NACA TN 3406

GOVT. Do,

NATIONAL ADVISORY COMMITTEE
FOR AERONAUTICS

TECHNICAL NOTE 3406

A SELF-EXCITED, ALTERNATING-CURRENT, CONSTANT -
TEMPERATURE HOT-WIRE ANEMOMETER
By Charles E. Shepard

Lewis Flight Propulsion Laboratory
Cleveland, Ohio

Washington
April 1955







NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

TECHNICAL NOTE 3406

A SELF-EXCITED, ALTERNATING-CURRENT, CONSTANT-TEMPERATURE
HOT-WIRE ANEMOMETER

By Charles E. Shepard

SUMMARY

The hot-wire anemometer described herein was used to study turbojet-
engine compressor rotating stall and surge. The system was capable of
measuring flow over a frequency range of zero to 500 cycles per second.

A self-sustaining, 8-kilocycle-per-second oscillation was used to heat
the wire in a constant-temperature system. The relatively rugged, large-
diameter wire allowed the use of the anemometer during the full-scale
performance testing of compressors and turbojet engines. The commercial
audio-frequency amplifier used reduced the cost and the time required
to'build the anemometer.

INTRODUCTION

The anemometer described in this report was developed for compres-
sor stall and surge indication during the performance tests of compres-
sors and turbojet engines. The principal requirement was the ability
to follow large-scale flow fluctuations at frequencies up to 500 cycles
per second. Other important specifications were reliability and ease
of operation. Although specifically designed to measure stall and
surge, the anemometer also proved useful for other applications where

the upper frequency limit was not high and where long wire life was
necessarye.

References 1 and 2 explain the superiority of the constant-
temperature anemometer over the constant-current anemometer for high-
amplitude flow fluctuations. Flow changes produce simultaneous
wire time-constant changes. These changes of time constant with flow
variations do not produce any difficulties in the constant-temperature
system; however, in the constant-current system serious error in the
indicated flow may result if the flow changes are large.

An improved model of the Ossofsky constant-temperature anemometer
(ref. 3) has been used extensively at the Lewis laboratory for studies
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of various nonsteady flow phenomena, such as compressor rotating stall,

blade wake fluctuations, and turbulence (ref. 4). The chief limitation e
of this Ossofsky anemometer is the short service life of the small diam-

eter wires when the operating conditions are not ideal. The maximum

heating current is about 150 milliamperes, which is adequate only for

the 0.00015- to 0.0004-inch-diameter wires; these wires are too fragile

for many stall and surge measurements.

The requirement of an upper frequency limit of no more than 500
cycles per second for routine compressor-stall studies has permitted
development of a simpler constant-temperature anemometer capable of
heating a relatively rugged 0.00l-inch-diameter wire. A carrier type
of operation, utilizing a commercial audio-frequency amplifier, is used.
The operation of this anemometer is relatively simple; the only opera-
tional control necessary is an on-off power switch.
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The alternating current used for heating the wire is produced by
a self-ex~ited oscillation of the entire loop composed of amplifier,
bridge (including the hot-wire), and transformers. A similar type of
self-excited system, operating at about 1.5 megacycles per second and
utilizing a specially developed amplifier, was described by Weske in an
unpublished memorandum in 1949. The present design operates at about
8 kilocycles per second and thereby allows the use of a commercial audio-
frequency amplifier.

THEORY

The simplified heat-transfer equation for the hot wire is
dT
2 = X o2 .
IER, < «DLH (T -0} + T B8R p_ o e (1)

(A1l symbols are defined in appendix A; see appendix B, ed. {B3), for
derivation of eq. (1).) For constant-temperature operation, dTw/dt is

zero and the heating current varies as the square root of the heat-

transfer coefficient. As discussed in appendix B, various formulas are
available to express the heat-transfer coefficient or the Nusselt number

in terms of the air flow (refs. 4 and 5). For low velocity flow at

constant density, Kings's equation (6) (ref. 6) may suffice. For jet-

engine compressor studies, however, the Reynolds number or the mass-flow

rate, together with parameters related to the density or Mach number,

are used to define the heat loss (ref. 7). A useful approximation for

a constant-temperature anemometer is that the heating current varies as

the fourth root of the mass-flow rate. -

Principle of operation. - The block diagram of the self-excited,
alternating-current, constant-temperature anemometer is shown in figure -
1. The system includes an audio-frequency amplifier that supplies
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electric power to a resistance bridge. This bridge contains the hot
wire whose resistance is a function of its temperature. The temperature
of the wire is fixed by the balance between the amount of electric power
supplied to it by the amplifier and by the cooling effect of air flowing
past the wire. The bridge unbalance voltage, which is a function of the
hot-wire temperature and the hot-wire current, is stepped up by a trans-
former and applied to the amplifier input.

The bridge is adjusted so that it will be balanced when the wire
is at a "balance temperature" Ty, which is higher than the air effective

temperature T The' electric circuit is arranged to give regenerative

e.
feedback when the wire temperature is less than Ty. When the amplifier
is connected, a self-induced oscillation occurs at a high audio frequency.
As the wire, which is heated by the alternating current, approaches the
balance temperature, the bridge unbalance voltage decreases until a
stable point is reached where the unbalance voltage is just large enough

to provide the heating current to keep the average wire temperature Ty

near to, but less than Tp. As the gain of the amplifier is increased,
the difference between Tp and Ty decreases. The expression for the
temperature difference is derived in appendix C.

Advantages of a-c system. - The audio-frequency heating current
permits the use of transformers and an a-c amplifier. The amplifier out-
put transformer efficiently delivers the amplifier power to the hot-wire
bridge. The fact that a commercial audio-frequency amplifier can be
used greatly reduces the cost of the anemometer system.

The amplifier input transformer reduces the amount of amplifier
gain required and improves the signal-to-noise ratio of the system,
since the voltage gain obtained by matching the low bridge impedance
to the high amplifier input impedance is achieved without the addition
of noise.

Oscillation frequency. - The frequency of oscillation is determined
by the frequency response of the entire loop, which includes amplifier,
bridge, transformers, cables, and the hot-wire probe. The oscillation
will ogeur at a frequency where the phase shift is zero, or some multiple
of 360 , since these values correspond to regenerative feedback. Under
the conditions of sustained oscillation, an over-all voltage gain of
unity exists. In the self-excited, constant-temperature anemometer,
the amount of bridge unbalance will be that value which is associated
with an over-all voltage gain of unity.

System instabilities leading to wire burn-out. - The voltage gain
and phase shift of the system largely determine the stability of the
system. In order to study the stability, assume that the wire is heated
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beyond the balance temperature; this corresponds to a phase shift of
180°. When this shift occurs, the feedback becomes degenerative at the
frequency where oscillation existed and the oscillation will cease or
will changé to a new frequency where regenerative feedback can exist
with the wire too hot. The operation then becomes very unstable; the
small increase in wire temperature results in a larger input signal to
the amplifier that causes additional heat to be supplied to the wire
which further increases its temperature. In order to prevent this in-
stability, which usually burns out the wire, the system must be designed
so that the gain is low at the frequencies where the phase shift with
the wire unheated is 130° or some odd multiple of 180°.

Reactive bridge unbalance is another potential source of instability
since the unbalance voltage of the bridge will not approach zero as the
wire temperature approaches the balance temperature. If the reactive
unbalance is too large, the heating current may continue to increase,
since the minimum unbalance voltage may be too large to limit the current.

Time response and stability of the system. - The constant-temperature
mode of operation inherently produces an appreciable improvement in the
response rate over the uncompensated constant-current mode. From equa-
tion (1) it can be seen that, if the temperature were kept at exactly
the same value, the heat-storage term would vanish and the heating cur-
rent would follow without lag variations in the air flow. If the gain of
the system is high and the electrical lags of the system are small, the
changes in wire temperature are very small, and the anemometer is able
to follow rapid changes in flow. The extent to which this is accomplished
is determined by the gain, and is limited by the fact that stability is
impaired when the gain is made too high. (The response time of the hot-
wire anemometer described in this report is about one-fortieth that of
an uncompensated bare-wire anemometer.)

DESCRIPTION OF ANEMOMETER

General description. - Figure 2 is a photograph of the self-excited,
constant-temperature anemometer. The panel voltmeter reads the average
voltage appearing at the output terminals. These terminals also supply
signals to the cathode-ray oscilloscope for dynamic measurements, A
calibration curve is furnished, relating this voltage to air-flow rate
for a given probe design.

Figure 3 shows the wiring diagram. The important components and
wiring techniques are described in the following paragraphs.
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Wire. - The hot-wire material used is 72-percent nickel - 28-
percent iron alloy that combines high specific resistivity (20 micro-
ohm cm which is twice that of iron) with a high temperature coefficient
of resistivity (a = O.OOZ9/OF). The high resistance reduces effects of
changes in support resistance. A high-temperature coefficient of re-
sistivity reduces the amount of amplifier gain required for a given dif -
ference between the balance and operating temperatures.

A 0.10-inch length of 1-mil diameter wire is used. This length-
to-diameter ratio yields an end-conduction effect of about 20 percent
at a Mach number of 0.l. This value is calculated from data in refer-
ences 7 and 8. Since the conduction effect is included in the original
calibration of the wire, the presence of this effect produces no serious
errors.

Probe. - The hot-wire is mounted on a probe as shown in figure 4.
The small probe diameter in the vicinity of the wire permits measurements
in compressors without excessive flow blockage; for the radial-type of
mounting, the wire will be normal to the axial and tangential components
of flow for axial-flow compressors. This configuration renders the wire
insensitive to flow angle for the principal flow. Since the wire can be
considered to respond only to the component of flow normal to the wire
(over an angle range of about *65°), the alternate wire mounting shown
in figure 4 is also useful. Here the wire is mounted normal to the
axial flow but parallel to the tangential flow for axial-flow compres-
sors. This configuration permits the measurement of the axial component
of flow when radial flow is neglected.

Current and potential leads are provided so that the effect of the
resistance of all but a short length of the supporting prongs can be
minimized by proper bridge design.

Three-wire bridge connection. - The bridge consists of the hot
wire, (3-ohm balance resistor) corresponding to a balance temperature
of 700° F, and two 15-ohm ratio-arm resistors. The low resistance of
the wire necessitates a bridge connection that will compensate for the
lead resistance; in addition, the reactive balance must also be main-
tained. The major source of reactive unbalance is the cable inductance.
The three-wire Siemens connection shown in figure 5 provides both re-
sistive and inductive compensation for the cable since it, in effect,
places one of the leads on each leg of the bridge. When this arrange-
ment is used, cable length can be changed from zero to 50 feet without
appreciable effect on the bridge balance.

Bridge isolation transformer. - The transformer that connects the
bridge output to the amplifier input must isolate the bridge output
from the ground to avoid shunting of one arm and a resulting shift in
bridge balance. For this reason, a high-quality bridge transformer
having a very low unbalanced capacitance to ground was used. A voltage
gain of 4 was obtained; this reduced the amount of amplifier gain
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required. The transformer has a good high-frequency response so that
the phase lag, which would affect the stability, is small. The trans-
former specifications are:

PEAMEO Y SEUDTE o lin e o m & ook oo & s 0 Seie Sle Sl R i SRR 60
Hooondary BUPNE '« % e s, o sl e @l taa w.oeie al el gt le et ol bl i 240
Frequency range, +6 decibels, cps « « « o « « o &« ¢ o = 2000 to 500,000
Primary to secondary capacitance, puf . . <« ¢ o o o o o o oo . 0

Amplifier. - The amplifier used is a slightly modified commercial
10-watt audio amplifier. The modification consists of (a) replacement
of the output transformer by one having a better frequency response,
and (b) increase of degenerative feedback from the output transformer
to the second-amplifier stage to provide a more acceptable amplitude
ratio - phase-shift diagram. The modified amplifier has the following
specifications:

Tnput Ampedance, MEZONMS « » s » o & o & o s & o ® e o £ & & = = 5
Output dnpedance, GRME « o v w e e o 5 wrs 4 ale eite TeiE G EEEE e 2
Volftage! gain, meseimun oo iiel o iiupia oo i o iR 1o il allio el e AT B R 130
Baulvalent inpubt noise level, IV i o s e s s o e sl o wiaaen Sl 50
Frequency response, +3 decibels, CPS « « o o « o = ¢ o 100 to 60,000
Retiedi output pDoWer:, :WwatBe s ot fitdire ™ Bl ol e e i e N - 46

Complete circuit. - The major individual components of the circuit
have been discussed in the previous sections. The over-all assembly is
shown in figure 3. The resistor-capacitor combination (located at the
amplifier input) and the coupling capacitor in the bridge supply eirenit
are a low-pass and a high-pass filter, respectively. These filters pro-
vide the proper drop in amplitude as the frequency varies from the normal
operating value. There is also a shunt which gives a voltage propor-
tional to the heating current. The meter-type rectifier and conventional
filter circuit provide the d-c output voltage.

The electrical performance of the assembled components is tested
by determining the circuit open-loop frequency response. The circuit
is opened at the bridge output and a signal is inserted at the bridge
isolation transformer. The hot wire is replaced by a fixed resistor
whose value gives an over-all voltage gain of approximately unity at
the nominal operating frequency. Figure 6 shows typical polar plots of
the ratio of the bridge unbalance voltage to the open-loop input signal
and the phase shift between these two voltages for various cable lengths.
The resistor-capacitor combination at the amplifier input and the cou-
pling capacitor in the bridge supply circuit are adjusted to set the
oscillation (zero phase shift) frequency.

Examination of figure 6 also shows the adverse effect of cable
length on the frequency response. A cable length of greater than about

-
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25 feet is a source of instability. For example, for a 100-foot cable
length, more gain is available at 180° phase shift than at the normal
zero-phase-shift operating point. For this condition, a relatively
small disturbance can cause a shift from the stable to the unstable
point. This shift can cause wire burn-out.

DYNAMIC CHARACTERISTICS

Methods of determining dynamic response. - The dynamic response of
the system has been determined experimentally in three ways:

(1) By the introduction of a small step change in the bridge balance
point by means of the circuit of figure 7(a).

(2) By the introduction of a small step change in heating current by
means of the circuit of figure 7(b).

(3) By exposing the wire to a large-amplitude step change in air
flow by use of the shock-tube arrangement shown in figure 8.

Simulated and actual flow changes. - Methods 1 and 2 provide a sud-
den unbalance, which the system seeks to eliminate. A high-speed relay,
driven at 60 cycles per second, is used to produce these changes. These
disturbances, if they are small, can be used to simulate a flow change,
and hence, to determine the response of the system to small flow changes.
The shock tube is used to determine the response to a flow change from
zero to a relatively high value of mass-flow rate. 1In this method, a
Cellophane disphragm, inserted in a tube of constant area, forms two
chambers, which are kept at different pressures. When the diaphragm is
ruptured, a shock wave travels down the tube at approximately sonic speed.
The wave front, which becomes very sharp as it progresses, separates a
region of zero air flow from a region of relatively high air flow. When
the wire is at a right angle with the flow, the time taken for the shock
to pass the wire is negligible. Although the wave travels at about the
speed of sound, the air velocity immediately behind the wave front is
subsonic. There are numerous reflections and a temperature discontinuity
front which, in time, modify the air flow; however, the dimensions of the
shock tube were chosen so that a rectangular pulse of about 10-milliseconds
duration having negligible rise time was available to check the anemometer
response. Reference 9 gives a more complete analysis of the shock tube
and tabulates the parameters needed to calculate the mass-flow rate.

Comparison of methods. - Figure 9 shows the time response of the
system as determined by methods 1, 2, and 3 for a final flow rate of 20
pounds per square foot per second and for a voltage gain of 40. The pho-
tographs of figure 9 show the output voltage of the anemometer together
with a 1000-cycles—per-second timing trace. The output voltage is ob-
tained from the rectified and filtered current-shunt voltage drop; except
for the slight nonlinearity of the rectifier, the amplitude of the output
voltage is proportional to the heating current.
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The three methods yield essentially the same time history of response
to a step change. In each case there is a damped oscillation superimposed
on the exponential change. The effective time constant of the system is
that value of time at which the change is 63 percent of its final value;
in figure 9 it is about 0.6 millisecond. Methods 1 and 2 offer a conven-
ient means of determining the character of the response and can be Justi-
fied by their agreement with method 3.

Effect of gain on dynamic response. - For a given system, the dy~
namic response is largely determined by the voltage gain of the system
and by the wire time constant. The shock tube method is used in figure 10
to show the effect of voltage gain at a constant value of wire time con-
stant. The final flow rate produced by the shock tube }is about 20 pounds
per square foot per second. Overshoot, optimum response, and undershoot
can be produced by small changes in voltage gain. The improvement in
speed of dynamic response over the uncompensated constant current system
is approximately equal to the voltage gain for low values of voltage gain.
For higher values of gain, the overshoot imposes an upper limit on the
improvement in response. A moderate amount of overshoot appears to give
the best response rate; the frequency of the damped oscillation of the
overshoot ranges from 600 cycles per second at zero air-flow rate to about
1200 cycles per second at very high flow rates.

Effect of wire time constant on dynamic response. - For a given wire
size and material, the wire time constant varies inversely with the
Nusselt number, or approximately inversely as the square root of the mass-
flow rate. Figure 11 shows this effect, using method 1 of figure 7(a), on
the amount of overshoot and on the rapidity of decay of the damped oscil-
lation. If a voltage gain of 50 and a flow of 60 pounds per square foot
per second, corresponding to a time constant of 0.0l second are used,
there is no overshoot; at the.same gain but with lower flows of 20 and 5
pounds per square foot per second, corresponding to wire time constants
of 0.02 and 0.03 second, respectively, an increasing amount of overshoot
occurs.

Optimum gain setting. - At any flow, and therefore at any wire time
constant, there is a gain setting that gives a relatively fast response
rate with an acceptably small amount of overshoot. Fortunately, the

‘range of gain settings is small for a wide range of flows so that good
response can be obtained with a single gain setting. A voltage gain of
about 40 is actually used.

STATIC CHARACTERISTICS

Wire temperature. - The wire temperature is calculated from equation
(B4) of appendix B and is plotted in figure 12 as a function of the volt-
age gain of the system. In the range of gains that are actually used, the
wire temperature is reasonably independent of the gain. TFor a voltage
gaig of 40 and a balance temperature of 700° F, the wire temperature was
640~ F.

3298
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Flow calibration. - The anemometor was calibrated experimentally to
give the output voltage as a function of mass-flow rate. Figure 13 shows
this calibration. The calibration is valid for measurements up to the
usable upper frequency limit, as determined experimentally. A voltage

gain of 40 was used.

OPERATTION AND PERFORMANCE

Auxiliary equipment. - Reference 4 describes the auxiliary equipment
and the techniques used for various hot-wire applications. For compres-
sor rotating stall, an oscilloscope is ordinarily used to record the flow
pattern and an audio-frequency oscillator is used to determine the funda-
mental stall frequency by forming Lissajous figures. Determining the
number of rotating=-stall segments requires the use of two anemometers.
The two probes are mounted at the same compressor station but are spaced
at a known angle. If there is only one segment of stalled flow, the
electrical phase angle between the two patterns will be the same as the
mechanical spacing. For an n-segment stall the electrical phase angle
would be n times that of the probe spacing.

Effect of anemometer dynamic response on oscilloscope patterns of
rotating stall. - The dependence of the anemometer response time on the
air flow may result in a certain amount of distortion in the output volt-
age pattern if the fundamental stall frequency is high. For example, at
an air flow of 40 pounds per square foot per second, the effective time
constant of the system is about 0.3 millisecond; this corresponds to an
upper frequency limit (-3 decibels) of about 500 cycles per second. At
a flow of 5 pounds per square foot per second, the upper frequency limit
is about 250 cycles per second. If the fundamental component of stall
frequency is, for example, 150 cycles per second, there may be a notice-
able lag in the response during the low flow part of the stall pattern.
This limitation is not a fundamental fault of a self-excited, constant-
temperature anemometer system and can be corrected by using a smaller
diameter wire, if the application permits.

Wire service life. - The four factors that affect wire life are:
(a) aerodynamic loading and shock, (b) bombardment by foreign particles
in the air stream, (c) mechanical damage during handling and mounting,
(&) vibration effects. Reference 7 discusses some of these problems in

detail.

The wire of the length and diameter used in this anemometer is ade-
quately strong for the usual compressor aerodynamic loads. However, wire
breakage may occur under very severe conditions such as the periodic
passing of a strong shock wave past the wire. Reducing the length-to-
diemeter ratio will improve the strength for aerodynamic loads, but will

result in larger "end losses."
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The impingement of particles on the wire at high velocity will cause
very high stresses. Wire breakage can be reduced by increasing the diam-
eter to reduce the magnitude of the stress, by reducing the wire length
to reduce the probability of hits, or by use of a material having a higher
yield point in tension. The effect of these changes would be either an
increase in time constant, an increase in "end losses," or the loss of
certain desirable electrical characteristics. If the particle happens
to be a liquid droplet (such as oil or water) there is the additional
effect of a sudden change in the effective heat-transfer coefficient.
This change may disturb the operation of the anemometer enough to cause
wire burn-out.

Mechanical damage to the hot-wire probes has been minimized by a
protective sleeve kept over the wire during handling and storage. The
mechanical strength of the wire is high, so that wire breakage is rare
during mounting in the typical application. The effects of vibration
have not been systematically investigated for the present wire
configuration.

With a reasonably clean air supply, wire service life has ranged
from 2 to 6 hours, with an average of 4 hours.

CONCLUDING REMARKS

A simple inexpensive constant-temperature, hot-wire anemometer has
been described that can be used by personnel who have not been specially
trained in hot-wire anemometry. In actual operation it has proven to be
a practical instrument for the measurement of compressor rotating stall.
One limitation of the performance of this anemometer is the somewhat
limited speed of response at low flow which may, if the fundamental stall
frequency is high, cause some distortion of the stall pattern. In a
typical rotating-stall application, where the air is reasonably clean, a
wire service life of about 2 to 6 hours can be expected with an average
life of about 4 hours.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio, January 12, 1955
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APPENDIX A

SYMBOLS
The following symbols are used in this report:

A voltage gain, Eg/E,

a surface area of wire

c specific heat

D wire diameter

B rms value of voltage

3 frequency

G mass-flow rate

H heat-transfer coefficient

i rms value of current

k thermal conductivity of air

L wire length

M Mach number

Nu Nusselt number, DH/k

Pr Prandtl number evaluated at film temperature
js) static pressure

R resistance

Re Reynolds number, DG/p

2% temperature

t time

v volume

13t
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temperature coefficient of resistance at effective temperature
mean free path
absolute viscosity

specific density

Subscripts:

b condition at which bridge is balanced

e effective, with reference to temperature attained by unheated body
in air stream

£ mean film value, based on arithmetic mean of object and effective
temperature

P pressure

T bridge ratio arms

s bridge supply

u bridge unbalance

W wire

0 amplifier output

Superscript:

average value over 1/2 cycle of oscillation

3298
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APPENDIX B

RELATION BETWEEN ATR FLOW AND HEATING CURRENT

The approximate expression for the heating current as a function of
the air flow can be obtained by writing the heat-transfer-rate equation
in which radiation and conduction losses are neglected:

2 dT,,
[V2 I, sin (2nft)] 2 R, = aB (T, - To) + V' oy by —35 (BL)

For a wire of circular cross-section

dT
I% [l - cos (4nfti] R, = nDLH (Tw < Te) & g D2 T o _a% (B2)

If the frequency f of the heating current is high compared with
the upper frequency limit of the anemometer, the cosine term can be

neglected:
o dT
1% Ry = «DLE (Ty - Te) +  DF Loy pw —x (B3)

where T& is the average temperature over the period l/4ﬁf. In terms

of the Nusselt number,
@ o o= dﬁﬁ
I Ry = nlk Nu (Ty - Tg) + 7 D° Ley oy —g¢ (B4)

If only the steady-state response is required, the heat-storage term
involving the time derivative can be omitted. For constant temperature
operation of & hot-wire anemometer in a steady air flow of constant tem-
perature, the current is given by:

nlk (T, -Tg)

Ly = ‘\/ i Vﬁl—l (BS)

Several expressions for the relation between Nusselt number and
Reynolds number are to be found in the literature (refs. 4 and 5). Ref-
erence 4 gives

Nu = 0.19 + 0.52 Re©® (B6)
where the Prandtl number is taken to be 0.72. Reference 5 gives

Nu = 0.32 + 0.43 ReQ:92 (B7)
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At higher mass-flow rates, equations of this form become inaccurate
and an additional parsmeter must be used to define the Nusselt number.
This parameter may conveniently be taken to be either the Mach number, or
the ratio of wire diameter to the mean free path D/x (proportional to
Re/M); in general, at a given Reynolds number, the Nusselt number reaches
a minimum at sbout a Mach number of 1.0. An experimentally determined
plot of Nusselt number against Reynolds number in reference 7 shows the

effect of Mach number.
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APPENDIX C

WIRE TEMPERATURE CALCULATIONS

When the effect of cable impedance is neglected, the open-circuit
bridge unbalance voltage (fig. 5) in terms of the amplifier output
current is

Rp - By
o <% 3 o (c1)
2+ —g

where it assumed that the wire resistance is constant over the period
1/(4nf). But

(Ry, + Ry) 2Ry

Eg = I — (c2)
Rb = RW et ZRI‘
and
E fE, = A
Combining equations (Cl) and (C2) and sclving for (R, - R,) yields
i 4Ry,
gh s o T (e
In terms of effective temperature,
Lt 4Ry,
Ty - Ty = Q‘RezA e (ca)
where R, 18 the wire resistance at air effective temperature.
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Figure 1. - Block diagram of self-excited, alternating-current, constant-

temperature anemometer system.
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18 NACA TN 3406

C-36839

- Self-excited, constant-temperature, hot-wire anemometer.

Figure 2.
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Figure 4. - Wiring diagram of self-excited constant-temperature anemometer.
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Figure 4. - Hot-wire anemometer probe.
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Figure 5. - Three-wire (Siemens) bridge connection. Bridge resistors shown are pre-

cision and noninductive (deposited film type).
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NACA TN 3406
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(a) Determination of response by varying bridge balance.
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(b) Determination of response by varying output current.

Figure 7. - Determination of response by simulated flow changes.
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Figure 8. - Shock tube for determination of hot-wire anemometer response.
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NACA TN 3406

1-Percent change in flow rate

mulated.

(b) Simulation of flow change by
r current.
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(c) hange in flow introduced by shock tube.
Figure 9. - Oscillograms of three methods of determing anemoeter response.
rate, 20 pounds per square foot per second; voltage gain, 40.
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26 NACA TN 3406

(a) Voltage gain, SO.

(b) Voltage gain, 40.

C-3T417

(c) Voltage gain, 30.

Figure 10. - Effect of gain of system on dynamic response of anemometer.
Final flow rate, 20 pounds per square foot per second.
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(a) High flow rate, 60 pounds per square foo

per second.

(b) Moderate flow rate, 20 pounds per square foot

Time —»

(¢) Low flow rate, 5 pounds per square foot p
) q

Figure 11. - Effect of flow rate upon dynamic response.
introduced by shunting bridge arm. Voltage gain, 50.
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Figure 12. - Average wire temperature as function of voltage gain for balance tempera-

ture, 700° F.
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Figure 13. - Output voltage as a function of mass-flow rate for various static pressures.

Air total temperature, 75° F.
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