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This paper extends the use of hot-wire and hot-film anemometry to the measure-

ment of velocities in gas mixtures.

It is demonstrated that the velocity data in

binary gas mixtures can be satisfactorily predicted by calibration tests in pure

systems alone or at any two convenient composition conditions.

Furthermore, the

actual transport properties of a fluid mixture may be inferred from direct calibrations
of hot-wire, or hot-film anemometers in the mixture with known compositions.

The measurement of velocity in gas mixtures is of para-
mount importance in the study of transport phenomena. The
hot-wire anemometer, whose principal advantages are the
small size of the sensing element, good response to high
frequency fluctuations, and suitability for electronic in-
strumentation, is probably the most versatile instrument in
use today for the measurement of mean and fluctuating
velocities.

The many advantages of the hot-wire anemometer are
somewhat offset by the uncertainty in the use of heat trans-
fer relations. In this paper we examine the two commonly
used heat transfer correlations in anemometric work and ex-
tend their use to the interpretation of velocity data in gas
mixtures.

In most heat transfer comrelations considered, the proper-
ties of the fluid are based on the mean film temperature,
that is, the arithmetic mean of the wire surface temperature
and the ambient fluid temperature. In constant temperature
operation this value remains constant and thus the interpre-
tation of data is independent of any inaccuracy in the re-
ported magnitudes of fluid property variations with tempera-
ture. Therefore the constant temperature method of
operation was used in the present study.

A literature survey (1, 3, 5, 6, 8, 10, 11, 13, 14) indi-
cates that the heat transfer correlations more commonly em-
ployed in the interpretation of the hot-wire anemometric
data are those of King (7), Van der Hegge Zijnen (12), and
Collis and Williams (2).

King’s classical equation is based on the potential flow
theory, which has been proven to be unsatisfactory (3).
Also, King’s equation has been reported (3) to overestimate
the experimental data. The equations of Van der Hegge
Zijnen and Collis-Williams appear to be different only in
the lower Reynolds number range.

For 0.02 < Ng, < 44, the Collis-Williams equation in
terms of the time averaged local velocity takes the form
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A direct comparison of power dissipation against the ve-
locity was made for the various mixtures of air-carbon diox-
ide, air-water vapor, and air-Freon. Significant concentra-

tion effects were established and these results are detailed
elsewhere (1).
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In constant temperature operation of the wire AT, R and
(T,,/Ty) are constant. Also for a set of data taken at con-
stant composition v and k. are constant and Equation (1)
simplifies to

Ug.45 -
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Equation (2) provides a test of the Collis-Williams corre-
lation based entirely on experimentally measured quanti-
ties, velocity U and current I, and independent of the fluid
property values and temperature calibration.
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EXPERIMENTAL RESULTS AND DISCUSSION

The equipment shown schematically in Figure 1 was de-
signed to study the power dissipation from hot-wire and hot-
film anemometers, as a function of fluid velocity and com-
position in gaseous mixtures.

Air, carbon dioxide, or a mixture of the two gases was
blown, via an orifice meter, into a calming section (approxi-
mately 60 pipe diameters long) where velocity profile de-
veloped. The fluid with fully developed velocity profile
entered the test section housing the anemometer probe,
where the symmetry of the profile was checked (1). The
fluid was then discharged through the discharge section.

The hot wire was set up and calibrated by usual proce-
dures. A detailed account of the experimental apparatus
and procedure is available elsewhere (1).

In the treatment of the data, radiation heat transfer was
neglected. Estimating the radiant heat transfer from the
wire on the basis of a small body (wire) in an enclosure
(approximately long tube) and comparing it to the convec-
tive heat transfer, we found that in the case of the hot wire,
the maximum contribution by radiant transfer amounted to
less than 1%. In the case of the hot film it was less than
2%. Also, the magnitude of rarefied gas effects was esti-
mated by calculating the Knudsen number, and in the pres-
ent study it was found to be negligible.
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Fig. 1.
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The Reynolds number, based on the diameter and the
fluid properties evaluated at the mean film temperature, var-
ied from 0.044 to 0.32 for the hot wire and from 0.56 to 4.6
for the hot film. The contribution of the free convection to
the total heat transfer was neglected. At the conditions of
the experiment the ratio of the Grashof number to the square
of the Reynolds number varied from 1 x 10~ to 1 x 10~°.

Attempts were made to establish the difference between
the Van der Hegge Zijnen’s and the Collis-Williams relation
regarding the exponent of the velocity (or Reynolds number)
in relation to the power dissipation (I). However, with the
precision of our data, we could not differentiate between
the two equations since the exponent in question differs
only by 0.05.

Attempts to predict the velocity behavior of mixtures of
different gases by a calibration in one of the components
have been reported in literature (4). Our attempts to do so
also resulted in overestimation of the relative change in
composition as found by Corrsin (4). The main discrepancy
was in the intercept of the predicted lines, where the equa-
tions indicate a linear behavior of I? with conductivity k.
Slopes of the lines for different concentrations in the air-
carbon dioxide system were predicted to be essentially
constant and found to be so within experimental error.

However, further attempts to correlate the anemometric
data revealed that if calibration data of both the pure com-
ponents are employed, together with the linear interpolation
of their physical and transport properties,* a better estima-
tion of the velocity data in gas mixtures is obtained as
demonstrated in Figures 2 and 4. In Figure 2 the best fits
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Fig., 2. Prediction of velocity data in a mixture from calibration
data in pure systems,

*The viscosity of the gaseous mixture was computed using
Wilke’s correlation (15) and conductivity was estimated from
Brokaw’s correlation as reported by Reid and Sherwood (9). The
density and specific heat for the mixture were taken as mole
averages.
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to I? versus U™* plots of air and carbon dioxide data ob-
tained using a hot-film were assumed as standard and the
dashed lines for 20 and 50% carbon dioxide-air were pre-
dicted.t The actual procedure is illustrated in Figure 3.
The intercepts of the best fit lines to air and carbon diox~
ide data were plotted against respective conductivities, and
joined by a straight line; this linearity is based on the
Collis-Williams equation (2). - Then using the calculated
conductivities for 20% carbon dioxide-80% air and 50% car-
bon dioxide~-50% air mixture, we read off their intercepts. -
Similar procedure was followed for predicting the slopes.
Then the respective intercepts and slopes were used in
plotting the predicted line. The experimental data points
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Fig. 3. Intercept versus thermal conductivity for air-carbon
dioxide mixture (hot-film data).
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Fig. 4. Prediction of velocity data in a mixture from calibration
data in pure systems (hot-wire data).

tThe relative percentages of gases reported throughout this
paper are based on volume percent.
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Fig. 5. Prediction of velocity data for pure carbon dioxide from
calibration data in pure air and @ mixture.

placed on the graphs show that a very good agreement is
obtained between the predicted and the actual velocity
data. Similar procedure was used to predict the 50% carbon
dioxide-50% air line in the hot wire case depicted in
Figure 4.

Figure 5 shows the use of the above procedure to ex-
trapolate the data. Using air and one other mixture as
standard, a theoretical line for carbon dioxide was pre-
dicted. Two combinations were used: air and 20%. carbon
dioxide-80% air mixture, and air and 50% carbon dioxide~
50% air mixture. The figure shows that the predicted
lines fall on either side of the actual best fit line to pure
carbon dioxide data. The intercept predicted by either com-
bination was within 5% of the actual value.

Thus graphs 2, 4, and 5 show that both interpolation and
extrapolation of velocity data in gas mixtures are possible
if calibration is performed at two composition conditions.
Furthermore, a reasonable agreement between the actual ve-
locity data and the predicted values based on the estimated
transport properties of the mixture suggests that the actual
transport properties of gas mixtures could be inferred from
direct calibrations of hot-wire or hot-film anemometers in
mixtures with known compositions.

Recognizing that the main application of hot-wire ane-
mometry lies in the measurement of fluctuating quantities,
we also derived sensitivity relationships based on the
Collis and Williams’ correlation; they are presented
elsewhere ().

CONCLUSIONS

Results of the present study show that the hot-wire and
hot-1ilm anemometry can be used for velocity measurements
in binary systems. Calibration performed in any two suit-
able mixtures (including pure components) can be used to
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interpret the anemometric data in the whole composition
range by using an interpolation or extrapolation of the
transport properties. These findings should be of value in
the measurement of the time-averaged velocity in transport
processes involving mass transfer and kinetic studies.

The hot-wire or hot-film anemometric technique could be
used for inferring the actual transport properties of fluid
mixtures from direct calibrations of hot wires or film sensor
in the mixture with known compositions. This finding
needs to be corroborated with further experimental tests.

The above procedure, although not tested in the present
study, should be applicable to ternary and other multicom-
ponent mixtures.
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NOTATION
d = diameter of the sensor
I = current

k = conductivity of the fluid
! = length of the sensor

d’p’e
N@r = Grashof number = ——— B (AT)
c
Np; = Prandtl number = —Zﬁ
du
NRe = Reynolds number = —
v

R = resistance of the hot wire at operating temperature
T, = ambient temperature
T = mean film temperature

U = velocity

Greek Letters

€ = conversion factor
v = kinematic viscosity
p = dynamic viscosity
p = density
7 = constant
AT = temperature difference
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