMISTOR TO BALANCE THE
RRIDGE AT TC.

RVT=(R2*RTC)/((R3I4RTC)*R21)

FIND THE TEMPERATURE OF THE SENSING THERMISTOR WHEM BRRIDGE 1S
BALANCED AT TC.

FOI)=TTF{RVT)

STEP DOWN TC ANDC FIND NEW T(1).

T1C=YC~DEL

CONT INUE

PI=3.14159

READ, EWy ESy DTy DH, WK

EW-THERMAL EMITTANCE OF THE SUPPCRT WIRE.
ES-THERMAL EMITTANCE OF THE SENSING THERMISTOR.
DT-DIAMETER OF THE SENSING THERMISTOR IN FT.
CW~0DIAMEYER OF THE SUPPORT WIRE IN FT.
WK=THERMAL CONDUCTIVITY OF THE SUPPORT WIRE.
AT=PI*¥0T%%2.0

AT-SURFACE AREA OF THE SENSING THERMISTOR
S=0.1L7L4E-08

S—STEFEN BOLTZMAN CONSTANT.

DV1=10.0

TE=START

Vi=DV1

VI-AIR VELCCITY IN FPM,

LERD ALL DUMMY VARTABLES

X=0.0

X-SUM OF ALL X COMPONENTS.

¥Y=0.0

Y-SUM OF ALL Y COMPONENTS.

C=0.0

C-CNUNTER

YY=0.0

YY-SUM OF THE Y COMPONENTS SQUAREC.

XX=0,0

XX~-SUMM OF THE X COMPONENTS SQUARERD,

XY=0.0 :

XY-SUM GF THE X*Y,.

FCLLNWING IS TO FIND YHE PCOWER DISSIPATED FROM THE SENSING THER
MISTOR WHEM TTS TEMP., IS TU(I) AND THE CORRESPONDING EMVIRONMEN-

TAL TEMP.

DO 30 J=1,10
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TE=START

TE-FNVIRONMENTAL TEMPFRATURE{FAHRENHEIT)

00 20 I=1,NP

CHANGE V1 T0Q FEEY PER HCUR

V= V1*60.0

TT=T{IY+460.

TT-TEMPERATURE QOF THE SENSING THERMISTOR (DLCGREE RANKINE)
1E=TE+460.

CHANGE TE TO DEGREE RANKINE

TF={TE+TT)/2.0

TF-FILM TEMPERATURE (CEGREE RANKINE)
VEC=0.,0Cl9E%x[TF-460.1+0.451

VEC-KINEMATIC VISCOSITY CF THE AIR

AK=0,0000233% (TF-460.)+0.01317

AK=THERMAL CONDUCTIVITY OF THE AIR

RET={VXxDT)/VEC

RET-REYNDLDS NO. OF THE SENSING THERMISTOR

REW={V*DW)/VEC

REW=REYNOLDS NO. OF THE SUPPORT WIRE

RLUETI{IJ)=RET

RLEW(1l4¢J)}=REW

GR=(DT%%3 ,0)1%32. 174*(TT-TE) /(TEXVEC*%2,0}

GR-GRASHOFF NC. OF THE SENSING THERMISTOR

HS={AK/DT )% ({2,040, 5% [RET**¥2,0+{4./3,1*GR)**0,25}
HS—-SURFACE HEAT TRANSFER COCFFICIENT OF THE SENSING THFRMISTOR
HW=[AK/DWIX{{TF/TE R0 1T )k {0.2440.96%REW%*0445) )
HW-SURFACE HEAT TRANSFER COEFFICIENT OF THE SUPPORT WIRE
QRI=ESHSxATH(TT*%4 ,0-TEX%4,0)

QR1I-POWFR NISSIPATION FROM THE THERMISTOR BY RADIATION

CQVI=HSKATH(TT-TE)

QV1-POWFR DISSIPATION FRCM THE THERMISTGCR BY CONVECTION
QCL=0 { (WKX{ DW2% 3 ,0) b5 (1 Wt 4, O%EWe SHTF%x3,0) 1440, 5)%PI*{TT-TF)
QCL-POWER DISSIPATICN FROM THE THERMISTOR 8Y CONODUCTION
PL=QR1+QVIL+GQC1

P1-TNTAL POWFR DISSIPATED FROM THE THERMISTOR

PCVII «JI=QVL/3.4127

PCO( Lo 3)=QCL/3.427

PR(IT«JI=QRL/3.AL12T

P{I,J)=PLl/3.4127

P-TOTAL POWER DISSIPATED IN WATTS

V2=Vi¥*0,5

C=C+1{.0

X=X+V2

Y=Y+P(1.J)

XY=XY+V24P (1,J)

XX=XA+V2%%2 0

YY=YY+P{l,d1%P(],4)

TE=TE=-460.0
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TE=TE=-NEL

CONTINUE

Vi=Vv]+Dvl

CONTINUE

FIND BY LINFAR REGRESSIGN THE CONSTANTS ARB OF THE EQUATION
PlIyJ)I=A+BIV]1I*%0,5).

Bl CuXY-X%Y )/ (CHEXX=X*%%2.0)

A=(Y=-B*X) /C

R (CHXY=XRY }/Z{{CRXX=XF%H2,0)%2(CxYY-Y*X2,0) }¥%0, 5
PRINT,AsB4R

TE=STARY

V1i=DV1

Cao 50 J=1.10

TE=START

CO 40 [=1,NP

FRCM THE POWER BEING DISSIPATED CALC. THE VELOCITY FROM THE EQI
ATION PLloJ)=A+B(V]*%0.5).
VCAL=((P(T4+J)=A)/B)%x({P{I,J)}=A)/B)

FIND THE PERCENT OF READING ERROR FOR THE CALC. VELOCITY AND
THE TRUE VELNCITY.

ERR=(VCAL=-V1)/V1

PRINT 4PR{T yJY 4 PCO{ T4}y PCYIToJ)sRLETLYIyJ)yRLEW(T4J)
PRINT V1, TEWCALLERRyPLT,J),TII)

TE=TE~CEL

CONYINUE

Vi=vi4DV1

CCNTINUE

IF {OV1I.GT.50.0) GO YO 60

DV1=100.0

GC YO 15

CONTINUE

STCP

END
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200

300

400

500

700

FUNCTICN RTCF{A)

IF {A.LT.71.2) GO TO 100
IF(A.LY.79.15) GO 70 200
I[F (A.LT.88.3) GO TO 300
iF (A.LT.95.91 GO 70O 400
GO TO 500

AA=61321.451
B=~-,02212168

GO TO 7CC

AA=61840.436
B=-.02222238

GO T3 700

AA=56864.665
B=-c02114734

GO Y0 700

AA=52T789.792
B=—,02031355

GO TO 700

AA=518B41.729
B=~,.02012192

GO 1O 700

RTCF=AA%EXP (A%B)

REFURN

END
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100

200

300

400

600

650

700

FUNCTICN RTF(A)
IF{A.LT.71.2) GO TO 100
IF (A.LT.79.0) GO TO 200
IF {(A.LT.88.3) GO 74 300
IF (A.LT.95%.9) GO TO 400
IF (A.LT.104.75) GO TO 500
1F (A.LT.120.0) GO TO 600
GC TO 650

AA=11123.676

B=-.0214994

GO TO 700

LAE=11%0¢6.CT4
Brx=-.02197434

GG YO 7C0

AA=10358.781
B==.020063821

GO YO 700

AA=10187.096
B=-.02045587

G0 10O 700

AA=S820.264¢€
B=-.02007028

GO TO 7CO

AA=9T46.2463
B=-,01559251

GO T0 7C0

AA=T914.3419
B=~-,01824245 -
RTF=AA®EXP(AXB])

RETURN

END

66



100

500

600

650

700

FUN
IF
IF
IF
IF
IF
IF

CTICN TTF(A}
{AGT.2406.)
{A.CY.2020.1i
(A.GTal6T541
[A.GT.1430.)
{A.CT.1210.)
{AeGY«B90.1

GO TO 6%Q
AA=11123.679
Bz"a ﬂ? I.flq()4
GO YO 700
AA=11506,0T74
B=-.02197434
GD 1O 700
AA=10353,781
==,02063821
GO 70 700
AA=101ET.096
=—,02045581
GO 1O 700
AA=9820,2646
=-,02007028
GC 10 700
AA=9T4¢6.,2463
B=-.01999251
GO TO 7¢O
AA=T914,.3419
B=—.01824245

GO TC
GO 10
GO 10
GO T0O
G0 TO

100
200
300
400
500

GO TO 600

TYF=(ALOG(A/AA})/B

RETURN
END

67
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APPENDIX E

SENSING THERMISTOR TEMPERATURE AT
DIFFERENT ENVIROMMENTAL TERPERATURES AND
DIFFERENT ZERCING VELOCITIES
The foliowing graphs show the result of the computer programs to
determine what temperature elevation above the environmental temperature
- the sensing thermistor was required to have so that the same power was

dissipated at several "reference" velocities at different environmental

temperatures.
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A thermistor anemometer was designed to measure air velocities from
about 10 ft/min to 1,000 ft/min. A small glass-coated bead-type thermistor
was used as the seasing element which served as one leg of & wheatstone
bridge. Bridge excitation was sufficient to cause self-heating in the
sensing thermistor., The air flow over the heated thermistor tends to
reduce its temperature, but the bridge was autematically held at a balance
point such that the bead temperature was slightly above ambient. Therefore,
the power used to maintain the sensing thermistor self-heat was dependent
on the velocity and to some extent the air properties. Since the air
properties are mainly dependent con temperature, the power dissipated was
dependent on velocity and the air temperature. A sccond unheated thermistor
was used in a temperature compensating network in an adjacent leg of the
wheatstone bridge to compensate for the temperature dependency, thus making
the power dissipation solely dependant on the air velocity wcross the
sensing thermistor and thercfere an indication of the aivr velocity. The
thermistor in the temperature compensating network was physically larger
and had a much higher resistence and negligible power dissipation thus
raking it insensitive to the air velocity,

A mathematical wodel for the encrgy dissipation by thaz sensing ther-
mistor was developed and the temperature compensating network designed so
that the power dissipaticn of the sensing thermistor, at a given refercnce
velocity, would be independent of the air temperature.

The mathematically predicted performance was compared to the actual

performance over a range of velecities (20 fpm to 1,000 fpa) and a range



of environmental temperatures (63° F to 100° F), Excellent agreement was

found between them.



