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THE RESPONSE OP A HOT-WIRE ANEMOMETER TO

A BUBBLE OP AIR IN WATER*

S. C. Chuang** and V. W. Goldschmidt***

Purdue University

Lafayette, Indiana

A8l ~ ACT

The sensitivity of peak voltage drop and duration of tha change In sensor
voltages due to the Impaction of different size bubbles are confuted and Mea-
sured. Excellent agreement between these Is found for bubbles somewhat
larger than the sensor diameter and smaller than Its effective length in
water streaas In a range of |I.S to 9 feet per second. The method suggests e
reliable nethod for sizing bubbles In a water streaa. The effects due to

nondlrect hits are not treated.

INTRODUCTION

Undoubtedly, the most common villain to researchers attesting to
sessure turbulence In water has been the presence of air bubbles. Akin to
dust in air, they many times become the scapegoat for poor calibration curves,
and hence, unreliable amasuresmnts.

In the work reported herein bubbles were purposely Introduced In a water
jet. Their dispersion was of interest; hence, a means of detensining their
concentration and size distribution was necessary. Earlier work had already
extended the use of the hot-wire anemometer as an aerosol sampler; now the
purpose was to employ it as a bubble saag>ler, both In size and concentration.
The work presented herein treats the foneer and in particular, the nature of
the signal due to the traverse of a bubble past the sensor.

The bubbles may be classified Into thrae groups of sizes according to
thalr behavior when approaching the wire. In the first group are those
which are of a diameter in the order of A times the sensor's diameteror smaller.
These will tend to avoid Impaction with the sensor, or to roll off without
breaking when Impacting. This Is due to the pressure field caused by the
curving streamlines. The second group Is that of bubbles whose diameter Is
In the order of magnitude of the sensor's length or larger. These will In
general tend to change shape and distort into an unpredictable geoamtry whan
hitting the sensor. It Is the group of bubbles whose size Is somewhat larger
than the wire diameter and ssmller than its length to which our attention Is
limited. It has been found that bubbles ranging from about 4 times to at least
20 times the sensor's diameter, behave In an orderly and predictable manner
when 1lexacting directly on the conventional cylindrical sensor.

In the reported work the effect of partial hits or bubbles hitting at

a glance Is not treated. In esseoce this means that the sample curves of
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Figure 1 ere assumed to be rectangular In shape. This is a strong limitation

to the aampler. To necessarily iaprove from this assumption, the actual path-

line geoamtry has to be determined. The assumption is tantamount to consider-

ing only bubbles directly aimed towards the sensor.

A bubble when hitting the wire will change the heat transfer characteris-
tic and hence cause a change In the wire voltage3. The wire voltage drop
will change as shown In Figure 2. The voltage drop corresponds to a decrease
In cooling for a constant temperature anemometer. The time of traverse, t,
and peak voltage drop of the signal, Ep, are related to the bubble size, db,
and the stream velocity, V. In the above, Ep Is defined as the difference of

the maximum and minimise values of the voltage across the wire during the bubble

Ispactlon. The relationship among db, Ep, tb, and V (if defined) would then
permit measurement of the bubble size as well as bubble concentration in the

bubble-water two-phase flow from a simple analysis of the cooling signal.
THEORETICAL RESPONSE

TWo different criteria, as suggested in Figure 2, may be used for mea-
suring bubble size. One is the time of traverse and the other the peak

voltage drop. Correspondingly two coefficients of sensitivity can be defined.

wire

HQIL partial htt effect



Consider the first, i.e., d(tb)/d(db) = S(. Assume that the bubble
moves with the same velocity as the carrier stream, and remains in a spheri-
cal shape even while engulfing and passing the wire. The relationship of

t~, d», dw and W will simply be

Ib + aw (1)
Vb
where is the cylindrical sensor diameter. The sensitivity becomes
simply
Sp - vy (2)

Consider the second, i.e., d(Ep)/d(d™) - Sg. The instaneous voltage

across the wire is a function of time
E(t) - I(t) R 3)

where E(t), I(t) and R are voltage, current and resistance at time, t.
Note that since a constant temperature anemometer is used then R, for a fixed
overheat ratio, has a constant value.

The total Joulean heat of the wire, I2 (t)R, is equal to the heat per
unit time transferred to the air bubble and to the water from the sensor.
Once the heat transfer characteristic of the wire is know), 1(t) can be obtained,
and E(t) can be calculated from equation (3).

The assumed geometry, at a time t, when the bubble directly engulfs the
middle of the wire is shown In Figure 3. Jtis the effective length of the

wire, rb is the bubble radius and f(t) Is the half length of the wire exposed

to air phase. Hie latter is a function of t and bubble velocity V,

fF(t) - [r* - (rb - Vt)V /2 (4)

The energy conservation equation neglecting free convection effects reeds
12(.) r(y,t) - C» -1 i>2lg t)
dy2

+ > 1 [Tw(y,0 - Tb(t)J (5a)

for the part of the wire exposed to the air phase and

d~wOr.0

I-'tt) r(y.t) 3t K — Z2emmemmm

+ a2[Tw(y.t) - Te] (5b)
for the part of the wire exposed to the water phase. The left hand side of
equations (5a) and (5b) is the rate of the thermal energy production per unit
length of the wire at position y (measured exlally slang the wire) end at

time t. r(y,t) is the electric resistance par unit length at position y

FIG. 3-a ASSUMED GEOMETRY OF IMFACTION

heat flow out due to
axial conduction

heat conducted
away due to

forced convection

heat flow- in due to
axial conduction

FIG. 3-b ENERGY BALANCE OF A FINITE WIRE ELEMENT
and at time t. It is linearly related to the wire temperature, Tw(y,t),
r(y,t) =ro[l + b(Tw(y,t) - T"] (6)

where Tw(y,t) is the wire temperature at position y and at time t, rc is
the resistivity per unit length of the wire at temperature TQ and b is the
temperature coefficient of the electrical resistivity.

The first term in the right hand side of equations (5a) and (5b) is
the unsteady term, where Cy is the wire specific heat.

The second tern lo the right hand side of aquations (5a) and (Sb) is
the rate of heat conduction in the axial direction; here K is the corresponding
thermal conductivity.

The third term in the right hand side of equations (5a) and (5b) corre-
sponds to the forced convection. Tb(t) is the taa”erature within the bubble,
Ta is the surrounding water temperature, and S| and ar* the hast transfer
coefficients per unit length of the wire exposed to the sir and to the
water phases,respectively. AIll of the above coefficients can be easily
defined except for al, f and Tb(t). The bubble tamperature is assumed
homogeneous and hence dependant on time only.

For the case where the wire element is exposed to the air phase, aj
nay be expressed as

at - - A -i «d* - xNu| kt 7)
W

where k™ is the heat conduction coefficient of tha air at the film temperature
and Muj is the Nusselt number.

The Nuaselt number is a function of the Frandtl

and Reynolds mediate. It is calculated at tha film tamperature,

Tf] **IV*0 *V*n <>



For air flow over the wire, the Musselt number may be expreseed as*

r 1017
Nu - C+ DRe" I f1 1

Irb(t) J

(9)

The coefficients C and D and the exponent n are dependent on the Reynolds

number. For Reynolds numbers between 2 and 20, they become C < 0.24, D * 0.56
and n = 0.45.
For the case where the wire eleawnt Is exposed to the water phase,

is expressed as

~u2 k2

a2’ - j -2 *dw' *"u2 k2 <io>
w

where k™ is heat conduction coefficient of the water at the film temperature

and Nu® is Nusselt number calculated at the film temperature,

Tf2 * Mtw(y.O + tj . ubD
Eckert and Drake” suggest that
0.31 0.5
Nu2 = 0.43 + 0.534 Pr2 Re2
(12)
for 1 < Re™ < 4,000
Equations (7) through (12) give then valid ei”irical values for the

coefficients and a? of equations (5a) and (5b). One other term deserving

further consideration is T~(t). It appears in the last term of equation

(5a), making equation (5a) much more complicated than (5b) due to the addi-

tional time dependence. In order to account for this, a quasi-steady case

is assumed where the temperature distribution inside the air bubble is consid-

ered uniform at a certain instant during the heating process. Equating the

time rate of change of heat inside the bubble with that transferred per unit

time from the wire segment in contact with the bubble itself then

4r3 £(°

1 A(t)l - N~ Wy t) - Th(t)]dy (13)
-f(t)

In the above is the density, is the specific heat of the air, and f(t)

is as defined in equation (4).

Equations (5a) and (5b) together with (6) through (13)
comprise now a complete system of linear partial differential equations.

Together with the constant temperature operation requlreamnt that

~2
i r(y.t) dy - R (14)
-J/72
a numerical soludon and evaluation of the sensitivity, Sg can be mde. Details

of the computer solution are not given in this paper; however, they will be

part of the first author's Ph.D. thesis.

Figure 4 is a typical voltage versus time curve; and, it is for a 400

micron bubble in a 4 fps stream. The abscissa is plotted as a dimensionless

time. Vt/V Similarity with the oscillograph of Figure 2 is not seen in

the somewhat skewed calculated signal of Figure 4.

Figure 5 shows the computed sensitivity S? relating the voltage to

the bubble size. The peak voltage increases with bubble size and decreases

with velocity. A staple functional relationship for Sp, as that for S£

(equation (2)), is not possible although its value mey be obtained from a

family of curves such as those in Figure 5
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MEASURED response

Experimental Setup

A Thermosystem (Model 1217-20) hot film probe was used. The wire diameter,

dW. and effective length,were measured as 59 and 1324 microns,respectively.

The cross-section of the wire, according to the manufacturers is adequately

described by Figure 6b. The flow field consisted of a submerged circular

Jet. The dlasmterof the jet orifice was 1/2 inch. The exit velocity of the

carrier stream ranged from 1.5 fps to 12 fps. AIll measurements were taken in

the potential core. The schematic diagram of the flow field is shown in

Figure 6a and 6c. Bubbles of three different sizes were generated by applying
a fixed air pressure through a small syringe tube placed just upstream of
the jet orifice. The inner diameter of the syringe tube nozzle was of 28

microns. The bubbles generated were measured in the moving stream photo-

graphically as 4007, 950" and 1300p. These sizes were also checked by
measuring the rise time of the bubbles in a quiescent stream. The hot-wire

sensor was carefully placed in the potential core of the jet in such a

manner that the bubbles hit directly upon it. Direct hitting was ascertained
by monitoring the output signal on the oscilloscope while adjusting the
location of the sensor.

Test and Results

The time of bubble traverse, t, and the peak voltage drop E”~, were

measured from oscilloscope pictures as that shown in Figure 2. As a
further example the corresponding signals for a 400 micron bubble hitting
the wire at different velocities are shown in Figures 7a through 7f. The
changes in the shape of the signal with an increase of bubble velocity bring
about soeie uncertainty when measuring the traverse time for bubble velocities
greater than 9 fps.

The corresponding measured relationship between t and dfe is shown in

Figure 8. The results are valid only for velocities ranging from 1.5 fps
to 9 fps. The theoretical relationship between t and db was given by equation
(1). It is plotted on Figure 8 as a dashed line showing excellent agreement.

The corresponding relationship between E and db as measured from the
p

oscilloscope pictures are shown surperposed on the theoretical plots of Figure 5



FIG. 4

rb

TYPICAL VOLTAGE VS. TIME

(CALCULATED)
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.5 voH/div. 0.3 vort/div.

2 ms/ttiv. 0.05 ms/div.
FIG. 7-a db=400u, vb= 15 fps FIG. 7-e  db=400'u, vb= 14 fps
| volt/div.
0.2 ms/div.
FIG. 7-b db*400'U, vb*3.07 fps

FIG. 7 SIGNALS OF VARIOUS

2 ms/div.
FIG 7-c db*400 u, Vh-55 fps
03 vort/div.
006 ms/div.
FIG. 7-d db-400~, vb-9.78 fp«
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FIG 10 PEAK VOLTAGE DROP VS. BUBBLE VELOCITY (CALCULATED S MEASURED)

The agreement is not too good for the larger drops whose diameter is in
the order of the wire length. For these the awdel proposed would obviously
fall, but it is very good for the group of particles to which the analysis
was limited.

The experiment as performed did not permit wide variations in bubble
size. A further comparison between theory and measurements is possible
when comparing traverse time and peak voltage with mean velocity for the
three different bubble sizes. Comparisons of this type are shown in
Figures 9 and 10. From Figures 9 and 10 it is seen that the agreement

between the measured data and the calculated values is good within mean

velocities from 1.5 fps to 8 fps, accordingly validating the model proposed.
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CONCLUSIONS

The results have clearly shown that bubbles of a certain size range
may be effectively sampled as to their size with a simple hot-wire anemometer.
For this particular case (Thermo-System 1217-20 sensor) bubble sizes between
400 to 1300 microns in a stream with velocities between 1.5 to 8 fps, gave
signals whose amplitude and duration were a direct measure of bubble size.
An analysis based on the assia~ttlon that the bubbles engulfed and passed
the sensor with their shape and velocity unchanged gave good agreement with

measured values.

Annum jnrmffiNTS

The authors are appreciative for consents received from Professor

K. t. C. Eckert.



rb
r(y.t)
ro

SE

Th (t)

T TE
rl t2

Te

T (y.1)

P»

SYMBOLS
heat transfer coefficients per unit length of the sensor exposed
to air and water phase, respectively
temperature coefficient of electrical resistivity
empirical coefficients
specific heat per unit length of the sensor
empirical coefficient in Eq. (9)
bubble diameter
sensor diameter
peak voltage drop
instantaneous voltage across the sensor
half length of the wire exposed to the air bubble phase
instantaneous current across the sensor
axial thermal conductivity of the sensor

heat conduction coefficients of the air and of the water at
the film temperature

effective length of the sensor

Nusselt numbers for sensor exposed to air and water phase, respectively

exponent in Eq. (9)

Prandtl number

total sensor resistance

bubble radius

electrical resistivity at position y and at time t
electrical resistivity of the sensor at temperature TO
sensitivity based on the peak voltage drop

sensitivity based on the traverse time t

instantaneous bubble temperature

film temperature of sensor exposed to air and water phase,respectively

ambient temperature

sensor temperature at position y and at time t
traverse time of a bubble

time

stream velocity

bubble velocity

coordinate in the axial direction of the sensor

air density
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