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ABSTRACT

An inves-igation of low-speed (0-2 ft/sec) anemometers is
presented. First the design, the characteristics, and the calibration
of a very low-sp=ed micro wind tunnel are described. Then the prin-
ciple, operation and performance of three different anemometers at
these low speeds are discussed. These instruments are :

1) the hot-spot anemometer, based on the measurement of

the travelling time of a hot cloud,

2) the drag anemometer which consists of a small plate
mounted to th2 moving coil mechanism of a micro-
ammeter, and

3) a constant temperature hot-wire anemometer.

The comparison of the merits and disadvantages of these instruments
shows that in most instances the hot-wire anemometer is superior to

the two other amemometers.
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Chapter I

INTRODUCTION

The investigation of mountain lee waves undertaken at the
Fluid Dynamics and Diffusion Laboratory of Colorado State University
required the measurement of very low velocities in air typically less
than 2 ft/sec. In order to perform these measurements, an appro-
priate instrument was first developed and the calibration of this
instrument woild later have to be checked from time to time.

The large wind tunnel of the laboratory was first used to
carry out the task of developing an anemometer. When the instru-
ment had to be calibrated, the need for a primary velocity standard
arose. Since the differential pressure produced by a pitot tube
placed in an air stream of less than 2 ft/sec is too small to be accu-
rately measured even with the most sensitive pressure gage, it was
necessary to devise another technique. This primary velocity was
then obtained b measuring the time it would take a soap bubble or
smoke puff to travel a certain distance. This technique was very
time consuming. In addition, the wind speed in the tunnel was not

perfectly stable at velocities below 2 ft/sec and it was very difficult



to set it at a precise value. Finally, it appeared somewhat wasteful
to tie up this large wind tunnel just to place a small anemometer init.

These considerations pointed to the need of a special wind
tunnel for the purpose of low-speed anemometer testing and calibra-
tion. This wind tunnel could be quite small in size and therefore
inexpensive to build.

This sTudy divides then into two main parts. The first one
describes the aroduction of low speed flow veins and measurements
of the reference velocity herein, one section being devoted to the
initial experiments performed in the large wind tunnel and another
section to the design and performance of the special purpose tunnel.
In the second part are reported the investigations of three low-speed

anemometers which were carried out in these wind tunnels.



PART ONE

LOW-SPEED WIND TUNNELS

Chapter II

THE LARGE WIND TUNNEL AND THE PRIMARY
VELOCITY MEASUREMENT

2.1 The Larg= Wind Tunnel (10)

The large wind tunnel of the Fluid Dynamics and Diffusion
Laboratory at Colorado State University has a test section 88-ft.
long with a normal cross-sectional area 6 x 6 ft. (Figure 1).

The turmel was designed for either closed or open loop opera-
tion for velocities ranging from 0--120 ft/sec. The fan and driving
motor were, however, designed especially to provide good velocity
control above = ft/sec. To produce velocities below this value, the
speed or RPM :control had to be set to the minimum and the pitch
control of the fan had to be adjusted. But this adjustment is rather
coarse, so that it is almost impossible to find the right setting to
produce even approximately a given velocity between 0 and 2 ft/sec.

In order to improve the control of the wind speed in this
range, which precisely is the range of interest of this study, two

fine wire screens (50 meshes/in., 16% open area) were introduced



up and downstream of the test section. The hope was that the large
pressure drop across them would require the fan to be run at an RPM
sufficiently akove the minimum, so as to permit the use of the fan
speed control for the setting of the velocity. These two screens im-
proved the control over the wind speed below 2 ft/sec somewhat but

not enough for the requirements of this investigation.

2.2 Primary Velocity Measurements

Since the dynamic head produced in a pitot tube by a velocity
of 1 ft/sec is only about 4 x 10-4 mm of mercury, it could not be mea-
sured with reasonable accuracy with the "Equibar'' pressure trans-
ducer since the lowest full scale of this instrument is 10-2 mm Hg
and the accuracy of the instrument is 3% of full scale. Therefore,
another technijue hadto bedevised for the determination of the pri-
mary velocity against which the instruments under inve stigation
could be checked.

After several trials, it was found that the best technique was
to use soap bubbles and to measure their distance travelled during a
certain interval of time. The bubble generator consisted of a nozzle
into which a soap solution and helium were fed simultaneously. The
helium supply tubing was pulsed by a cam driven clamp, the tubing
itself providing the restoring force. The cam was mounted on a DC
motor whose suoply voltage provided the control of the pulse fre-

quency, i.e., the rate of bubble formation.



Helium had to be used because a heavier gas-like air produced
bubbles whick dropped almost vertically at the low speeds mentioned.
As may be se=n in Fig. 2, the helium soap bubbles had a rising tra=-
jectory, but their rate of ascent was slow enough to permit determina-
tion of the horizontal velocity.

These oubbles were released in front of a grid of vertical
white threads spaced 1/2 in. apart. A strobe light and a camera
completed the equipment. When the bubbles were released and the
strobe light was operating, time exposures were taken (Tri-x film
was used). Such a photograph is shown in Fig. 2. What is actually
seen is not the bubble itself but the light reflections of it.

The velocity could easily be determined from such photo-
graphs by dividing the horizontal distance between two successive
images of a bubble by the time interval given by the strobe.

Althouga this technique is workable, it is time consuming and
tedious, especially the waiting time necessary to get the films devel-
oped. It was, ndeed, only with the photographs in hand that one
could decide wkether the desired velocities were obtained. It should
be mentioned that the adjustment of the bubble generator was not as
simple a matter as it would appear; photographs of the bubbles were
not obtained at the first try either for they offer almost no contrast
and reflections were only strong enough when the strobe light hit

them from some particu_ar angle.



Chapter III

DESIGN AND CALIBRATION OF A VERY LOW
SPEED WIND TUNNEL

After the large wind tunnel had been used for some time for
the investigation of the hot spot and the drag anemometers, a more
efficient experimental method became more of a necessity with every
day of testing. because the desired low velocities were not readily
obtained and the primary velocity determination was laborious. The
construction of a special purpose wind tunnel which would produce
stable and controllable velocities between 0 and 2 ft/sec., and which
would permit a simple, quick and independent determination of these

velocities was then decided.

3.1 Principle and Design

3.1.1 Principle - The principle of the special very low
speed wind tunnel (to which we shall from now on simply refer as
micro-tunnel) is to expand a flow vein where the velocity is large
enough to be measurable with a pitot tube into another vein of large
diameter and lox wind speed. The micro-tunnel is thus essentially

composed of small cross-sectional area A, followed by a test sec-

1

tion of large cross-sectional area A2 . If the average velocities in

these sections are V1 and Vz,respectively,we have from continuity



AV, = AV (3-1)

and from A, >> A, it follows that V, << v,

If the welocities V1 and V2 in the control and test sections

were uniform,we would have

V, =V andV2=V

1 1 2

and hence,

Ai
\f2 = A—Z V1 . (3-2)

The velocity anywhere in the test section V2 could thus very simply
be inferred frcm the measurement of the velocity V1 in the control
section. once ~he areas A1 and A2 have been determined.

In prac-ice, however, velocity distributions are not uniform

so that the relstion between V‘2 and V, is not as simple as in Eq.

1

3-2. For most purposes it is sufficient to relate the velocity at a

fixed point C2 in the test section, say VC , to the velocity at a

2
fixed point C1 in the control section, say VCl . The function
I 5 © f(vcl) (3-3)
has thus to be determined. _
Vi VZ
If we let @, = = and @, = T (3-4)
el c2
A a
we have then v - 1 2 v (3-5)
c2 A2 a, ci



which is the cesired relationship. « i and a, are coefficients

related to the uniformity of the velocity. In particular, if Vcl and

vV are the maximum velocities occurring in the two sections, «

cl 1

and « , are smaller or equal to one; the more uniform the velocity

distributions, the closer their values are to one.

3.1.2 Design - The primary design requirement for the
micro-tunnel was to produce stable velocities in the test section rang-
ing from approximately 0.1 ft/sec. to about 2 ft/sec. The velocity
in the control section had to be measurable with a pitot tube, i.e. ,
had to be at least 3 ft/sec. A secondary requirement was to keep the
cost as low as possible; the tunnel size had thus to be small and
standard materials and parts had to be used.

The tummel itself was constructed out of standard ''Lucite"
pipe. The conrol section has an I,D. of 1" and the test section an

A
2
I.D. of 5%". The area ratio —— is thus approximately 30. The

Ai
drive motor is a Ford 200 series D. C. motor with a maximum
speed of 22,000 RPM. The motor is connected to a conventional D. C.
power supply with adjustable output voltage which governs the speed
of the motor. Two fans 2 inches in diameter are used. This required
a transition from the fan to the control section. A complete sketch

of the micro-tumnnel is given in Fig. 3. Figure 4 is a photograph of

the micro-tunnel and sudport instruments.



The pito: tube is made from 1/16-in. stainless steel tube.
The static presszire tab is mounted on the pipe itself. The pitot tube
can be moved along a diameter, and the whole control section can be
rotated 90° so that velocity profiles can be taken along two perpen-
dicular diameters.

The upst-eam part of the test section is cut into rings of
different widths between which screens can be inserted. These rings
are held in place by pins and four long bolts which fasten the main
body of test sect.on to control section. This construction permitted
the screens to b= quickly changed. Figure 5 is a close=-up of the
micro-tunnel. The motor, transition, contrcl and test sections, the
pitot tube and th= interchangeable screens are clearly shown on this

photograph.

3.1.3 Flow direction - It is easier to maintain a uniform

velocity distribution through a contraction than through an expansion.
On the other hand, if the fan is placed at the exit, it cannot impart
any circular motion to the fluid neither in the test nor in the control
section, since tkese would be upstream. It would therefore be natural
to suck the air tarough the micro-tunnel.

However. velocities of air due to thermal gradients can easily
reach 1 ft/sec. If the air was thus directly sucked into the test

section, these tkermal motions would appear as non-steady, irregular
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speeds inside th= tunnel. This situation could be remedied by placing
several fine mesh screens at the entrance. But owing to the pressure
drop through these screens, the pressure in the test section would
then be much below atmosphere. In order to avoid any large distur-
bance to the flow in the t=st section, the latter one would therefore
have to be airtigat. In particular, the opening,through which the
instruments und=r test are introduced,would have to be airtight and
different seals would be necessary for various instruments. This
sealing problem could be quite bothersome, especially if a quick
calibration were desired.

The blowing of the air through the tunnel was then found to be
the better solution. First, the circular motion of the air created by
the fan was eacily eliminated by placing a honeycomb immediately
after the blower Second, the expansion of the vein in the control
section into a uriform stream in the test section by a set of screens
had only to be sclved once and for all. This is discussed in detail in
the next section Third, the flow irregularities due to thermal mo-
tions outside woald no longer be a concern since the flow at the en-
trance is fast ard is in addition passed through screens before reach-
ing the test section. Finally, the test section is very nearly at
atmospheric pressure. The pressure drop due to friction over the

8.5 in. length at the low velocities was considered extremely small.
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No special provisions for airtightness of the test section were thus
necessary; it proved to be sufficient to reduce the opening with scotch

tape.

3.2 Screen Arrangement

In addition to the requirements mentioned earlier, it also was
desirable to obta-n a velocity distribution in the test section as uni-
form as possible. so as to permit testing of instruments of some size
and avoid having to set them precisely at a given point. On the other
hand, it also was desirable to keep the total length of the tunnel to a
strict minimum, It was, thence, not possible to let the flow vein issu-
ing from the confrol section expand naturally, since this would roughly
have required about a length of ten diameters or 50 in.

Various cevices were therefore investigated which would
break up the one-inch jet issuing from the control section into a uni-
form stream 5% in. in diameter over a short distance. It was antici-
pated that variows devices may have to be tried before an adequate
solution would be found. The tunnel was consequently constructed so
as to permit easy and qu.ck replacement of these parts. The solu-
tions which were successively tried consisted of a set of non-uniform
plus some fine uaiform screens, diffusers with fine screens, fine and

coarse screens and finally, fine mesh screens only.
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3.2.1 Non-uniform screens = The first logical thing to do

seemed to fabricate screens with increasing open area ratio from
the center outwa-d, which would thus force the flow from the center
to the periphery o>f the pioe. Two 1/4-in. thick lucite disks were
perferated with boles ranging from 1/32-in. to 1/4-in. diameter
which increased with the radial distance of the holes.

These two non-uniform screens were installed in the micro-
tunnel followed by a fine mesh wire screen ''S" (50 meshes per inch
open area 16%). The uniformity of the flow in the test section was
then checked with a hot-wire anemometer. (For details on instru-
mentation see Chapter VI). The first velocity profile is curve a in
Fig. 6.

The ordiaate e = E - Eo represents the anemometer read-
ing minus the ou:put for zero velocity. Although the actual calibration
of the hot=wire anemometer (HWA) was unknown at this phase of the
investigation, it was established that e was the increasing function
of velocity, Thrs, even though it was not possible to compute the
velocity differerces corresponding to the humps in curve 62, there
could be no doubt that these irregularities in the HWA output repre-
sented non-uniformities in the velocity distribution. Since we were
only checking hew uniform the velocity distributior. was, this raw

output data was all that was needed.
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In order to see whether the humps in profile 6a were due to
the non-uniform screens, these were then successively rotated 180°
about an axis peroendicular to their plane. The resulting profiles
are shown in Fig 6 curves b, ¢ and d. These show that some of the
irregularities were due tc these screens.

To impro~e the flow uniformity, three of the fine screens
"S" were introduced into -he tunnel. The profiles obtained with this
set-up show a merked imorovement compared to the previous ones.
They are clearly independent of the particular orientation of the non-
uniform screens.

Next, four S-screens were inserted instead of three. To our
surprise, see Fig. 7, the orientation of the non-uniform screens
still seemed to affect the velocity profile. What actually happened
was that during the change in orientation of the non-uniform screens
some of the uniform S - screens were turned also. The differences
among profiles a, b, ¢ of Fig. 7 are certainly due to the latter ones.

Yet, at that time we did not suspect this to be due to the S - screens.

3.2.2 Diffusers - Next, it was thought that improved uni-
formity of veloc-ty in the test section might be obtained by breaking up
the +~in. jet in 2 'diffuser'. This device consisted of a short
piece of i-in. pioe which extended the control section into the test

pipe, whose dowasiream end was closed and whose lateral surface
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was perforated with small holes. Through the diffuser the flow was
thus changed from axial to radial.

The first diffuser had 1/8" diameter holes and gave worse
results than the non-uniform screen.

The second diffuser had 1/16 " diameter holes. The velocity
distribution obta-ned with two and three fine S - screens are shown on
Fig. 8. Besides the near perfect symmetry, one notices the good
uniformity obtained with three screens. The problem seemed thus
solved, except that the large head loss through the diffuser had
reduced the velozity range that could be obtained by one third, so

that the diffuser had to b= abandoned.

3.2.3 Uaiform screens only - Tried next and last were

uniform wire screens only. With three or four S-screens (50 meshes
per in., 16% open area) the velocity profiles were nearly uniform
sometimes. Ye! in some cases they had a very pronounced hump.
This was rather puzzling, since all the screens were cut out of the
same roll of malerial.

A cocarser screen (open area 50%) was substituted for the last
fine S-screen without notable result. The distances between the
screens had no effect either on the velocity distribution as shown in
Fig. 9.

it appeared then that some of the S-screens were the cause of

some of the observed oddities. Their orientation was then



systematically changed by rotating them one at a time 1807 about an
axis perpendicular to their plane (i.e., the tunnel axis). The results
of Fig. 10 demoastrate tae marked effect these screens have on the
velocity distribution in the test secticn. The influence of the fourth
screen is dominant as shown by the difference in shape of curves a)
and b). The first and second screens only have mirror effects on the
profile as showr. by curves d) and e) compared to c).

All the S-screens seemed to be quite uniform to the naked
eye and under the microscope. The skewness of profile b) seems
difficult to explein. Yet it is not impossible that there could be a
small but systematic change in open area ratio from one part of the
screens to the ocher. The larger head loss through the tighter parts
of the screens entails smaller velocilies in this region.

It does not appear that the skewness of profile b) can be
attributed to the bundling up in irregular fashion of several small
jets through the screen holes into a larger jet which was shown by
Bradshaw (2) to create uneven velocity distributions behind screens
with less than 50% open areas. In our case, indeed, random irregu-
larities were not obtained but a large scale distortion was obtained

in the velocity profile.

3.2.4 Conclusion - From the various atiempts to produce

a uniform veloc-ty distr-bution in the center region of the test section,
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it was found tkat this could be achieved by use of a diffuser and some
S-wire screens and us2 of four of these screens alone if these were
properly selected. Since with this later solution, the velocity range
that could be covered with the existing motor and fan was adequate
while it was appreciably reduced with the diffuser. The final screen
arrangement ciosen was,of course,that which gave the largest region
of uniform velocity in the test section and this is the arrangement of

profile ¢) in Fig. 10.

3.3 Calibratica Procedure

Before —~he micro-tunnel could be used, the relationship be-
tween the velocities at points C1 and C2 in the control and test
section, respectively, had to be determined. It was, of course, quite
natural to take C1 and CZ at the center of the two sections. The
relaticnship would, of course, hold at any other points where veloci-
ties were the seme as the centers. Especially if the velocity in the
center region of the test sections is uniform, the location of CZ is
no longer critical; and this is why much effort went into finding the
arrangement that would produce the best uniformity in velocity.

As shown in section 3.1.,1, the relationship between VC and

i

VC2 is determinaed once the coefficients «o 1 and « 5 are known.

It should be pointed out that these coefficients themselves depend on

the average velccities, say @, (Vi) and az(vz) . These
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coefficients can be computed from their definition

a = L and V = N j VvV da (3-6)
Vv A A

once the velocity distributions are known. Since V1 is measurable by
the pitot tube, the velocity distributions in the control section can be
obtained without difficulty.

However, in order to measure velocity distributions in the
test section, a calibrated instrument capable of measuring low veloci-
ties was theoritically necessary. But, the purpose of the tunnel was
precisely to stcdy and calibrate anemometers at these velocities, so
that we were agpparently in a vicious circle. This difficulty was sur=-
mounted by an ~teration procedure as follows:

First, = , was assumed equal to one for all velocities (case
of a perfectly uniform velocity across the entire section), from

which it followed according to Eq. 3=5.

' A1
1 = R -
Yoz A &y Ver {3=7)

where Véz is 2n approximate value of the velocity in the test section.
From this an approximate calibration curve, say C' , for the hot-
wire anemometer could be inferred.

Then, by using this first approximation calibration curve C'

and a set of proZiles of HWA output, a set of new values for « 5>



18

say « '2' (VZ) , could be calculated. With these the new relationship

A1 al
v o= [ — —— Vv (3-8)
c2 A2 az ci

yielded the second approximation calibration curve C'' for the HWA.

The same procedure was repeated until two successive sets of
ol Z'S and calibratica curves were identical. These then were the final
coefficients and the final calibration curve.

One can easily guess that the more uniform the velocity distri-
butions in the test section, or the closer to one the actual values of
a, are, the faster the process converges. On the other hand, if the
"bucked' HWA output e = E = Eo would be exactly proportional

to the velocity

it would follow at once that

_ 1
az T pm——— f eda (3-10)
2 ¢c2 A
2
ecZ

Consequently, the :loser the calibration curve e vs V2 would be
to a proportionalit¥ relationship, the faster the convergence would be
again. Since these properties could both be approximately established
from the profiles = vs V2 , we were assured that the process would

converge rapidly.
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3.4 Instrumentation

3.4.1 Velccity measurement in the control section - The

dynamic pressure 1ead from the pitot tube in the control section was
measured with an "Equibar'' Type 120 pressure transducer manufac-
tured by Transonics Inc. The "Equibar' has full scales ranging from
0.01 to 30 mm Hg. It is provided with a meter which permits direct
reading and with an output Zor external recording or reading. The
output voltage is 32 mv for full scale (Figure 11).

This output was generally fed into a Moseley (Type 135) x=-y
Plotter (Figure 11). It provided the y-deflection to the plotter, the
x-deflection was set manually proportionately to the radial position
of the pilot tube. In this way a direct plot of the dynamic head vs
radial distance was obtained and allowed a visual check of the regu-
larity of the results.

From Bernouilli's equation one has

2g p.. C Ah
Vi~ / = (3-11)
P air
where Ap = pressure differential, 1b/ft 2
= dersity of air, slug/ft?

Pair ersity of ai g

P Hg = density of mercury, slug/ft’

C = conversion constant = 1/304

Ah = dynamic head in mm Hg read from the Equibar

g = accelzration of gravity = 32.2 ft/sec?
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For an atmospheric pressure of 24.75 inches of Hg and at
room temperature of 25°C , p . = 1.895x T slugs/ft* and

air

hence,
mas
V, = 54 Vbh . (3-12)

As the pitct tube was traversed, its position was determined

with a height gage which could be read to the nearest 1/1000 in.

3.4.2 Velocity measurements in the test section - Veloci-

ties in the test seztion were measured with a Disa (Model 55 A01 -
Fig. 11) constant ~emperazure hot-wire anemometer (abbreviated
HWA). In order to improve the accuracy of the HWA reading, a so-
called '"bucking' or '"zero-suppression' system was used. This is
explained in detai_ in Chapter VI.

The hot-w-re probe was traversed through the test section
with a depth gage on which the position could be read to the nearest

1/1000 ft.

3.4.3 Data collection - In order to take into account some

residual irregularities in -he velocity profiles, it was decided to take
two profiles along orthogonal diameters for every velocity in both the
control and in the test section. Because of convenience, all vertical
profiles and then =11 horizontal profiles were taken.

While a profile was measured in the test section, the output

from the pitot tube was recorded on air x-y plotter in order to insure
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that the flow remained stationary and vise versa. This was necessary
because the motor would drift at times. Conversely, when measure-
ments were taken with the pitot tube in the control section, the HWA

of the test section was used as reference.

3.5 Results and Computation

3.5.1 Data - The velocity profiles in the control section

are shown in Figs. 12 and 13. These profiles are quite uniform and
symmetric.

The profiles e vs r for the test section are shown in Figs.
14 and 15. From these figures one sees that the velocity distribu-
tions in the test section are thus not exactly symmetric with respect
to the section axis. The values of « > will thus depend on whether

the horizontal or vertical profile is chosen. In order to approximate

the true values of «a ,,the computations were done with both profiles

2 b

and the average taxen.

3.5.2 Computations

3.5.2.1 Va_ues of arl

The computation of these coefficients is straight for-
ward since the actual valtes of the velocities are known.

From equation 3.6 |,

o = e —

Vi
1 Vci
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— 1 r
¥, * ry j v, dA (3-13)
Ai
27 Ge®
V1 i f Vlrdr (3-14)
! 0

For example, Table 1 is the computations of @, for the curve HZ

1
of Fig. 13. The velocity used at any particular value of r is the
average of four m=asurements taken in pairs on horizontal and verti-

cal diameters.

The values of @, are shown in Fig. 16.

3.5.2.2 Vezlues of «

2
2m a
—— 1 - e -
Since @) AZ f rVZdr , (3-15)
0
the computation of « 2 and VC2 was according to the iteration

method in Section 3.3. Fcr example, Table 2 gives the computation

2

of « and V
c2

for the data curve HZ of Fig. 15.

The variations of « > and VC at the various stages of the

2

iteration are given in Table 3. It is seen that the final value is

reached after the second iteration.

The final value of « , are shown in Fig. 17. The systematic

difference betweer. the coefficients computed from the horizontal and
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vertical profiles are clearly seen on this plot. The true value of « >

is taken as the m=an of the two values for a given VCZ and a smooth

curve was drawn through these points. The least accurate values of
@, are those for the lowest velocity, because it depends on the inter-

pretation of the calibration curve between the point of zero velocity

and the maximumn: velocity of this profile.

3.5,3 Calibration curve of micro-tunnel - The calibration

curve of the micro-tunnel as calculated from Eq. 3-5 is shown on
Fig. 18. This cu—ve gives the velocity at the center - or the center
region - in the test section as a function of the velocity at the center

of the control section.

3.5.4 Check of micro-tunnel calibration curve - A calibra-

tion facility with a rotating arm is available at the FDD Laboratory.
By measuring the RPM n and the length of the rotating arm L , the

velocity V of prabe attached to it may easily be determined:

The velocity is changed by shifting the driving belt to pulleys of differ-
ent diameters.

Two difficulties, however, complicate the use of the rotating
arm device. First, the sliding contact which is a graphite brush

introduces an extraneous resistance of about four ohms into the
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hot-wire arm of the HWA bridge. This resistance is as large as that
of the hot wire itself. It -hus decreases the sensitivity of the anemom-
eter and makes the balance of the bridge rather difficult. This diffi-
culty was overcome by letting the cable connecting the hot-wire probe
to the instrument wind around the shaft of the rotating arm, so that

no sliding contacts were necessary. This was possible because the
arm was turning slowly and a few revolutions were sufficient for one
measurement.

The second difficu’ty is also inherent to any rotating device.
Indeed, the motion of the probe induces motions in the air of the tank
which do not reacily die cut. These residual velocities of the air
show up as rather large flictuations in the HWA output. In order to
get a good average several measurements have to be taken.

In order to check the calibration curve of the micro-tunnel,

a hot wire was calibrated with both the rotating arm device and with
the micro-tunnel. Since all peints fall on the same line as shown in
Fig. 19, the micro-tunnel calibration obtained through the iteration
procedure is conclusively confirmed. The accuracy of this calibration

may from this check be estimated tc be better than *1 %.

3.6 Conclusion
The micro—unnel constitutes a very useful and convenient tool

for investigating and calibrating low-speed anemometers. The velocity
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at the center of tke test section may be inferred from that at the cen-
ter of the control section [see Fig. 18) which may be measured with
a pitot tube. This velocity may be varied continuously from 0 to

1.6 ft/sec.
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PART TWO

LOW-SPEED ANEMOMETERS

Chapter IV

THE HCT-SPOT ANEMOMETER

4.1 Principle and Method of Measurement

The principle of the hot-spot anemometer (abbreviated HSA)
is based on the very definition of the velocity as the soap bubble
technique is. It consists in ''tagging' an air parcel and to clock it
at two successive points cf passage. In this case an air parcel is
heated, whence the name "hot-spot anemometer"'.

The "hot spot' is generated by sending a short but intense
current through a thin wire which is thus heated and which in turn
heats the air which passes over it during this time. The passage of
the hot spot is detected with a platinum wire thermometer. Here the
hot spot was clocked between the instant of its release and its passage
over the thermometer. If the distance a between the heat source
wire and the thermometer is known, and if the time t between the
release of the current pulse and the detection of the hot spot by the
thermometer is measured, the velocity V of the air flow is

V = (4-1)

¢—+|m
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This method bears some similarity to the heat-wake velocity
measurements of Kovasznay (7) and Sato (11). Both Kovasznay and
Sato made use cf a sinusoidal heat source current and the velocities
were around 14 ft/sec. The HSA discussed here is the same as the
one presented by Bauer(11) who, however, used his instrument in
much faster flows (47 ft/sec).

The sensor of the HSA is shown in Fig. 20. It consists of a
heat source wire and an ultra thin platinum wire which serves as a
thermometer, tae temperature being sensed by the change in electri=-
cal resistance of this wire. These two wires are held parallel and
normal to the flow.

The heating current pulse and the subsequent response of the
platinum thermcmeter amplified one thousand times are displayed
on the oscillogram of Fig. 21a. Although the vertical scales for the
two signals are cifferent, the time scale is the same. The striking
feature of this pkotograph is the great difference in width between the
heating pulse anc the response curve of the thermometer. The first
curve had a duration of about one m sec; whereas,the second extends
over about 20 m sec. The causes of this twenty-fold stretch are the
thermal inertia of the heating wire, the heat diffusion of the hot cloud
during its transit from one wire to the other,and the imperfect time

response of the taermometer.
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The influence of these effects, as a function of the transit
time, is strikingly displayed by the oscillograms of Fig. 22. These
are the various responses of the Pt-thermometer to the same pulse
amd for the same distance as for various velocities. As we have seen,
these response curves are not simply shifted to the right (larger
transit time) as the velocity is decreased, but the amplitude of the
maximum decrezses and the curves become broader mainly because
o1 diffusion.

The ques-ion which arises then is what is the time of transit
o: the hot cloud “rom the heating to the thermometer wire? Is it the
time between maxima, the time between the starting points of the
two signals, or is it some time in between?

In order -o make the time measurements easier, it also was
d=sirable to use an electronic counter, since otherwise one would
have to use the oscillograms and measure the time graphically from
ttem. The counzer is equipped with 'start' and '"'stop' triggering
irputs with separately adjustable levels, i.e., the time measurement
mray be started and stopped by electric pulses. Since the slopes of
tte heating pulse are vertical for all practical purposes (see Fig. 23),
tke starting time is nearly independent of the triggering level. But
fcr the ''stop'' triggered by the thermometer output, the time will

d=pend on the triggering level. This is best seen as sketchin Fig. 21ib,
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where &y and €, designate the triggering levels and t1 and t‘2
the correspondirg time intervals. The electronic counter could also
be triggered on ~he negative slope since it has a switch with + slope.
The slope of the thermometer response curve may be steep-
ened by increasing the amplification. Figure 24 is an oscillogram of
the heat pulse and the thermometer output amplified here 106 times.
It is seen that th= positive slope of the thermometer response curve
is now almost vertical. The flat portion of this curve is due to the
amplifier cut-of-. The wiggles between the two pulses are due to the
background nois=, appreciable now because of the high amplification.
The larg= amplification provides us thus with a well-defined
+ slope for stopping the time measurement of the counter. With this
technique: may the HSA be used without calibration, i.e., are the
thermal inertia and diffusion effects small enough to be neglected ?
Figure 25 shows that this is not the case. If these effects were small
these curves shculd all fall along a 45° straight line passing through
the origin. Befcre the hot-spot anemometer can be used without
preliminary calibration,these corrections have to be calculated in
order to get velecity measurements of acceptable accuracy. The
corrections are discussed in the following sections.

The measurements of Figs. 26 and 27 were taken in the large

wind tunnel. Tle reference velocity of the first set of data was
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provided by a pitot tube. Figure 27 gives results of a low velocity
where the primary velocity measurement was by the soap bubble

technique.

4.2 Corrections for the Hot-Spot Anemometer

4.2.1 Diffusion of the heat cloud - The data of Fig. 25 were

taken with a hea: pulse of 0.15 m sec duration. Since the smallest
transit time t of the hot cloud is 3 m sec (velocity of 2 ft/sec,
a = 0,069 in.) it is also at least twenty times longer than the dura-
tion of the pulse. The heating pulse may as a first approximation
be considered as an instantaneous point source.

Consider the fluid at rest and assume a large amount of heat
generated at time t = 0 at the origin of a set of rectangular axes.
After an interval of time t , the hot point has grown into a cloud by

diffusion. The differential equation of heat diffusion is

= (4-2)

where o is the thermal diffusivity (ft*/sec.). Assuming spherical

symmetry and substituting @& = 6r into equation 4.2,
2@ .  0°0@
ot T Y Tore ’ ' (4-3)
The boundary conditions are
®=Gir when t = 0, 0<r <s
® =0 when t = 0, r > s
® = o0 when t = 0, r = O
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where s is the radius of a very small sphere, which is supposed to
be suddenly brought to the temperature 9i at the time t =0 . The

general solution of Eq. 4-3 is

_rr) _(r+r')
2\ mat

By expanding the integrand in powers of r' and assuming s

to be small, the following approximate solution is obtained (6):

2 2 2
6. s3 S [1 + (2 _s )_.S_ ]
0
0 = i " 4kt kt 40kt (4-5)
bV 7o 32
The initizl heat introduced is
- _— 3 -
Hi 3 TS pCpGi . (4-6)

When this expression is substituted into Eq. 4=5 and s—=>0 , Eq. 4-5

becomes 2
H. -
o = : e et (4-7)

P Cp(4 Tat) 32

This equetion describes thus the temperature distribution of
a three-dimensicnal hot cloud t seconds after the heat Hi has been

introduced at the origin.

, t.) and

Now let us find the relation between the pairs (r1 1

(r2 : tz) corresponding to the same temperature 60 . Hence, by

definition
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Ty
H. -
o, - e sty (4-8)
V4 £
pCp 7rozt1)
2
H "2
i 4ot
90 = 373 e 2
o
pCp(4 7rat2)
from which it fcllows that
2 4
r1 rz tz
t_— - 't—_ = 6a£n —t-— (4_9)
1 2 |
. -3 .2
For air at room -emperature, « = 2.2x 10 ~ ft°/sec. If

t
t_Z is of the order of one, it follows that the right-hand side is of
1

3 -2 -2
the order of 10 . If ;"1 = 10 ft and t1 = 10 sec and if rz

and t2 are of tie same order, one may as a first approximation

write r;’ r;

t—- = T—- (4-10)
1 2

or

Let us aoply this result to the HSA. If the heating current
pulses are ident.cal, then Hi is the same for any heat cloud. In
addition, if the -riggering level for the stop input to the counter is
kept the same, -he counting time will always be stopped when the

Pt - resistance wire reaches the same temperature.
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is

With these conditions satisfied, suppose that the time t1

measured in the absence of flow. t1 is then the time it takes for the

temperature at —he position of the Pt-wire, i.e., at a distance r,.=a
where a 1is the distance between the two wires to reach the tempera-
ture 60 by diffasion alone.

In the pr=sence of flow,the center of the hot cloud is entrained
by the velocity U . Now the temperature of Pt-wire reaches the
value 90 after a time t2 . During this time the center of the cloud
will move a distance U‘c2 and because diffusion will spread the tem-
perature 60 to a distance r, . The sum of these two distances is

equal to the spacing a between the two wires.

Tt, + r, = a . (4-11)

it follows that

a tZ
ve2 (1 /2 . (4-12)
2 \/ Y
t2
The ternc —— is the correction term due to diffusion.
1

Let us repeat that t, simply is the time measured in the absence

1

of flow, and t_, the time measured in the presence of flow with the

2
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electronic counter, everything else remaining the same, i.e., the

heat pulse and tae counter settings.

4.2.2 FEuoyancy of the heat cloud - Since the heat cloud is

lighter than the surrounding air,it has a rising trajectory. Moreover,
since different particles of the same cloud are at different tempera-
tures, the buoyancy force acting on them is different. The situation
is therefore quite complicated. As a first approximation we shall
neglect the defcrmation of the cloud due to the varying buoyancy.

The rate of ascension of the hot spot was measured in the
absence of ambient flow by rotating the two probes so as to have the
Pt-wire above the heat source wire. With a storage oscilloscope,
oscillograms of heating pulses of various amplitudes and the response
of Pt-thermometers were taken for heating pulses of varying ampli-
tude (see Fig. 28). The same experiment was repeated for several
wire spacings.

The spez=d of ascension of the hot spot was then computed
from the time i: took for the wire to reach the maximum temperature.
This speed depends on the amplitude of the heating current pulse,
since the hotter the initial temperature the larger the buoyancy force.
The results are shown in Fig. 29.

The correction introduced for diffusion has then to be changed

in the following way: the distance r,. which accounts for the diffusion
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of the heat cloud while it is being corrected, must be changed to the

horizontal distance rg - y; where Yo is the rise of the hot

spot during the “ime t On the other hand, when t, 1is measured,

2 i

the cloud will heve risen a height yy » SO that the distance r has

to be changed to a“® + yf . This is illustrated in Figs. 30a and

30b. Hence, Eq. 4-11 becomes:

+ ~fr? - y2 =
Ut2 r, Y5 a

and Eq. 4-10 becomes

[t

- _“ 2 2

) \/ ti (a® + 1)

so that
a 1 t2

U= — =« —— [— (a® + y2) - y2 . (4-13)

t t t 1 2
2 2 i

This relation accounts for both diffusion and buoyancy effects. The

values of Yy end y, may be read from Fig. 29.

4.2.3 The time constant of the platinum resistance thermo-

meter - The response of the resistance thermometer element is

given by the differential equation (3)

t — =60 - 0| (4-15)
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Ge is the original equilibrium temperature of the wire. The constant
T 1is the time constant of the resistance thermometer. The value of

T can be calculated from

T = 5 1 . (4-18)
K 7T - P 4 d 0'- |{ 4 2 Ia
C 0 dz pC_~ oC 7d 2
pC, L P e Pl 1

For a 0.000025-inch diameter, 90% Pt. -10% Re wire, the time
constant is 50 microseconds (page 15, Figure 9b of ref. 3).

In the H3A study, when the distance a between two wires is
larger than 0.26'" the measured time t, is of the order of 10 milli-
seconds for the velocities under consideration. The response of the
Pt-thermometer is therefore sufficiently fast for the HSA used at

low velocities end no correction needs to be introduced for this

effect.

4.3 Instrumentations of HSA

The micro-wind tunnel, which was described in Chapter III,
was used to calibrate the hot-spot anemometer.

The resistance thermometer (a wire 2.5 10-5 in. diameter
and 0.06 in. in length, with 900 ohms of 90% Pt.-10% Rh.) was
balanced by a Wheatstone bridge (see Fig. 31). A circuit diagram
of the Wheatstone bridge is shown in Fig. 32. To balance the bridge,

a decade resistance was used (Fig. 31). The terminals of the bridge
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output were comnected to a low level pre-amplifier (Tektronix type
122, max. gain 10%) . In order to obtain gains higher than 103, two
such amplifiers were used in series. A Hewlett Packard (type 523 B)
counter and a Tektronix (type 564) dual beam oscilloscope were used
to obtain reliab_e triggering of the counter. The amplitudes of the
triggering signel had to be at least 1 volt.

The heat pulse was produced by a pulse generator through a
heat source wire. The heat source wires were 8 ohms 80% Pt.-20%
Ir. wire, 0.0004 in. in diameter and 0.07 in. in length. Their resis-
tances were abcut 8 ohms.

The current-pulse generator was designed at the electronics
shop of the F.D.D. laboratory by Mr. C. Finn. Its circuit diagram
is shown on Fig. 33. Both the magnitude and the duration of a pulse
could be adjusted. The shortest heating pulse (0.15 m sec. duration)
of maximum amplitude was used. Since the negative slope of the heat
pulse (see Fig. 34) was nearly vertical, it was used for the '"start"
triggering of the= counter.

The block diagram of the HSA instrumentation is shown in

Fig. 35.

4.4 Experimental Procedure and Results

After the probes were set in the micro -tunnel and the instru-

ments were warmed up, the triggering levels to the counter had to be
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adjusted. The heating pulse was set to minimum width and maximum
amplitude. The only setting that was subsequently changed was that
of the velocity in the micro-tunnel.

The time t1 , i.e., for U = 0 , was first measured and

then various times t?_ corresponding to different velocities were
measured. The time for any particular velocity was determined
several times end the average of these values was taken as true
value.

The computations of the corrections outlined above are sum-
marized in Tables 4 to 7. The corrected results are shown in
Fig. 36. The improvement of these results over those of Fig. 25
is very clear. See the points corrected for diffusion and buoyancy
force on one curve which approaches the ideal 45° straight line at
higher velocities with these corrections. The velocity predicted by
the HSA is 10% delow the true value at 0.5 ft/sec. This error is
smaller for large velocities, but larger for small velocities. One
notices on Fig. 36 that most of the points lie below the ideal 45° line
whereas the uncorrected data curves of Fig. 25 are way above this
line. In other words, the data is over=-corrected and no reason to
explain this fact could be found. One may notice that at low veloci-
ties the ''correc-ion' is two to three times the magnitude of the result-

ing velocity. It is clear from Tables 4 to 7 that U 1is a small

difference of two large numbers. The first and second term of
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Equation 4-13 for instance 16.63 and 12.5 cm/sec, yields a velocity
of 4.13 cm/sez for a true velocity of 6 cm/sec. An error on the
correction term results on a three-fold error on the velocity.

The advantage of the HSA that should be stressed is that no
calibration is aecessary if an accuracy of 10% is sufficient. If the
HSA is directly calibrated against a primary standard (such as the
micro-tunnel), its accuracy is of the order of a few percent if the
flow is horizortal. If the flow direction in a vertical plane is un-
known, the performance of this instrument would be less owing to

the rising trajectory of the hot spot.
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Chapter V

THE DRAG ANEMOMETER

This ar=mometer was described in the Journal of Scientific
Instruments (5). It appeared to be a simple and inexpensive instru-
ment capable of measuring very low velocities and may be of veloc-

ity angles.

5.1 Working Principle

The dreg anemometer consists of micro-ammeter and a long
and thin piece of stainless steel tubing (5.5 in. in length) fixed on the
moving coil mechanism onto which a small mica plate (3/4" x 3/4")
is glued. A system of counter weights is added to balance the whole
moving part (Fig. 37).

If the plate is set into an air stream,the drag on the mica
plate produces a torque about the coil axis. The torque balance may
then be restored by sending an adequate current through the coil.
The intensity oI this current is, of course, a function of the velocity

and of the angle between the plate and the velocity.

5.1.1 Measurement of wind direction - Let I(U, B) desig-

nate the current needed to balance the drag anemometer in a flow
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with mean velocity U and angle of attack B . It is reasonable to

assume that the dependence on [ is the same for all velocities.

Then ,
((U,B) -1 = f(B)g(v) . (5-1)

where Io is the curreat required to maintain the needle at the mid-
point of the dial plate in the absence of flow or in a flow, but with the

plate parallel to it. Also ,

IO = (T, n/2) = 1(0, B) (5=2)

If the angle of attack changes from [ to y and if U remains

unchanged, then

I(U, vy -1 =1 (v) g(Uu) . (5=3)
Next, if we let B + y = 7/2, Eq. 5-3 can be rewritten as:
LU, n/2-8) - 1 = £(1/2-B)g(V) .  (5-4)

Equation 5-1 divided by Equation 5~4 yields

I(UsB)'I
o _ f(B) i}
I(U,7r72-[§5-1‘0 T ¥ (7/2-B) F(B) (5-5)
or
I1(U,B) -1
B =G T, w7z - 1 (5-6)
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Since a’l the quantities on which G depends can be measured,
once the functicn G 1is known, 3 may be calculated from the measure-
ment of I for iwo perpsndicular orientations of the plate.

Of course, one expects to find that the cosine law approxi-

mately holds, i.e..

= (B)

n

cos B

i

Hence . for v + B /2

fir/2 - E) = sinf
and F (B) = cotanf

G B) = co‘can-1 B

The angle could, of course, also be determined by determin-

ing the position for which the drag is maximum. But this technique
would be slow and tedious because the curve [I (u, B) - IO] Vs
B would have tc be determined point by point. At each position the
anemometer has, indeec, to be balanced 'by hand' so that the curve
1(U, B) - IO vs B cannot be continuously recorded. The method

given above only requires the measurement of I for two positions

of the plate.

5.1.2 Magnitude measurement = Once the angle of attack

is determined bx the method of preceding section, the drag anemo-
meter is rotatec in order to make B = 0 . The current I(U, 0)

is a function of velocity U only, or
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(5-7)

since IO is constant. The function h may be determined by direc-

tion calibration of the instrument.

5.2 Instrumentation

The instrumention required by this anemometer is extremely
simple. The balancing current was supplied by a 3 V battery, was
adjusted by a 10K pot,and read on a milliammeter.

The drag an2mometer was mounted on a rotating actuator
geared to a potentiometer for the angle readings. Use of the rotator

facilitated directional calibration.

5.3 Results

Some measurements with the drag anemometer were taken in
the large wind tunnel. Figure 38 shows the results of direction mea-
surements. Because of the difficulty of getting readings when the
angle of attack B was between 30° - 70° and because of the instability
of the large wind tunnel at low velocities (1.35 ft/sec), these direc-
tion measurements did not produce satisfactory results. Figure 39
gives the calibration curve of the drag anemometer in the large wind
tunnel. The reference velocities were provided by the HSA as pre-

sented in Fig., 25.
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The calibration measurements performed in the micro-tunnel
were of much better quality.

For a fixed velocity, the angle of attack B was changed from
0°t0 90° . Since B + y = 90° , I1(U,B) and I (U, y) could

both be obtained at the same time. Figure 40 shows plots of I (U, B)
I (Un B) = IO
I (Uv YT - IO

If the angl= of attack of flow is unknown, the current I(U, B)

vs B and Fig. 41 the universal curve vs B

should first be read, then the anemometer should be rotated 90° and

the reading of I(U , y) should be taken. Since I0 is a constant, the
1(U,B) -1
I (U ) .l) - IO

attack B can be found by use of the universal curve of Fig. 41.

value of can be calculated. Then, the angle of

Figure 42 is the calibration curve of the drag anemometer in
terms of wind spzed when B8 = 0 . It should be noted that, since
the torque produced by the drag force depends on the area of the
plate and on the distance from the plate to the axis of rotation, the
instrument must de recalibrated every time the plate is removed or
changed.

Figure 45 is the plotting of I(U, B) vs. U for different
angles of attack 8 . This figure shows that the drag anemometer

is not sensitive to the angle change when B is less than 45°
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Chapter VI

THE HOT-WIRE ANEMOMETER (HWA)

In Chapter III, the micro-tunnel was calibrated by a constant
temperature hot-wire anemometer. The sensitivity of the hot wire
was great enough to measure the velocities as low as 0.2 ft/sec.

after a "bucking system'' was introduced.

6.1 Principles of Operation

In most gases and liquids the heat transfer from cylinders

to an air stream obey the following empirical relationship (8):

Nu = 0.42 Pr”o'2 + 0.57 Pr0'33+ ReO.SO (6=1)
which holds in the Reynolds number 0.01 < Re < 10,000 (6-2)
where Nu = Nusselt number defined as Nu = i—d
C u g
Pr = Prandtl number = ——E-—g-
g
p Ud
Re = Reynolds number = ug
and a = heat transfer coefficient
kg = hezt conductivity of gas at temperature 6

ug = absolute viscosity of gas at temperature 8
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Cp = g¢pecific heat of gas at constant pressure
pg = density of gas at temperature 6

U = vzlocity of gas

d = diameter of wire (cylinder)

In our study the diameter of the cylindrical wire was 0.0002 in. It

follows that 6.1 may be used for the following range of velocities:
0.13 < U < 1.3 10° ft/sec. (6-3)
For flovis of low Reynolds number, another empirical relation

from Collins ard William (5) is:

-0.17
Nu eif = 0.24 + 0.56 Reo'45 (6=4)
g
6 +6 A
while for 0.02 < Re < 44. Here 9, = —— 8 - 9 4+ 22
f 2 g 2
(6-5)
and 6 is the wire temperature or A6 = 6 -0
w w g

The hea: per unit time transferred to the ambient gas from a
wire of length ( and uniform temperature is o 7d{ (Ow - Gg)
For thermal equilibrium, the heat generated per unit time by the
current through hot wire must be equal to the heat lost per unit time

due to heat convz=ction. Therefore:

IR = Camdl (6 -6) (6-7)
w w g

where I is the current intensity, R the resistance of the "hot"

wire and C a conversion constant. Since 1% RW is obtained in
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joules per sec. and a7d{f (6 - Og) is obtained in calories per sec.

C = 4.2
EZ
o g _ Q’_d_ 2 W
By definition, Nu . and I Rw 2 R
g w
Equation 6-7 becomes (EW = voltage across wire)
EZ
w = - -
= ° Crkgﬂ (ew eg) Nu (6-8)
w
or
EZ
_ w
Nu = 75706 -6 R (6=9)
g w g W
If Ro is the wire resistance at 0°C or 32°F , then
R = R 1t + b(6 -06) (6-10)
g o g o
and
6, = 0°C = 273°K
where Rg = the resistance at gas temperature and
b = temperature coefficient of the electric resistance

of wires 5.2 x 10-3(

- - -
oc)"! = 2.89 x 107 (°F)""
If Rw is the working resistance and Gw is the working temperature
of the wire,
R =R_+DbR (6 -6) . (6=-11)
W g o W g
For a given wire, fluid and temperatures in particular

Gw = constant, it is seen from Eqs. 6=9 and 6-1 or 6-4 that the

voltage across the wire EW is only a function of the velocity U of

the fluid. This i3 the working principle of the constant temperature

anemometer.
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The an=2mometer output E is related to the voltage across
the wire EW oy a relation given for each anemometer set. For the
Disa hot-wire anemometer,this relation is

. 1.04 x E
K Too62z = R_ x R, - (6-13)

Hence,
E = E (U) . (6-14)

The heat transfer from the hot wire depends not only on the
magnitude of the velocity, but also on the flow direction with respect
to the wire. Ir. particular, the heat transfer from the wire is maxi-
mum and minimum when the fluid velocity is respectively perpendi-
cular and parallel to the wire. If the output of the anemometer set
is then plotted ror recorded) vs wire orientation at the minimum of
this curve, the projection of the velocity on the plane in which the
wire is rotated will be along the wire.

Since tk= wire can be rotated in any plane, the hot wire can
be used to determine the direction of the velocity vector in three-
dimensional flow. The minimum of the output curve is much sharper
than the maximum, it provides a better definition for the flow direc-

tion.

6.2 Instrumentations

The hot-wire anemometer was calibrated in the micro-tunnel

(Chapter III).
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The wire, which was 0.0002 in. in diameter and 0.06 in. in
length,approximately, was soldered on a Disa hot-wire probe (type
55A22). The probe was mounted on a Disa 55A20 holder, and a probe
cable 17-ft lonz was connected to the 55A0A Disa constant tempera-
ture anemome-er set.

In order to improve the accuracy of the hot-wire anemometer
reading,a bucking system was used in order to provide a reading of
zero volt at zero velocity. The block diagram of the bucking system
is shown in Fig. 44.

The necessity for a bucking system arises from the need to
read accurately a small voltage change in large voltages. Indeed,
the HWA output E at zero velocity is typically 5 V and it increases
to 5.2 V. only at a velocity of 1 ft/sec: E (0) =5V , E (1 fps) =
5.2 V. If U designates the velocity, and if for simplicity we assume
a linear relationship between E and U in the range (0, 1 fps),

thren U = 5(E-5) . (6-16)

A reading error AE on E produces then a relative error on U

AU _ AME | E AE

U E-5 |E-5 E 8-17)
For E = 5.2 V. at a velocity of 1 ft/sec, then

LU . 5 £E (6-18)

U E
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With a conventional cadran type voltmeter, a voltage of 5.2 V would
have to be reac on the 10 V. scale. The resolution on such a scale

on a good instrument would be no better than 0.05 V. The uncertainty
of the voltage r=ading would thus entail an uncertainty on U of

AU 0.05 _
5 = 2% x S = 24% . (6-19)

Alternatively, cne easily sees that in order to infer a velocity with
less than 1% error from the HWA output, it is necessary to be able
toread 5.2 V. to the nearest 0.002 V. This is impossible with a
conventional voltmeter; but it can be done with a 4-digit digital
voltmeter.

This difficulty may also be alleviated by bucking out the zero
velocity output. It can be seen from Fig. 44 that with such a system
the voltmeter reads the difference e of the HWA output minus the
reference or bucking voltage. This reading e is then adjusted so
as to obtain a zero reading when the velocity is zero. For a velocity
U the voltmeter then registers a voltage of e = E (U) - E (O). For
simplicity we assume that the relationship between e and U is

linear; e.g.,

U = constant x e (6-20)
so that

AT De

T T e (6-21)

The accuracy of the velocity is equal to that of the voltage reading

and not 26 times as above. Hence, with this ''zero-suppression',
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a conventional millivoltmeter is quite adequate for the measurement
of small velocities with a HWA.

In order to improve its stability, the reference voltage supply
was connected to a Sorensen 60 cycle AC-power regulator. There-
after, the bucking voltage varied less than one mV over a period of

several hours.

6.3 Results

Several hot wires were calibrated when the room temperature
was between 77.5°F and 80°F. The working temperature of all wires
was set at 300°F. Figure 45 shows the calibration curves of the
wires with resistances of 2.48 ohms, 2.61 ohms, and 3. 33 ohms at
32%F .

Figure 46 gives the directional sensitivity of a hot wire at
various velocitizs. The vertical coordinate shows the bucked vol-
tage e = E - E (0) . The ordinate of the minima of the three
curves has been changed in order to provide a better comparison.
The horizontal coordinate is the angle around which the hot wire has
been rotated. The direction of the flow can be found from the hori-
zontal coordinatz for which the ordinate shows a minimum value for
each curve.

In curve c of Fig. 46, it is not difficult to find the minimum
value. Curve a of Fig. 46, which is not well defined, is very flat

around the minimum value.
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Since these curves are symmetric with respect to a vertical
passing through their minimum, the abscissa of this minimum is
also that of the mid-point of any two points of the curve lying on the
same horizontal. With this technique the maximum duration between

the various abscissa of the minima is 1.5 degree.



53

Chapter VII

COMPARISON OF LOW-SPEED ANEMOMETERS

The comparative advantages and disadvantages of the three
low-speed anermometers investigated will finally be discussed from

various points of view.

7.1 Measuring Capability

Both the DA (drag anemometer) and the HWA (hot-wire
anemometer) are capable to determine the magnitude and the direc-
tion of the velocity in a gas flow. The HSA (hot-spot anemometer),
on the contrary. is only able to measure the magnitude of a horizon-
tal wind due to unsymmetrical effect of buoyancy; this is a serious
limitation of HSA at low velocities. Only at higher velocities, 3 ft/sec,

this effect becomes negligible.

7.2 Calibration

The HSA instrument is the only one which can be used without
direct calibration against a primary low speed standard, if the vari-
ous corrections are determined experimentally and if a large error

may be tolerated below 0.5 ft/sec.
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7.3 Sensitivity and Repeatability

All thrze anemometers read velocities down to 0.2 ft/sec.
Because of buoyancy effects, neither the HSA nor the HWA could be
used below this limit. With a sufficiently sensitive moving coil
micro-ammeter, the drag anemometer would be able to measure
velocities below this limit.

The repeatability of the three anemometers is comparable.
It should be stressed that the HWA is very sensitive to temperature
changes at low velocities. The wire has to be used at the same
temperature at which it has been calibrated unless the temperature
compensation is taken into account (see reference 9 Lin and

Binder).

7.4 Special Resolution

Because of the necessity of the drag plate, being determined
by the required sensitivity, the special resolution of the DA is poor,
The drag anemometer could not be used in a flow with a large gra-
dient. The sizes of HSA and of the HWA are of the order of one to

two mm.

7.5 Remote Rezadout

The DA has to be balanced by visual observation of the am~

meter dial; the experimenter must be able to ''see' this dial.
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The instrument must be accessible; it cannot be used remotely. In
the large wind tunnel, the DA was already difficult to use because
mirrors were necessary to observe the position of the dial.

This is absolutely no problem with either of the two other

anemometers.

7.6 Automatiz Recording

The DA has to be balanced manually and about ten readings
(release of ter hot spots) have to be taken to obtain a reliable average
with the HSA. Either of these instruments lends itself to automatic
recording. The recording of the HWA output on the contrary pre-
sents no problem whatever.

This disadvantage of DA and HSA also implies that these
instruments are not suitable for measuring in transient flow.

Since nc balance has to be adjusted with the constant tempera-
ture HWA and cnly one reading is required, this anemometer is the

most convenient to use.

7.7 Ruggedness
All thre= anemometers are delicate instruments. Because
of the ultra=-thin wire used as resistance thermometer, the HWA is

even more delicate than the other two instruments.
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7.8 Complex:ty of Experimental Set-Up

With the pulsing apparatus, amplifiers, electronic counter,
oscilloscope, the HSA requires a quite complex experimental set-up,

which is very simple for the two other instruments.

7.9 Cost

The DA is inexpensive and only requires a micro-ammeter
for readout.

A constant temperature HWA set is fairly expensive (on the
order of two tc three thousand dollars) but is nearly self sufficient.
The reference power supply is inexpensive and only a millivoltmeter
is required.

Whereas the HSA probes and the pulse circuit are inexpen-
sive, the HSA requires an elaborate support instrumentation, which
is no problem if it is available but renders the cost prohibitive if it

has to be purchased.
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Chapter VIII

CONCLUSIONS

From the preceding remarks, it is clear that the best low=-
speed anemometer is the constant temperature hot-wire anemometer.
This instrument is used in the mountain lee wave study mentioned in
the introduction.

If an inexpensive instrument was needed for some simple
measurements, then the drag anemometer would be adequate.

Finally, if no calibration could be performed and pcor accu-
racy could be tolerated below 0.5 ft/sec, the hot-spot anemometer

should be used.
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TABLES
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TABLE 1. CALCULATION OF (11 FOR DATA CURVE HZ OF
FIGURE 12
\V4 7’ 5 —
r 1 144 T A% AQ
Pts. (in.) (fps) (1073 ft2?) 144 (fps) (1073 cfs)
i 0.00 35.4 0
2.30 35.40 81.50
2 0,325 35.4 2,30
0.77 35. 25 27.18
3 0. 375 35.1 3.07
0.42 34 .90 14 .65
4 0.400 34,7 3.49
0.45 34 25 15.42
5 0.425 33.8 3.94
0.45 33.10 15.90
6 0,420 32.4 4.42
0.50 29,15 14 .57
7 0.475 25.9 4,92
0.53 12.95 6.86
8 0.500 0 5,45
= 5.45 176.08
- _ =AQ _ 176.08 _
‘I1 = Ai = —m = 32.3 (fpS)
v
1 2.3
ai - 'V— = ——-—4 - 0.914
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TABLE 2. CALCULATION OF « 2 FOR DATA CURVE H2 OF FIGURE 15
P e &R T VY, Vwe (ae V3 Ve Vi vrew nn VE M (5309
(107202 (107202 Imv)  (fps) (fps) (1072 cfs)  (fps) (fps) (1072 cfs)  (fps) (fps)  (1072cfs)  (fps) (fps) (10”2 cts)
Pts. (1 (2 3 (@ (5) (6) (7 (8) (9) (10 (an 12) (13) (14) (15) (26)
1 0.229 16.5 0 0
1.3 0. 327 0. 425 0.367 0.477 0.370 0. 481 0
2 0.22 15.2 166 0.655 0.735 0.740 0.368 0.478
1.34 0.788 1.056 0.875 1,173 C.877 1.175 0.736
3 0.21 13.86 239 0.920 1.015 1.014 0.872 1. 168
1.26 0.989  1.246 1,089 1.360 ..085 1,366  1.008
4 0.20 12,60 273 1.058 1.160 1.156 1,079 1.359
1.27 1.076 1.354 1.180 1,494 1,179 1.509 1.150
5 0.19  11.33 281 1.095 1.200 1.192 1,168 1.470
1.13 1. 100 1.243 1.205 1.361 1.198 1.353 1.186
€ 0.18 10. 20 284 1. 106 1.210 1.204 1.192 1,347
1,12 1,106 1.238 1.210 1.355 1.204 1,349 1.198
5 0.17 9.08 284 1,106 1.210 1.204 1,198 1.3a2
1.03 1.110 1,144 1.213 1,250 1,206 1.241 1,198
H 0.16 0.05 285 1.113 1.216 1.208 1.200 1.236
0.93 1.108 1.085 1.212 1.189 1.204 1.200 1.202
3 0.15 7.07 283 1.104 1,207 1. 200 1.198 1.174
1.76 1.110 1,936 1.205 2.120 1.198 2.110 1.194
D 0.13 5.31 282 1,097 1.203 1.196 1.191 2.096
2.17 1,091 2,370 1.197 2.595 1.190 2.581 1.188
31 0.10 3.14 279 1.085 1.190 1.184 1.182 2.564
2,35 1.075 2.525 1.180 2.772 1.175 2.750 1.176
2 0.05 0.79 275 1.065 1,170 1.166 1.167 2.740
0.79 1.065 0. 841 1.170 0.924 1. 166 0.921 1.158
3 0 0 275 1.065 1.170 1.166 1,158  0.915
z 16.5 164, 63 18.070 18.036
R R e
oy 332 0o . TR RN S
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TABLE 3. THE VARIATION OF «_, AND VC

2 2

Run <2 c2 2 c2 2 c2 2 ez %2
(1) (2) (3) (4) (5) (6) (7) (8) (9)

74 1 1.648 0.933 1.651 0.934 1.654 0.935 1.655 0.935
Vy 1 1.089 0.908 1.101 0.909 1.103 0.911 1.104 0.911
v 1 0.530 0.863 0.532 0.865 0.534 0.866 0.535 0.867
1 0.40z 0.830 0.406 0.833 0.408 0.833 0.408 0.834
\% 1 0.272 0.798 0.283 0.780 0.286 0.784 0.289 0.783
A% 1 0.177 0.732 0.180 0.738 0.184 0.743 0.185 0.745

H 1 1.498 0.942 1.584 0.944 .582 0.946 1.581 0.946

[N

H 1 1.065 0.934 1.170 0.936 1.166 0.938 1.158 0.936

1 0.525 0.871 0.543 0.873 0.541 0.874 0.540 0,875

H

H 1 0.367 0.838 0.395 0.840 0.391 0.841 0.391 0,841
H 1 0.287 0.787 0.296 0.786 0.295 0.790 0.298 0.793
H

1 0.166 0.742 0.170 0.745 0.169 0.740 0.171 0.748



TABLE 4. COMPUTATION OF THE CORRECTIONS OF HSA FOR a = 0.146 in.

a = 0.371 cm Yo = 0.121 cm a2 + y(z) = 0.1519 cm?

U U : it T @ieyd Y e I
(fps) (cm/sec) (1079 sec) (cm/sec) cm? cm? (cm/sec) (cm/sec) (ips)
(1) (2) (3) (4) (5) (6) (7) (8) (9)

0 0 34.12 10. 88 0.1519 0.0146 10. 88 0 0
0.2 6.10 20. 57 18.05 0.0916 0.0143 13. 53 4.52 0.148
0. 304 9.27 17.49 21.2 0.0778 0.01414 14. 44 6.76 0.252
0.391 11.92 14.57 25.5 0.0648 0.0138 15.5 10. 00 0.328
0.472 14.4 13.04 28. 44 0.0581 0.013 16.3 12. 14 0.39
0.55 16.75 11.51 32.22 0.05125 0.0125 17.1 15.12 0. 497
0.716 21, 82 9.62 38. 55 0.0428 0.0117 18. 35 20. 2 0.663
0. 96 29.28 7.75 47. 8 0.0345 0.0092 19. 25 28.55 0.936
1.204 36.7 6. 30 58. 85 0.02805 0.00883 22.1 36.75 1.204
1.367 41.7 5.96 62. 2 0,02653 0.00844 22.6 39.6 1.30

1.59 48.5 5.10 72.7 0.0227 0.0074 24.3 48. 4 1.588

29



TABLE 5. COMPUTATION OF THE CORRECTIONS OF HSA FOR a = 0.131 in,

a = 0.333 cm Ve = 0.1195 cm a2 + y(z) = 0.1251 cm?

U U t alt Et; (a2+yg) y2 Q—;—(G)— (4) - (D) U
(fps) (ecm/sec) (1003 sec) (cm/sec) em? em?2 (em/ace)  (em/nec) (fpe)
(1) (2) (3) (4) (5) (6) (7 (8) (9)

0 0 32.55 10. 23 0.1250 0.0143 10, 23 0 0
0.198 6.00 20.02 16.63 0.0771 0.01425 12.5 4,13 0.1355
0.271 8.26 16. 83 19.78 0.0648 0.0141 13.38 6.-48 0.212
0.356 10. 85 14.70 22,65 0.0566 0.01355 14,13 8. 562 0.279
0.452 13.78 12,82 25.97 0.0493 0.013 14.9 11.07 0.363
0.55 16.75 11.07 30.1 0.0426 0.01236 15, 72 14, 38 0.472
0.74 22,57 8.90 37.45 0.03424 0.0112 17.08 20. 37 0.668
0. 96 29,27 7.21 46. 2 0.02772 0.00978 18. 57 27.69 0.908
1.18 35. 96 6.12 54. 4 0.02353 0.00865 19. 95 34. 45 1.13
1.35 41,2 5,28 63.1 0.02031 0.00763 21.3 41.8 1.37

1.66 90.6 4,58 72,7 0.01761 0.00768 21.8 90. 9 1.67

€9



TABLE 6. COMPUTATION OF THE CORRECTIONS OF HSA FOR a = 0.069 in.
a = 0.175cm  y, = 0.1196 cm  a%+y2 = 0.04496 cm?

U U t alt % @%+y2) 2 '@—t'—@ (4) - (7) U
(fps) (em/sec) (1073 sec) (em/sec) cin® e ® (cui/sec)  (c/sec) (fps)
(1) (2) (3) (4) (5) (6) (7) (8) (9)

0 0 19. 86 8.83 0.04496 0.0143 8.83 0 0

0.217 6.62 13. 97 12, 55 0.0316 0.0132 8.71 3. 84 0,126

0.273 8.33 9.63 18. 2 0.0218 0.0121 10. 23 7. 87 0. 261

0.352 10.73 8.56 20. 48 0.0194 0.01142 10. 43 10.05 0.3295

0.424 12,92 7.895 22. 34 0.01777 0.0105 10. 85 11. 49 0.377 @
0.491 14.98 7.05 24.9 0.01596 0.0096 11. 30 13.6 0. 446

0.55 16,77 6.56 26.7 0.01485 0.0095 11.15 15, 55 0.91

0,073 20,953 5.72 30.7 0.01295 0.00859 11. 53 19, 17 0.629

0.81 24,7 4.86 36.1 0.011 0.00705 12,93 23. 17 0,727

0.98 29.9 4.18 41.9 0.00946 0.00612 13.83 28.07 0.92

1,193 36. 4 3.955 49. 4 0.00983 0.00525 14, 86 34.72 1.138
1.34 40. 85 3.13 56.0 0.00708 0.00455 16,1 39.9 1.31
1.48 45.15 2.90 60. 4 0.00656 0.00422 16. 68 43.72 1. 465
1.66 50.6 2.69 66. 4 0.00609 0.0039 17, 4 49 1. B3



TABLE 7. COMPUTATION OF THE CORRECTIONS OF HSA FOR a = 0.095 in.

a = 0.2913 cm yo = 0.1131 a2 + y2 = 0.1713 cm?

U U ¢ alt L@liyh 2 V- ~6 (- U
(fps) (cm/sec) (1073 sec) (cm/sec) cm? cm? (cm/sec) (cm/sec) (fps)
(1) (2) (3) (4) (5) (6) (‘1) (8) (9)

0 0 12. 35 23.6 0.0977 0.0128 23.6 0 0
0.196  5.97 9.92 29. 35 0.0785 0.0118 26. 1 3.25 0.107
0.29 8.84 8. 46 34. 4 0.067 0.0109 28.0 6. 4 0.21
0.373 11.38 7. 64 38.1 0.0605 0.01018  29.4 8.7 0.285
0.409 14.0 6.72 43.4 0.0532 0.00938  31.2 12. 2 0. 40
0.543  16.56 6.25 46. 6 0.0495 0.00879  32.3 14. 3 0. 47
0.65 19.8 5.71 50. 9 0.0452 0.00814  33.7 17. 2 0.564
0.77  23.43 5.13 54. 9 0.0406 0.00743  35.5 19. 4 0.637
0.932 28.4 4.54 64. 1 0.0359 0.00662  37.7 26. 4 0.87
1.157 35.17 3. 85 74. 1 0.0305 0.00573  40.9 33.7 1.105
1.34  40.85 3. 44 84.6 0.0272 0.00515  43.2 41. 4 1.358
1.57 47. 85 3.14 92. 8 0.02485  0.00467  45.2 47.6 1.56
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Figure 2. Time exposure photograph of a soap bubble taken with
a strobe as light source



38"

225"

pressure | tab

36" 75.75,75, 10" 8.0"
pe— - 7% 1~
3.5|| 2.5" | 2.8" 3.6" Iu —A I ; | A ’\
- - ‘ v | I Lo Test hole
Pitot I 1.5" dia.
—, tube N ! : : )
. Lo o
g A - L1 °
. e =e==g = - -+t - - -
Motor : N Loy Flow direction| 0
, /_ / /I' | | ——ei n
Static | I
|
|

\J
Fan Aey comb

69

Transition | — A : A
Control :%
section /II Screens II\ Test section
I I
(1 (2)

Figure 3. Sketch of the micro-wind tunnel



1. Micro-tunnel 2. D. C. power supply for
drive motor

3. Equibar pressure transducer

Figure 4. The micro-wind tunnel and support instruments
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Figure 5. Close-up of micro-tunnel
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Figure 2la. Oscillogram of heating current pulse and subsequent
response of amplified (1000 times) Pt.'-thermometer

Figure 21b. Sketch of time measurement
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Figure 26, Calibration curve of HSA at large velocities
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Figure 27, Calibration curve of HSA in large wind tunnel
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1. Pt-resistance thermometer bridge 2. Decade resistance
3. Amplifiers 4. Power supply of amplifiers 5. Counter
6. Dual beam storage oscilloscope 7. Current pulse generator

Figure 31. Instrumentations of HSA
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Figure 37. Drag anemometer
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