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I, THEORETICAL AND DESIGN CONSIDERATIONS

\N The characteristic of thermistors which makes them
useful for measuring fluid velocltles 1s thelr large negative
temperature coefficlent of resistance, which can be as high
as -5.8 percent/degree centligrade at room temperature, com-
pared to 0.30 percent/degree centigrade for platinum (refer-
ence 1). A thermistor immersed in a stationary fluid can be
heated by means of a current to a temperature higher than
its surroundings. Thus it will lose heat by steady-state
convection. When a thermistor is exposed to a moving stream
of rluid, 1t loses further heat by forced convection. The
temperature of the thermistor and hence 1ts resistance depends
on the fluild veloclty and temperature as well as the heating
current. Assuming a constant ambient fluid temperature, a
relationship exists between the fluid velocity and the
voltage across the thermistor. &

The velocity can be determined by elther maintaining
the thermistor at constant temperature and adjusting the
current, or by heating the thermistor with a constant current
and measuring the voltage drop in the thermistor circuit.

For fast response, constant-temperature operation is superior
because it diminishes the effect of time lags caused by the
thermistor (reference 2). Current required for constant-
temperature operatlon can be adjusted with appropriate feed-
back amplifliers, and the adjustment may be read out as a
change in bridge voltage.

Considering constant-temperature operatlon, the
power supplied to the thermistor can be expressed as:
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where
VT = thermistor voltage
RF = thermlistor resistance

In constant-temperature operation, RT 1s constant
and VT can be measured. Thls power 1s dissipated in the form
of heat and carried away by the moving stream. Therefore,

an energy-balance equation can be written as

Vv a

% =h, Aln, - 1) (2)
where

hc = convective heat transfer coefficlent

A = thermistor surface-area

TT = thermistor temperature

Ta = amblent-fluid temperature

It the thermistor temperature distributlon 1s
assumed to be unifiorm and constant, 1ts resistance can be
determined using data supplled by the manufacturer. Because
the amblent-fluld temperature and the surface area of the
thermistor are known, h_ 6 only must be determined.

Considering the thermistor as a sphere, an expression

involving hc for Reynolds numbers less than 2000 can be

written (reference 3):

h d
c ~0en e e LR :
- Prr 3 = 0,97 + 0.68 Re®*> (3)
Cp g
where
d = thermistor dlameter
k( = fluld thermal-conductivity
Pr, = fluld Prandtl-number
5 Vd
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fluld density
fluld veloeity

Il

thermistor dlameter
flutd wviscosity

P
Vv
d
n

Equation 3 solved in terms of hc yilelds,

h, =A+B v (4)

and substituting equation 4 1in equation 1 yields
V= e+ D [v) ( Rpae)19+5 (5)

using AT for the temperature difference between the thermistor
and the fluid.

RT and AT are constants in a constant temperature
mode of operation, and the voltage 1s proportional to the
one-fourth power of the velocity 1n the Reynolds number range
considered. Therefore, VT can be lncreased at constant
veloclty by 1ncreasing RT or AT. However, they cannot be
increased simultaneously, because an increase in RT will cause
AT to decrease due to the properties of thermistors. The
relationship between the resistance and temperature of a
thermistor may be expressed as (reference 1):

o 4 1
R = exXp B(T = To)

—
-
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where

R(T) = resistance at temperature T

R(T,) = resistance at temperature T

B = a constant of the materlal

The best operating point of a thermlstor can be
found--that is, the largest voltage can be obtained for a
given velocity by substltuting for ET,In equation 5,1t value
in terms of TT and Ta. The resulting relationshlp bhetween
VT and TT ‘
This sets the best operating point of the thermistor. Using

can be differentiated to find a maximum for V..

appropriate values for the varlous quantlitlies Iln equatlons
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5 and 6, a temperature difference of 50°F between the
thermistor and the water ylelds a maximum VT.
For the veloclty probe developed at Davidson
Laboratory, equation 5 can be used for velocities up to 4.5
feet per second. Figure 10 shows the solution of VT as a
function of velocity obtalned from these theoretical consider-
ations using appropriate values for the varlious quantities.
The shape of the curve and the order of magnitude of the
voltage are in agreement with our previous experimental
experience (reference 2). To extend measurements beyond this
region, a knowledge of heat transfer from spheres in the range
of Reynolds numbers of interest and an experimental program
of testing are necessary.

The use of thermistors as fluld velocity meters has
been tried by others as well as Davlidson Laboratory with
moderate success (reference 2. Kt present, the maln diffi-
culties encountered in thelr use are:

(a) Their inherent nonlinearity--the signal produced
by a thermistor is a functlion of the velocity
to the one-fourth power, depending on forced
convective heat transfer and flow regime.

(b) Their sensitivity to amblent temperatures
(reference 4)--an intrinsic property of the
device.

(¢) Their interaction with a conducting f{'luid--
supplying electrical power to a thermistor
in sea water requires elther insulating the
thermistor to prevent electrolysis or the use
of alternating currents.

(d) Their general insensitivity to flow direction
(reference 5)--the cooling effect of the fluld
veloclty 1s generally independent of the ther-
mistor's orientation.

(e) Their tendency to change in characteristic
during use. This is a problem of hot-wire
anemometry also).

(f) Their physical fragility.
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However, continulng efforts to eliminate these

difficulties have met with moderate success and may be sum-

marized as follows:

(a)

(a)

(e)

(£)

The inherent nonlinearity 1in the thermistor
response can be compensated for by appropriate
electronic circuitry. A diode linearizing
(reference 5) circult can be used to rectify

the thermistor response or a nonlinear amplifier
can be used to compensate the thermistor non-
linearity or both may be used together. In
additlion, the thermlistor can be operated over

a limitfed llnear range.

Corrections for ambient temperature can be
achlieved by using a second thermistor to measure
the fluld temperature near the veloclty ther-
mistor, whose response at various amblient tem-
peratures under a constant operating temperature
can be determined by calibration.

The thermlistor can be shlelded from a conducting
fluid by coating the material with a thin layer
of glass at a cost in response time or sensitiv-
ity or both. Time constants less than one second
and resolutions of 0.0l ft/sec at low velocities
have already been achleved 1n water.

Direction sensing arrays of thermistors can

be desligned. This has been tried in air and

in water to a very limited extent (references 5,
6, and 7).

Changes in thermistor characteristics due to
changes in the thermistor itself while 1n
operation can be avoided by proper seasoning of
the thermistor (reference 1). Changes caused
by deposition of materlal from sea water on the
surface of the thermistor can be reduced by a
flushing or cleaning device on the sensor,

Physical fragllity can be decreased by structural
design.

Therefore, thermistors, desplte development d4iffi-

culties, can be relliable fluld veloclty meters, assuming in

water the role filled by the hot wire in alr.
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II. BACKGROUND

Davidson Laboratory has developed a thermlstor
veloclty meter to measure bottom velocities under ocean swell
(Fiﬂures 1 and 2), which has been used successfully to measure
fluctuating veloclties up to 0.2 ft/sec peak and has withstood
several days of intermittent operation 1n water depths of up
to forty feet. Deposits on the thermlstor surface durling
this time did not appear, and handling the probes requlred
only those precautions normally assoclated with a fragille

Instrument.

The voltage output from the thermistor has been
amplified, linearized, and written out using the circuilt
shown 1in Figure 2. Diode linearizing circults have also been
designed but have not yet been tested. Flgure 3 shows a
typical diode circult. These linearizing circults have been
designed (reference 5) for veloclities in the range of interest
and can be made to linearlize an input as accurately as desired
by dividing the thermistor output curve into smaller and
smaller steps and by providing an appropriate diode bias-
voltage.

Temperatures of the fluld near the veloclty sensor
have been measured with a second thermlstor (Figure 4). When
the amblent temperature 1s known, the correct callbration
curve can be selected for the reductlon of the velocity data.

Figure 5 shows the callibration of the veloclty probe
at varlous ambient temperatures for our oceanographic work,
The thermistor was callbrated by towing the probe at different
velocitles 1in water of different temperatures. Flgure £ shows
a sample of oceanographic data. Figure © was recorded off
Block Island in August 1961 and shows the simultaneous
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recording of pressure, temperature, and velocity at a point
under a wave near the ocean bottom.

Figure 7 shows a trace taken in a wave channel to
check the accuracy of the thermistor veloclty-meter. Surface
elevation was recorded as a function of time and the peak
veloclty was computed using shallow water wave theory. By
examining the velocity record obtained, the peak amplitude
of velocity was found to be within 3 percent of the computed
value of approximately 0.5 ft/sec. !

Figure 9 shows a trace obtained during an experi-
ment 1n a wave channel to determine the phase lag (time
constant) of the thermistor. A single wave of short period
was generated. The thermistor and a wave-height indicator,
which used a styrofoam flat linked to a rotary differential
transformer, were positioned in the same plane perpendicular
to the wave front. The thermlistor was in the potential flow
reglion outside the bottom boundary-layer. By comparing the
response of the thermistor to that of the wave-height indi-
cator, a close approximation of the time constant was obtained,
which was between 0.5 and 0.9 seconds.

As we are presently using them to measure velocity,
thermistors are lnsensitlive to flow direction. However,
arrays could be desligned that would indicate the direction
of flow (reference 5). Experiments have been carried out at
Davidson Laboratory using a single thermistor as a planar
velocity direction finder in water. Figure 8 shows a data
trace obtained in the wave channel. The probe was aligned with
the flow and provided a varying signal as 1t was rotated
through 180 degrees. In a fixed position, a varying signal
was also obtained corresponding to the se&nse of the veloclty

of the wave.

The possible range of veloclty measurement using
thermistors can be increased by using larger themistors with
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larger power 1lnput, up to several hundred milliwatts, or by
providing clrcults that accept the widely varying signal
produced by a thermistor over a wlde veloclty range. Recently,
experiments have been performed that showed thermistor
response up to 3 ft/sec, and their response probably can be

extended further.
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AT END OF BRASS TUBE AS SHOWN.
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FIGURE 2. MECHANICAL DRAWING OF THERMISTOR VELOCITY-PROBE
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FIGURE 4. SCHEMATIC DIAGRAM OF DIODE LINEARIZING CIRCUIT
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FIGURE 5. TEMPERATURE BRIDGE FOR 2000 OHM
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FIGURE 6. CALIBRATION FOR OCEANOGRAPHIC USE







FIGURE 8. WAVE CHANNEL DATA
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