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ABSTRACT 

An inves· igation of low-speed (0-2 ft/sec) anemometers is 

presented. Fir Et 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 

mounled to th-2 moving coil mechanism of a micro

ammeter, and 

3) a constant tenperature 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 anemometers. 
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Chapter I 

INTRODUCTION 

The investigation of mountain lee waves undertaken at the 

Fluid Dynamic s and Diffusion Laborat ory 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 wo ·.1ld later have to be checked from time to time. 

The large wind tunnel of the laboratory was first used to 

carry out the t3.sk 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:,r measuring the time it would take a soap bubble or 

smoke puff to travel a certain distanc e . 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 
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to set it at a p-ecise value. Finally, it appeared somewhat wasteful 

to tie up this large wind tunnel just to place a small anemometer in it. 

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 s:udy divides then into two main parts . The first one 

describes the -:>roduction of low speed flow veins and measure ments 

of the reference velocity herein, one section being devoted to th e 

initial experin:ents performed in the large wind tunnel and another 

section to the design and performance of the special purpose tunnel. 

In the second part ar e reported the invest igations of three low-speed 

anemometers vhi ch were carried out in these wind tunnels. 
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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 tunnel 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 ~ontrol 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 v elocity between O and 2 ft/ sec. 

In order to improve the control of the wind speed in this 

range, which precisely is the range of int erest of this study , two 

fine wire screens (50 meshes/in . , 16% open area) were introduced 
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up and downst:::-eam of the test section. The hope was that the large 

pressur e drop across them would require the fan to be run at an RPM 

sufficiently at::>ve the minimum, so as to permit the use of the fan 

speed control .:or the sett ing of the v e locity. Thes e two screens im

prove d the control ove::- the wind speed b elow 2 ft/ sec somew hat but 

not enough for the r eqdrements of this i:1.vestigation. 

2. 2 Primary Velocity Measurements 

Sinc e the dynamic head produced in a pitot tube by a velocity 

of 1 ft/ sec is only about 4 x 1 o- 4 
mm of mercury; it could not b e m ea

sured with reasonable accuracy with the "Equibar" pressure trans

-2 
ducer since the lowest full scale of this instrument is 10 mm Hg 

and the accura,::y of the instrument is 3% of full scale. Therefore , 

another techni:iue had t ,::> be devised for the d etermination of the pri

mary velocity against which the instruments under investigation 

could be checked . 

After several tr: als, it was found that the best technique was 

to us e soap bubbles and to measure their distance t ravelled during a 

certain interval of time . The bubble generator consisted of a nozzle 

into whi c h a soap solution and helium were fed simultaneously. The 

helium supply t ubing was pulsed by a cam driven clamp, t he tubing 

its.elf providing the restoring force. The c am was mounted on a DC 

motor whose su 9ply volt age provided the control of the pulse fre

quency, i.e., the rate of bubble formation. 
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Helium had to b e used b ecaus e a heavier gas-like air produced 

bubbles whicl: dropped almost vertically at the low speeds mentioned. 

As may be seem in Fig. 2 , the helium soap bubble s had a rising t ra

jectory , but their rate of ascent was slow e nough to permit determina

tion of t he horizontal veloc ity. 

These -:::mbbles -Ne r e released in front of a grid of vertical 

white threads 3paced 1/2 in. apart . A strobe light and a camera 

completed the equipm ent. When the bubbles w ere released and the 

strobe light was operating , ti m e exposures were taken (Tri-x film 

was u s e d). Su-~h a pho -:ograph is shown in Fig. 2 . What is actually 

seen is not the bubble itself but the light :ceflections of it. 

The vel:>city could easily be determined from such photo

graph s by div iding the hor izontal distance between two successive 

images of a bubble by the ti m e interval g iven by t he strobe. 

Although this tec hnique is workable, it is time consuming and 

tedious, especially the ·naiting tim e neces sary to get the films devel

oped . It was , :..ndeed , only with the phot ographs in hand that one 

could decide wl:ether the d esir ed velocities were obtained . It should 

be mentioned that t he adjus t ment of the bubble generator was not as 

simple a matter as it would appear; photographs of the bubbles wer e 

not obtained at the fi r st try either fo r they offer almost no contrast 

and reflections ·J/ere on ly strong enough when the strobe light hit 

t hem from some particu~ar angle. 
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Chapter III 

DE SIGN AND CALIBRATION OF A VERY LOW 
SPEED WIND TUNNEL 

After be large wind tunnel had b een used for some time for 

the investigation of the hot spot and the drag anemometers, a more 

efficient experimental method b ecam e more of a necessity with every 

day of testing . becaus e the des ired low velocities were not readily 

obtained and the primary velocity d etermination was laborious. The 

construction of a special purpose wind tunnel which would produce 

stable and con trollable velocities between O and 2 ft/ sec. , and which 

would permit a simple, quick a.nd independent determination of these 

velocities was : hen decided. 

3. 1 Principle 3.nd 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 lo-n wind speed. The micro-tunnel is thus essentially 

composed of srn.all cross -s ectional area A
1 

followed by a test sec -

tion of large crc,s s-sectional area A
2 

If the average velocities in 

these sections are V 
1 

and V 
2

, respective ly, we have from continuity 
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(3-1) 

and from A 2 >> Ai it follows that V 
2 

<< V 
1 

If the ?elocities V 
1 

and V 
2 

in the control and test sections 

were uniform, we would have 

Vi = Vi and V 2 = V 2 

and hence, 

( 3-2) 

The velocity anywhere in the test section V 
2 

could thus very simply 

be inferred frcm the measurement of the velocity Vi in the control 

section once :he areas A
1 

and A
2 

have been determined. 

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

so that the relc..tion between V 
2 

and Vi is not as simple as in Eq. 

3~ 2. For mos t purposes it is sufficient to relate t he velocity at a 

fixed point C 
2 

in the test section, say V cZ , t o the velocity at a 

fixed point C 
1 

in the control section, say V c i The function 

·; = f (V ) 
c2 ci 

( 3-3) 

has thus to be determined. 

vi 
If we let Q' i and a 

2 
= ( 3-4) 

we have then 
( 3-5) 
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whic h is the c:esired relationship. a i and a 
2 

are coefficients 

related to the uniformity of the velocity. In particular , if V c 
1 

and 

V c
2 

are the ::naxi m u m velocities occurring in the two sections, a 
1 

and a 
2 

are ~maller or equal to one; th e more uniform the veloci ty 

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 O. i ft/ sec. to about 2 ft/ sec. The veloc ity 

in the control 3ection had to be measurable with a pi tot 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 s iz e had thus to be small and 

standard materials and parts had to be used . 

The tunnel itself was c onstructed out of standard "Lucite" 

pipe , The con-rol section has an I.D . of 1" and the test section an 

I. D . of 5 .!_ II 
2 • 

A2 
The a rea ratio A is thus approximately 30. 

i 
The 

drive motor is a Ford ZOO series D . C. motor with a maximum 

speed of 22, OO C RPM. The motor i s connected t o 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 fro:n the fan to the control section . A complete sketch 

of the micro-tunnel is given in Fig . 3 . Figur e 4 is a photograph of 

the micro-tunnel and SU:)port instruments . 
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The pi.to-: tube is made from 1 / 16-in . stainless steel tube. 

The static press-1re 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 b e taken along two perpen

dicular diameters. 

The upst:·eam part of the test section is cut into rings of 

different widths -.Jetw een which screens can be inserted. These rings 

are held in place by pins and four long bolts which fasten the main 

body of test secLon 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 , control and test sections, the 

p itot tube and th= interchange able screens are clearly shown on this 

photograph. 

3 . 1 . 3 Flow direc tion - It is eas · er to maintain a uniform 

velocity distr ib u tion through a c on traction t han through an expansion. 

On the other han j, if the fan is placed at the exit, it cannot impart 

any circular mo tion to the fluid neither in the test nor in the control 

section, sinc e ttese would be upstream. It would therefore be natural 

to suck the air t hrough 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 ttermal 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 the::;e 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 t2st section, the latter one would therefore 

have to be airtig~,t. In particular, the opening, through which the 

instruments und2r test are introduced, would have to be airtight and 

different seals would be :iecessary for various instruments. This 

sealing problem could be quite bothersome, especially if a quick 

calibration were desired. 

The blowing of th2 air through the tunnel was then found to be 

the better soluti::m . First, the circular motion of the air created by 

the fan was easily eliminate d by placing a honeycomb immediately 

after the blower Second, the expansion of the vein in the control 

section into a ur:.iform stream in the test section by a set of screens 

had only to be sclved once and for all. Thi s is discussed in detail in 

the next section Third, the flow irregularities due to thermal mo

tions outside would no longer be a concern since the flow at the en

trance is fast ar_j is in a:idition passed through screens before reach

ing the test section. Finally, the test section is very nearly at 

atmospheric prE3sure. The pressure drop due to friction over the 

8. 5 in. length af the low velocities was considered extremely small . 
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No special provisions for airtightness of the test section were thus 

necessary; i.t proved to be sufficient to reduce the opening with scotch 

tape. 

3. 2 Screen Arrangement 

In addition to the requirements mentioned earlier, i.t also was 

desirable to obta ~n a velocity distribution i.n 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 control section expand naturally, since this would roughly 

have required ab:mt a length of ten diameters or 50 in. 

Various cevices were therefore investigated which would 

break up the one-inc h jet issuing from the control section into a uni

form stream 5 ½ in. i.n diameter over a short distance. It was antici

pated that various 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~c k replacement of these parts . The solu

tions which wer e successively tried consisted of a set of non-uni.form 

plus some fine u:1.iform 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 scree ns with increasing open area ratio from 

the center outwa::-d, which would thus force the flow from the c enter 

to the periphery ::>f the pi;,e. Two 1/4-in. thick lucite d ·sks were 

perforated with holes ranging from 1 / 32-in. to i/4 - in. diameter 

which increased .vith the radial distance of the holes . 

These two non-uniform screens were installed in the micro-

tunnel followed by a fine mesh wire screen 11S 11 (50 meshes per inch 

open area 16%). The uniformity of the flow in the test secti on wa s 

then checked with a hot-wire anemometer. (For details on instru

mentation see Chapter v=). The first velo::: i y profile is c rve a in 

Fig. 6 . 

T he ordi::J.ate e = E - E re presents the anemometer r ead
o 

ing minus the ou: put for zero veloc ity . Although the a c tual calibration 

of the hot-wire anemometer (HWA) was unknown a t t his phase of the 

inv es t igation , it was estab li shed that e was the increas ing func tion 

of v e loc ity , T hc.s, even though it was not possib le to c ompute t he 

veloc ity differer.-ees corresponding to the humps in curve 6a, there 

could be no douht that these irregularities in the HWA output re pre 

sented non-uniform ities in the velocity distr ibution . Sinc e w e were 

only hecking hew uniform the velocity distribut10r. was, this raw 

output data was all t h a t -was needed . 
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In order ti::> see whether the humps in profile 6a were due to 

the non-uniform s c reens, these were then successively rotated 180° 

about a n axis per?endicular to their plane. The resulting profiles 

are shown i n Fig 6, cur ves b , c and d. These s how that some of the 

irregularities wer e due tc, t hese screens. 

To impro·:e t he flow uniformity, three of the fine screens 

"S" were introduc ed into -:he tunnel. The profiles obtained with this 

set-up show a m c.:rked i m?rovement c ompared to the previous ones . 

They are clea rly independent of the partic ular ori entation of the non-

uniform screens . 

Next, four S - s c reens were inserted instead of three. To our 

s urprise , see Fig . 7 , thE orientation of the non-uniform screens 

still seemed t o affect the velocity profile . What a ctually happened 

was t hat during the c hange in orienta tion of t he non-uniform screens 

some of the unifor m S - s ,:::reens were turned also . The differences 

among profiles a , b , c of Fig. 7 are certainly due to the latter ones . 

Yet, a t that time we di d not s u spect this to b e due t o the S - screens . 

3 . 2. 2 D iffuser s - Next , it was thought t hat improved uni

formity of veloc -::..ty in t he test section m ight b e obtained by breaking up 

the 1- in . jet in 3. "diffue er ". This device c onsisted of a short 

piece of 1- in . pi?e whic h extended the c ontr ol section into the test 

pipe , whos e dow-:i. s t ream end was clos ed and whose lateral surface 
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was perforated v.ith small holes . Through the diffuser the flow was 

thus c hanged fro:n axial to radial . 

The first diffuser had i / 8 11 diameter holes and gave worse 

results than the non-uniform screen . 

The secon d d iffuser had 1 / 16 " diameter holes . The velocity 

distribution obta-:. ned with two and thr ee fine S - screens are shown on 

Fig. 8. Besides the nea:- perfect symmetry , one notices the good 

uniformity obtain ed wit h thr e e screens . The problem seemed thus 

solved , except t : at the large head loss through the diffuser had 

reduced the velo-::: ity range that could be obtained by one third, s o 

that the diffuser had to b e abandone d . 

3 . 2 . 3 U::iiform s c reens only - Tried next and last were 

uniform wire screen s only . With thr ee or four S- screens (50 meshes 

per in . , 16% open ar e a) t he velocity profiles were nearly uniform 

som etimes. Yet 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 ma erial. 

A coars e r screen ( open area 50%) was substituted for the last 

fine S- screen without notable result. The distances between the 

screens had no e ffect either on the v e loc ity distribution as shown in 

Fig . 9 . 

It appear e d then that some of the S- s c reens were the cause of 

some of the obs Erved oddities. Their ori entat ion was then 
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systematically c:ianged by rotating them one at a time 80 ° about an 

axis perpendicul3.r to their plane (i . e . , the tunnel axis) . The results 

of Fig. i O demo:::istrate L1.e marked effect these screens have on the 

velocity distribu tion in the test section . The influence of the fourth 

screen is domimmt as shown by he difference in shape of curves a) 

and b) . T he firEt and se::::ond screens only have mirror effects on the 

profile as showr:. by curves d) and e) compared to c) . 

All the S-screenE seemed to be quite uniform to the naked 

eye and under the microscope. The skewness of profile b) seems 

difficult to explc.in . Yet it is not impossible that there could be a 

small but s y stematic chE.nge in open area ratio from one part of the 

screens to the a:her. The larger head loss through the tighter parts 

of the screens e:1tails smaller velocities in this region. 

It does n:)t appear that the skewness of profile b) can be 

attributed to the bundling up in irregu ar fashion of several small 

jets through the screen holes into a larger jet which was shown by 

Bradshaw ( 2) to create u _even velocity distributions behind screens 

with less than 50% open 3.reas . 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 a ttempts to produce 

a uniform veloc-_t y distr:.bution in the center region of the test section, 
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it was found ttat this could be achieved by use of a diffuser and some 

S-wire screen3 and us-2 of four of these screens alone if these were 

properly selected. Since with thi s 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 c1.osen was ,of course ,that which gav e the largest region 

of uniform velocity in the test section and this is the arrangement of 

profile c) in Fig . 10 . 

3 . 3 Calibratic:i Procedure 

Before -:he micro-tunnel could be used , the relationship be 

tween the v elocities a t points C 
1 

and C 
2 

in the control and test 

section , respectively, had to be determi ned . It was , of course, quite 

natural to take C 
1 

and C 
2 

at the c ent er of the two sections . The 

relationshi p wa:.1ld , of course , hold at any other points where veloci

ties were the Sc.me as the centers . Espec ially if the veloc ity in the 

center regi on of the test sections is uniform j the loc ation of C 
2 

is 

no longer critical ; and this is why much effort went into finding the 

arrangement thc.t would produce t he best uniformity in v elocity. 

As shown in section 3 . 1 . 1 , the relationship between V c 
1 

a nd 

V cZ i s determi::ied once the coefficient s a 
1 

and a 
2 

are known. 

It should be pointed out that these coeffic ients themselves depend on 

the average velc,c ities , say a 
1 

(V 
1

) and a 
2

(V 
2

) . These 
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coefficients ca.1 be computed from their definition 

a = 
y 

V 
C 

and V = 
1 
A J vda 

A 
( 3-6) 

once the velocity distributions are known . Since V 
1 

is measurable by 

the pi tot tube, the veloc ity distributions in the control section can be 

obtained without difficulty. 

How eve::-, in order to measure velocity dis t ributions in the 

test section, a calibrated instrument capable of measuring low veloci

ties was theori ically necessary. But, the purpose of the tunnel was 

precisely to sh:dy and c alibrate anemometers at these velocities, so 

that we were aE=parently in a vicious circle. This difficulty was sur

mounted by an ·_teration procedure as follows: 

First, :::c-
2 

was assumed equal to one for all velocities ( case 

of a perfectly uniform velocity across the entire section), from 

which it followEj a ccord ing to Eq,. 3-5. 

( 3- 7) 

where V ;
2 

is E.n 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 , b: using this first approximation calibration curve C' 

and a set of pro:::i.les of HWA output, a set of new values for a 
2 

, 
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say a 21 (V 
2

) , co..1ld be calculated . With these, the new relationship 

V" = (~) c2 A
2 

Q' 1 

Q' I I 

2 
( 3-8) 

yielded the second 3.pproxi:oation calibration curve C 11 for the HWA. 

The same i:: r oc edure was r e pe ated until two successive sets of 

a 1s and calibratio~ curve s w ere identical. The se then wer e the final 
2 

coefficients and thE final calibration curve. 

One can e a Eily gue s3 that the mor e uniform the v e locity distri

butions in the t e st s e ction, or the clos er to one the actual values of 

a 
2 

are, the faster the process conve rges . On the other hand, if the 

"bucked" HWA output e = E - E would be exactly proportional 
0 

to t h e velocity 

it would follow at once that 

a 2 = A 

= 

1 

2e ) 
C-

( 3-9) 

( 3- 1 0) 

Consequently, the ::: los e r t he calibration curve e vs V 
2 

would be 

to a proportionalit;:r r e lationship, the faster the convergence would be 

again. Since thes e properties could both be approximately established 

from the profiles :':! vs V , , we were assured that the process would 
'-

converge rapidly . 
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3 . 4 Instrumentati:Jn 

3. 4 . 1 Velccity m easure m e nt in the control section - The 

dynamic pressure 1.ead from the pitot tub e in the c ontrol section was 

m easured with an "Equibar II Type 120 presst:.re transducer manufac

tured by Transonics Inc. The "Equibar" has full s cales ranging from 

0 . 01 to 30 mm Hg . It is provided with a meter which permits direct 

reading and with a::1 output ::or external record ing or r e ading . The 

output voltage is 3•) mv for full scal e (Figure 11). 

This output was generally f ed into a Moseley (Type 135) x - y 

Plotter (Figure 11 :, . It provided t he y-defl e ction t o the plotter, t h e 

x-deflection was s e t manually proportionately to t he radial position 

of t he pilot tube. In this way a dir ect plo t of t he dynamic head vs 

radial di stance waE obtained and allowed a viaual check of the r egu-

larity of the results. 

From Bernouilli 's e quation one has 

where t:, p 

t:ih 

= ✓ 2g pHgC t:ih 

P air 

= pressure differential, lb/ft 
2 

= d er..sity of air , s lug/ft 3 

= derusity of m ercury, slug/ft3 

= com"ersion constant = 1 / 304 

= dyna:nic head in mm Hg read from the E quibar 

g = acce l ~ration of gravity = 32. 2 ft/ sec 
2 

(3-11) 
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For an at:oospheric pressure of 24. 75 inches of Hg and at 

room temperature of 25° C , 
- 3 

p . = 1 . 895 x 10 slugs/ft 3 and 
air 

hence, 
,--

v = 54 -V lih 
1 

(3 -12) 

As the pitct tub e W3.S traversed, its posit ion was det ermined 

with a height gage which c::mld b e r ead to t h e n ear est 1/1000 in . 

3. 4 . 2 Vel-:)city measurements in t he test section - Veloci

ti es in the test se ::tion were measured with a Disa (Model 55 A01 -

Fig . 11) constant -::empera:ur e hot - wire ane mometer (abbr eviate d 

HWA) . In order t •J improve the accuracy of the HWA reading , a so

called "buc king" or "zero-suppress ion" sys t e m 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 t he position could b e r ead to the n earest 

1/1000 ft. 

3. 4. 3 Data collection - In order to take into account some 

re sidual irr egularities in : he velocity profiles , it was decide d to take 

two profiles along orthogonal diameters for every velocity in both the 

control and in the test section. Because of conven ience, all v ertical 

profiles and then cc.ll horizontal profiles were taken . 

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

from the pitot tub E was recorded on air x - y plotter in order t o insure 
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that the flow rem a ined 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 sec tion was used as reference . 

3. 5 Results a nd Comput ation 

3. 5 . 1 Data - The veloc ity profiles in the control section 

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

symmetric. 

The profil~s e vs r for the test section are shown in Figs. 

14 and 15. F r om these figures one sees that the velocity distribu

tions in the te s t s ection are thus not exactly symmetric with respect 

to the section axis . The values of a 
2 

will thus depend on whether 

the horizontal or ,.-ertic al profile is c hos e n . In order to approximate 

the true valu es oi a 2 , the c omputations wer e done with both profiles 

and the av erage ta :<en . 

3. 5 . 2 Conputa t ion s 

3 . 5 . 2 . 1 Va~uesof a
1 

The comput ation of these c oefficients is straight for

ward sinc e the actual valt:.es of the velocities ar e known. 

From equal ion 3 . 6 , 

Q' = 
1 
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1 I'" 

v1 = J v
1 

dA 
Ai 

Ai 

( 3-1 3) 

v1 
2r (·5 V 

1 
rdr = 

Ai 
0 

(3-14) 

For example , Table 1 is the computations of a 
1 

for the curve H
2 

of Fig . 13. The "-elocity used at any particular value of r is the 

average of four m 2asurements t aken in pairs on horizontal and verti-

cal diameters. 

The values of a 
1 

are shown in Fig. 16. 

3. ~ •. 2. 2 Vc..lues of a 
2 

Sinc e a 2 f
a 

rV 
2
dr , ( 3-15) 

0 

the computation of a 
2 

and V c Z was according to the iteration 

method in Section 3. 3. Fer example, Table 2 giv es the computation 

of a 
2 

and Vc
2 

f:>r the data curv e H
2 

of Fig. 15 . 

The variaL ons of e: 
2 

and V at the various stages of the 
c2 

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

reached after the Ee c ond iteration. 

The final value of a 
2 

are shown in Fig. 1 7 . The systematic 

difference betweer_ the coefficients computed from the horizontal and 
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vertical profiles 3.re clea:::-ly seen on this plot. The true value of a 
2 

is taken as the m-=!an of the two values for a given V c
2 

and a smooth 

curve was drawn through these points. The least accurate values of 

a 
2 

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 maximurr_ velocity of this profile. 

3. 5. 3 Calibration curve of micro-tunnel - The calibration 

curve of the micr:J-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 teEt section as a function of the velocity at the center 

of the control sec ion. 

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 probe attached to it may easily be determined: 

V = 
271" 

60 
nL 

The velocity is ch3.nged 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 it3elf . It -:hus decreases t he sensitivity of the anemom

eter and make s the balance of the bridge rather difficult. This diffi

culty was overco:ne by letting the c able c onnecting t he hot-wire probe 

to the instrument wind around the shaft of the rotating arm, so that 

no sliding contact3 were necessary . This was possible because the 

arm was turning 3lowly 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 reac ily die cut. These residual velocities of the air 

show up as rather large fbctuations in the HWA output . In order to 

get a good averag l:! , sever a_ measurement s hav e to be taken. 

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

a hot wire was ca· · b r a ted with both the rotating arm device and with 

the mic ro- tunnel. Since all points fall on t he same line as shown in 

Fig . 19, the micr,::,- tunne l calibration obtained through the iteration 

procedure is c onc lusively confirmed . The accuracy of this c alibration 

may from this check be estimated to be better than ± 1 % . 

3. 6 Conclusion 

The m icro-:unnel c onstitutes a ve r y useful and convenient tool 

for investigating and calibrating low-speed anemometers . The velocity 



at the center of tl:e test section may b e inferred from that at the cen

ter of the control section '. see Fig. 18) which may be measure d with 

a pi tot tube. Thi:s velocity may be varied continuously from O 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 princ iple of U·.e hot-spot anemometer (abbreviated HSA) 

is based on the vEry definition of the velocity as the s oap bubble 

technique is. It c onsists in "tagging II an air parcel and to clock it 

at two successive points of 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 betw een the instant of its release and its passage 

over the thermometer. If the distance a betw een the heat source 

wire and the thermometer is known , a nd if the time t between the 

release of the current pulse and the detection of the hot spot by the 

thermometer is rr:.easured , the velocity V of the air flow is 

a 
V = -t 

( 4-1) 
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This method b ears some similar i ty to the heat-wake velocity 

measurements ,)f Kovasznay ( 7) and Sato ( 11) . Both Kovasznay and 

Sato made use c,f a sinusoidal heat source current and the velocities 

were around 14 ft/s ec. The HSA discussed here is the same as the 

one presented by Bauer ( 11) who, however , used his instrument in 

much faster flo·.;rs (47 ft/sec). 

The sen!:or of the HSA is shown in Fig. 20 . It consists of a 

heat source wir e and an ultra thin platinum wire which serves as a 

thermometer, t.:ie temperatur e being sensed by the change in electri

cal resistance a: this wi::- e . These two wires are held parallel and 

normal to the fl ow . 

The h e a ting current pulse and the subsequent response of the 

platinum thermcmeter amplified one thousand times are displayed 

on the oscillogram of Fig. 21 a. Although the vertical scales for the 

two signals are cifferent , the time scale is the same . The striking 

fe ature of t hi s ptotograph i s the great diffe r enc e in width b etw een the 

he ating pulse anc: the response curve of the thermometer. The first 

curve had a duration of about one m sec; wher eas ,the second extends 

over about 20 m ~ec. The causes of this twen ty-fold stretch are the 

thermal ine rtia c.f the heating wire , the h eat diffusion of the hot cloud 

during its trans i t from one wire t o t h e other, and the imperfe ct time 

r espons e of u~e t:ie rmometer . 
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The influence of these effects, as a function of the transit 

ti.:ne, is strikingly displayed by the oscillograms of Fig. 22 . These 

are the various responses of the Pt-thermometer to the same pulse 

a•d for the same distance as for various velocities . As we have seen, 

ttese response curves are not simply shifted to the right (larger 

tr.ansit time) as the velocity is decreased, but the amplitude of the 

rr..aximum decr ec.ses and the curves become broader mainly because 

o- 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 t he starting points of the 

tv--o 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 

h ve to use the oscillograms and measure the time graphically from 

trem. The coun:er is equi pped with "start" and "stop" triggering 

ir:.puts with separately adjustable levels, i.e., the time measurement 

rr:.ay be started and stopped by electric pulses. Since the slopes of 

tte heating pulse are vertical for all practical purposes (see Fig. 23), 

tte starting time is nearly independent of the triggering level. But 

fer the "stop" triggered by the thermometer output, the time will 

d := pend on the triggering level. This is best seen as sketch in Fig . 21b, 
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where e
1 

and e-
2 

designate the triggering levels and t
1 

and t
2 

the correspondir~ time intervals. The e lectroni c counter could also 

be trigger ed on -.he negative slope since it has a switch with ~ slope . 

The slope of the thermometer res ponse curv e may b e steep

ened by increasing the amplification. Figure 24 is an oscillogram of 

the heat pulse and the thermometer output amplified here 10
6 

times . 

It is seen that the pos itive slope of the thermometer response curve 

is now almost vertical . The flat port ion of this c urve is due to the 

amplifier cut-of: . The wiggles between the two pulses are due to the 

background nois := , appreciable now becau se of the high amplification. 

The larg= amplification provides us thus with a well-defined 

+ slope for sto-r: ping the time m easur e ment of the c ounter . With this 

technique, may th e HSA b e used without calibration, i.e . , are the 

thermal inerti a 3.nd diffus i on effects small enough to be neglected? 

Figure 25 showE t hat this is not the case. If these effects were small 

these curves should all fall along a 45° straight line passing through 

the origin . B efore the hot -spot anemometer can be used without 

preliminary c al "bration ,these c orr ect ions have to be calculated in 

order to get ve locity measure m ents 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. Tf-_e referenc e ve l oc ity of the first set of data was 
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provided by a pi tot tube . Figur e 27 gives results of a low velocity 

where the primary velocity measurement was by the soap bubble 

technique . 

4. 2 Correcti on s 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 

trans it 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 

= 
1 
Q' 

ae 
at (4-2) 

where a is the t hermal diffusiv ity (ft 2 /sec.) . Assuming spherical 

symmetry and s ·.1bstituting ~ = 0r into equation 4. 2, 

~ = Q' 32 ® 
at or 2 ( 4- 3) 

The boundary conditions are 

® = 0 .r when t = 0 0 < r < s 
l 

® = 0 when t = 0 r > s 

® = 0 when t = 0 r = 0 
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where s is the radius of a very small sphere, which is supposed to 

be suddenly brought to the temperature 0 . at the time t = O . The 
l 

general solution of Eq . 4- 3 is ( 6) 

® = 
0 

i JS 
1

[_(:~~•)

2 

r e -e 

0 

(r+r') 2 

4 at 
] dr' . (4-4) 

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

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

0 = 
0 s 3 

i 

The initial heat introduced is 

H. = 
l 

4 
3 

( 4-5) 

(4-6) 

When this expression is substituted into Eq . 4-5 and s ➔ 0 , Eq . 4-5 

becomes 

0 ::: 
H. 

l 

p C ( 4 1ra t) 3 
/ 

2 
p 

e 

r2 
- --4at 

( 4-7) 

This equc.tion describes thus the temperature distribution of 

a three-dimensional hot cloud t seconds after the heat H . has been 
1 

introduced at the origin . 

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

, \) and 

(r 
2 

, t
2

) corresponding to the same temperature 0 
0 

definition 

Hence, by 
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2 

H. 
ri 

0 
l - 4a ti 

= e 
0 . )3 2 

p C p , 4 7[Q' ti · 
(4 - 8) 

2 

H. 
r2 

0 
l 4a t2 = 

3/2 
e 

0 
p C p ( 4 7ra t 2) 

from which it follows that 

2 
r~ t2 ri 

'- 6a.Q.n - -- = 
ti tz t1 

(4 - 9) 

For air at room :emperature, a :::: 2. 2 x 10-
3 

ft 2 /sec. If 

t2 
t is of the order 

1 -3 
the order of 1 0 

of on e , it follows that the right-hand side is of 

If r 
1 

"" 
-2 

1 0 ft and t
1 

:::: 
-2 

1 0 sec and if r 
2 

and t
2 

are of he same orde r, one may as a first approximation 

write 

( 4 - 1 0) 

or 

= 

Let us a:iply this result to the HSA. If t he heating current 

pulses are ident-:. cal , then H . is the s ame for any heat cloud. In 
l 

addi tion, if the -:riggering level for the stop input to the counter is 

kept the same , : he c ounting time will always be stopped when the 

Pt - resistance -Nire reaches the same temperature. 
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With the:;e c onditions satis fi ed , suppose that the time t
1 

i.s 

measured in the absence of fl ow . t
1 

is then the time i. t takes for the 

te mperature a t -:: he position of t he Pt-wire , i. . e . , at a di.s tanc e r 
1 

= a 

wher e a i.s the di.stance b etwee n the two wi.r es to reach the tempera-

ture 0 by diff.1s i.on alone . 
0 

In the pr=sence of flow, t he center of t he hot c loud i. s entrained 

by th e velocity U . No·N t he temperatur e of Pt-wir e reaches the 

value 0 
0 

after a tim e t 2 During this ti me the center of the cloud 

will move a dis tance Ut 
2 

and b ecaus e diffusion will spread the t e rn-

perature 0 
0 

t o a di.stance r 
2 

The sum of these two dis tances i.s 

e qual to the spae i ng a betw een the two wi.r e s. 

rt2 + r 2 = a ( 4-11) 

Since accord in~ to r ela-:ion 4 . i O , 

it follows that 

a 
(4-12) 

The tern: ,R is the correction term due to diffusion. 

Let us repeat t h3.t t
1 

simply i.s the time m easured i.n the absence 

of flow, and t
2 

t he time m easure d i.n the pre sence of flow with the 



34 

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

heat pulse and t:i.e counter settings. 

4 . 2 . 2 Euoyancy of the heat cloud - Since the heat cloud is 

lighter than the surrounding air, it has a rising trajectory . Moreover, 

since different partic les of the same cloud are at different tempera

tures, the buoyancy force acting on them is different. The situation 

is therefore quite complicate d. As a first approximation we shall 

neglect the defc r mation 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 tie heat source wir e . 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 spee d of ascension of the hot spot was then computed 

from the time i: t ook 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 cor:-ection introduced for diffusion has then to be change d 

in the following way: the dis t anc e r 2 , which a c counts for the diffus ion 
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of the heat cloud while it is being corrected, must be c hanged to the 

horizontal distance -V r ~ - y~ where y 
2 

is the rise of the hot 

spot during the ~ime t
2 

. On the other hand , when t
1 

is measured , 

the cloud will hc..ve risen a height y 
1 

, so that the distanc e r 1 has 

to be changed to --Ya 2 + y~ 

30b . Henc e , Eq . 4- i i b e c omes : 

and Eq . 4- 1 0 b e c ome s 

so that 

u = 

= I t2 

v~ 

1 
t., 
" 

2. 

Yz = a 

This is illustrated in Figs. 30a and 

(4- 1 3) 

This relati on a cc ounts for both diffusion and buoya n cy effect s. The 

values of y 
1 

c..11d y 
2 

may be read from Fig . 29. 

4 . 2 . 3 The time constant of the platinum r e sistanc e t h ermo-

meter - The r e sponse of the res i stance thermometer e lement is 

g iven by the dif::erential equation ( 3) 

t 
d0 
dt 

= 0 - 0 
e 

( 4-15) 
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e is the original equilibrium temperature of the wire . The constant 
e 

T is the time c::mstant of the resistance thermometer. The value of 

T can be calculated from 

T = 
K 

pC 
p 

1 
-1 

(J" 

pC 
p 

_4 )2 12 
1rd 2 

. (4-16) 

For a O. 000025-inch diameter, 90% Pt . -1 Oo/o Re wire, the time 

constant is 50 oicroseconds ( page 15, Figure 9b of ref . 3) . 

In the HSA study, when the distance a between two wires is 

larger than O. )6" the measured time t
2 

is of the order of 10 mCli

seconds for the veloc itie s under consideration. The response of the 

Pt-thermometer is the refore sufficiently fast for the HSA used at 

low velocities c..nd no correction needs to be introduced for this 

effect . 

4. 3 Instrument:1tions of HSA 

The micro-wind tunnel, which was described in Chapter III, 

was used to calibrate th e hot-spot anemometer . 

The resistance thermometer (a wire 2 . 5 1 o- 5 
in. diameter 

and O. 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 Wheatsto:ie bridge is shown in Fig . 32 . To balance the bridge, 

a decade res i stc.nce was used (Fig. 31) . The terminals of the bridge 
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output were connected to a low level pre-amplifier (Tektronix type 

i 2 2, max . gain 103
). In order to obtain gains higher than 103, two 

such amplifiers were used in series . A Hewlett Packard (type 523 B) 

counter a nd a Tektronix (type 564) dual beam oscilloscope were used 

to obtain reliab~e triggering of the counter . The amplitudes of the 

triggering signc.l had to be at least 1 volt. 

The heat pulse was produc ed by a pulse generator through a 

heat source wire . The heat source wires were 8 ohms 80% P t. -20% 

Ir. wire, 0 . 0004 in. in diameter and O. 07 in. in length. Their resis

tances were abc,ut 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 

c ould be ad justed . 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 Experi men al Procedure and Results 

After thE probes were set in the mic ro -tunnel and the instru

ments were warmed u p, 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 t
1 

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

then various times t
2 

corresponding to different velocities were 

measured. The time for any particular velocity was determined 

several times c.nd 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% -Jelow the true value at O. 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 li e below the ideal 45 ° line 

whereas the uncorrected data curves of Fig. 25 are way above this 

line. In ot her 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 is a small 

difference of two large numbers . The first and sec ond 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/ se~ for a true velocity of 6 cm/ sec. An error on the 

correction term results on a t hr ee -fold error on the velocity. 

The ad-.,antage of the HSA that s hould be stressed is that no 

calibration is :iecessary if a n accuracy of 10% is s uffici e nt . If the 

HSA is dir ectl:t calibrated against a primary standard (such as the 

micro-tunne l) . its accuracy is of the order of a few percent if the 

flow is horizontal. If t he flow dir ection in a vertical plane is un

known, the performance of this instrument would be l ess owing to 

the rising traj Ectory of the hot spot. 
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Chapter V 

THE DRAG ANEMOMETER 

This an emometer 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 drc:.g anemometer consists of mic ro-ammeter and a long 

and thin piece c,f stainless steel tubing (5 . 5 in . in length) fixed on the 

moving coil me8hanism onto whic h 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 o: 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, {3) desig

nate the current needed to balanc e the drag anemometer in a flow 
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with mean velocity U and angle of at tack f3 . It is r eas onable t o 

assume that t he d e pend e nc e on f3 is the same for all v e loc ities . 

Then , 
[ (U,/3) - I = f (/3) g(U) . 

0 
( 5-1) 

where I is t he curre::i.t r e quired to maintain the needle at the mid
o 

point of the dia_ plate in the absence of flow or in a flow, but with the 

plate paralle l t o it. Also , 

I = I(L, 1r/2) = I(O, /3) 
0 

(5-2) 

If the a ngle of attack changes from f3 t o '{ and if U remains 

unchanged, then 

I (U , '{) - I = f ('{) g(U) . 
0 

(5- 3) 

Next , if we let f3 + '{ = 1r / 2 , Eq. 5- 3 c an be rewritt e n as: 

I (U , 1r/2 - /3) - I = f ( 1r/2 - /3) g(U) . (5-4) 
0 

Equation 5- 1 divided by Equation 5-4 yields 

I (U , /3) - I 
0 

I (U , 1r/2 - {3)- I 
0 

= 
f(/3) 

f ( 1r/2 - /3) 
= F(/3) (5-5) 

or 

= [ I (U , /3) - I0 ] 

f3 G I (U , 7r / 2 - $) I 
0 

( 5-6) 
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Sinc e a:..l t he quant ities on which G depends can be measured , 

onc e the functic•n G is known, {3 may be calculated from the measure

ment of I for two perpendicular orientations of the plate. 

Of cour3e, one expects to find that the cosine law approxi-

mately holds , 

Hence,for 

and 

i.e .' 

-= ({3) ::::: cos {3 -

y + {3 = 7r/2 

f• 1T I 2 ~) ::::: sin {3 

F ({3) = cotan {3 

-1 
= cotan {3 

The angle c ould , 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 , {3) - I
0

] vs 

{3 would have to be determined point by point. At each position the 

anemometer ha~ , indeec., to be balanced "by hand" s o that the curv e 

I (U , /3) - I ~s {3 cannot be continuously recorded . The method 
0 

given above onl: requires the measurement of I or two positions 

of the plate . 

5 . 1 . 2 l\r...agnitude measurement - Once the angle of attack 

is determined b:.- t he method of preceding sec tion , the drag anemo

meter is rotatec in order to make {3 ., O • The current I (U , 0) 

is a function of - e l ocity U only , or 
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(5- 7) 

since I is constant . The func t ion h may be determined by direc
o 

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 milli.ammeter. 

The drag an-2mometer was mounted on a rotating actuator 

geared to a potentiometer for the angle readings. Use of the rotator 

facilitated dir e ctio::1al calibration . 

5 . 3 Results 

Some mea~u rements 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 attac k f3 was between 30° - 70° and because of the instability 

of the large wind runnel at low velocities ( 1. 35 ft/ sec) , these direc-

tion measurements did not produce satisfactory results . Figure 39 

g ives the c alibration curve of th e drag ane momete r in the large wind 

tunnel. The reference velocities were provided by t he HSA as pre

sented in Fig. 25 , 
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The calibration measurements perfo rmed in the micro-tunnel 

were of much bett er quality. 

For a fixed velocity , the angle of attack f3 was changed from 

o0 to go 0 . Since f3 + '{ = go 0 
, I (U , /3) and I (U , '{) could 

both be obtained at the same time . Figure 40 shows plots of I (U, /3 ) 
I(U , /3)-I 

vs f3 and Fig. 41 the universal curve 1 (U '{) _ 1° vs f3 
' 0 

If the angle of attack of flow is unknown, the current I(U, {3) 

should first be read , then the anemometer should b e rotated go 0 and 

the reading of I(U , '{) should be taken . Since I is a constant , the 
0 

I (U , /3) - I 
0 

value of 1 (U , 'i) _ 1 
0 

can be calculated . Then , the angle of 

attack f3 can be found by use of the universal curve of Fig . 41 . 

Figure 42 is the calibration curve of the drag anemometer in 

terms of wind speed when (3 = 0 . It should b e noted that, since 

the torque produced by the drag force depends on the area of the 

plate and on t he d istance from t he plate to the axis of rotation , the 

instrument must oe r e calibrated every time the plate is removed or 

changed. 

Figure 4 3 is the plotting of I(U , /3) vs . U for different 

angles of attack B . Thi s figure shows that the drag anemomet er 

is not sensitive to the angle change when f3 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 O. 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
0

· 
2 + o. 57 P 

o. 33 R O. 50 
r + e 

which holds in the Reynolds number O. 01 < Re < 10, 000 

ad 
where Nu = Nusselt number defined as Nu = k 

Pr 

Re 

and a 

k 
g 

u 
g 

g 

= Prandtl number = 
C u 

p g 
k 

g 

= Reynolds number = 
p Ud 
g 
ug 

= heat transfer coefficient 

= hec.t conductivity of gas at temperature 

= absolute viscosity of gas at temperature 

0 
g 

e 
g 

(6-1) 

(6-2) 
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C = specific heat of gas at constant pressure 
p 

pg = density of gas at temperature e 
g 

u = v2locity 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 b e used for t he following range of velocities: 

5 
0.13 < U < 1 . 3 10 ft/sec. (6- 3) 

For flows of low Reynolds number, another empirical relation 

from Collins ar_::l William (5) is: 

Nu (:;i- 0

·

17 

" 0.24 + 0.56 Re
0

·
45 

( 6-4) 

e + e 
w g = £l + while for 0 . 02 < Re < 44 . Here f)f = o 

2 g 
b,f) 
2 

( 6-5) 

and e is the ·Nire temperature or f:lf) = e - e 
w w g 

The hea-: per unit time transferred to the ambient gas from a 

wire of length f and unifor m temperature is a 1rd.Q ( e - e ) 
w g 

For thermal eqi.:.ilibrium, the heat generated per unit time by the 

current through hot wire m ust be equal to the heat lost per unit time 

due to heat conv2ction. Therefore: 

I 2 R = C Q' 1Td .Q_ ( f) - f) ) 
w w g 

where I is the current intensity, 

wire and C a conversion constant. 

(6-7) 

R the resistance of the "hot 11 

w 

Since I 2 R is obtained in 
w 
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joules per sec . and er 1rd i (0 - 0 ) is obtained in calories per sec. 
w g 

C = 4.2 . 

By defin:t i on, Nu= 
ad 
k 

g 
and 12 R 

w 

E2 
w 

R 
w 

Equation 6-7 becomes (E 
w 

= voltage across wire) 

or 

and 

where 

E2 
w 

R 
w 

Nu 

If 

= 

= 

R 
0 

C 1r k f ( 0 - 0 ) Nu 
g w g 

E2 
w 

C1rki(0 -0)R 
g w g w 

is the wire resistance at o0c or 32°F , then 

R = R 1 + b (0 - 0 ) 
g 0 g 0 

0 = o0c = 273° K 
0 

R = the resistance at gas temperature and 
g 

(6-8) 

(6-9) 

(6-10) 

b = temperature coefficient of the electric resistance 

-3 o -1 -3 o..-. -1 
ofwires5.2x10 (C) = 2.89x10 (-.I:'). 

If R is the working resistance and 0 is the working temperature 
w w 

of the wire, 
R = R + b R (0 - 0 ) 

·w g o w g 
(6-11) 

For a given wir e, fluid and temperatures in particular 

0 = constant , it is s een from Eqs. 6-9 and 6-1 or 6-4 that the 
w 

voltage across the wire E is only a function of he velocity U of 
w 

the fluid. This i 3 the working principle of the constant temperature 

anemometer . 
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The anemometer output E is related to the voltage across 

the wire E jy a relation given for each anemometer set. For the 
w 

Disa hot-wire anemometer,this relation is 

Hence, 

E = 
w 

1 . 04 x E 
100 . 622 + R 

w 

E = E (U) 

X R 
w 

(6-13) 

( 6-14) 

The hea t transfe r from the hot wire depends not only on the 

magnitude of t h e 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 1:or recorded) vs wire orientation at the minimum of 

this curv e , the projection of the velocity on the plane in which the 

wire is rotated will b e along the wire. 

Sinc e tt-·_2 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 m in i mum of the output curve is muc h sharper 

than the maxi m u m, it provides a better definition for the flow direc

tion . 

6 . 2 Instrumenta tions 

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 1 7-ft long was connected to the 55A0A Disa constant tempera-

ture anemome-:er set. 

In order to improve the accuracy of the hot-wire anemome er 

reading,a bucking system was used in order to provide a reading of 

z e ro volt at zero velocity. The block diagram of the bucking system 

is shown in Fig . 44 . 

The ne cessity for a bucking system arises from the need to 

read accuratel:1 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), 

then 
U = 5 (E - 5) (6-16) 

A reading error LjE on E produces then a relative error on U : 

LjU DE 
= ( E ~ 5 I LjE 

= u E - 5 E 
(6-17) 

For E = 5. 2 V . at a v e locity of 1 ft/sec , then 

LjU 
23 

LjE 
= u E 

(6-18) 
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With a conventonal cadran type voltmeter, a voltage of 5. 2 V would 

have to be reac. on the 10 V . scale. The resolution on such a scal e 

on a good instrument would b e no better than 0. 05 V. The uncertainty 

of the voltage reading would thus entail an uncertainty on U of 

liU 
u = 26 X 

0 . 05 
5.2 

24% • (6-19) 

Alternatively, c,ne easily sees that in order to infer a velocity with 

less than 1 % error from the HWA output, it is necessary to be able 

to read 5. 2 V . to the nearest 0. 002 V. This is impossible with a 

conventional voltmeter; but it can be done with a 4 -digi t digi tal 

voltmeter . 

This dieiculty may also be alleviated by bucking out the zero 

veloc ity output. It can be seen from Fig. 44 that with such a system 

the voltmeter rEads the difference e of t he HWA output minus the 

reference or bu:::king 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 (0). For 

simplicity we assume that t he relationship between e and U is 

linear; e. g . , 

so that 

U = constant x e 

liU 
u = 

lie 
e 

(6-20) 

(6-21) 

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

and not 26 times as above . Hence , with this "zero- suppression 11
, 
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a conventional millivoltmeter is quite adequate for the measurement 

of small ve loc ities with a HWA . 

In order t o improve its stability, the refere nce voltage supply 

was connected t o a Sorens en 60 cycle AC - pow e r r egulator . There 

after , the bucking voltage varied less than one m V over a period of 

several hours . 

6. 3 Results 

Several hot wires were calibrated when the r oom temperature 

was b etween 77. 5 °F and 80°F . The working temperature of all wir e s 

was s e t 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 

3Z°F . 

Figure 46 gives the directional sensitivity of a hot wir e at 

various velociti=s . The ver tical c oordinate shows the bucked vol-

tage e = E - E ( 0) T he ordinate of the minima of the thr ee 

curves has b een changed in order to provide a better comparis on . 

The horizontal c oordinate is the angle around which t he hot wire has 

been rotated . The direction of the flow can be found fr o m the hori -

zontal coordinate fo r which the ordinate shows a minimum value for 

e ach 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 

ar ound the minio.um value . 



52 

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 hori z ontal. With this technique the maximum duration between 

the v arious ab3cissa of the minima is 1. 5 degree . 
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Chapter VII 

COMPARISON OF LOW-SPEED ANEMOMETERS 

The comparative advantages and disadvantages of the three 

low-speed anemometers investigated will finally be discussed from 

various points of vi ew. 

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 d etermined experime ntally and if a large error 

may be tolerated below O. 5 ft/sec. 
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7 . 3 Sensitivity and Repeatability 

All thr ~e anemometers read velocities down to O. 2 ft/sec . 

Becaus e of buoyancy effec ts, neither the HSA nor the HWA could be 

us ed below this limit . With a sufficiently sensitive moving coil 

micro-ammeter, t h e drag anemometer would be abl e to m easure 

velocities belo-w t his limit. 

The repeatability of t h e three anemometers is comparable. 

It should be str essed that the HWA is very sensitive to t emperature 

changes at low veloc ities. The wir e has to be used at the same 

temperature at whicp. it has been calibrated unless the temperature 

compensation i s tak en into account (see referenc e 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 anemo meter c ould not be used in a flow with a large gra

dient. The size 3 of HSA and of the HWA are of the order of one to 

two mm. 

7. 5 Remote Re c.dout 

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

meter dial; the experimenter must be able to "s e e" this dial. 
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The instrument must be acc essible; it cannot b e used remotely. In 

the large wind tunnel, the DA was already diffi cult to use because 

mirrors were necessary to observe the position of the dial . 

This iE absolutely no problem with either of the two other 

anemometers . 

7 . 6 Aut omati,::; Recording 

The DA has to be balanced manually and about ten readings 

(release ofter_ hot spots) have to be taken to obtain a reliable average 

with the HSA. Either of these instruments lends itself to automatic 

re cording . The rec ording of the HWA output on the contrary pre

sents no problEm whatever . 

This disadvantage of DA and HSA also implies that these 

in struments are not suitable for measuring in transient flow . 

Since nc balance has to be adjusted wit h the constant tempera

ture HWA and only one reading is required, this anemometer is the 

most conveniern: to use . 

7 . 7 Ruggedness 

All thre 2 anemometers are delic ate instruments. Because 

of the ultra- thin wire used as resistance thermometer , the HWA is 

even more de lie ::1. te 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 n .,;, is inexpensive and only requires a micro-ammeter 

for readout. 

A constant temperature HWA set is fairly expensive (on the 

order of two tc, t hr ee 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 elabor ate support ins t rumentation, 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 t he preceding remarks, it is clear that the best low

speed anemorr_eter is the constant temperature hot-wire anemometer . 

This instrument is us ed in the mountain lee wave study mentioned in 

the introduction . 

If an inexpensive instrument was needed for some simple 

measurements , then t he drag anemometer would be adequate. 

Finally , if no c alibration could be performed and poor accu

racy could be tolerated below O. 5 ft/ sec , the hot-spot anemometer 

should be used . 
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TABLES 
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TABLE 1. CA LC ULA TION OF Q'1 FOR DATA CURVE H2 OF 
FIGURE 12 

7rr 2 

r v1 144 7rr z V .6Q 
Pts. (in.) (fps) ( 1 o- 3 ft 2

) .6 144 (fps) (10- 3 cfs) 

1 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 O. 4 E,O 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 

v1 
~.6Q 176.08 

32 . 3 (fps) = = = 
Ai 5.45 

V 
32.3 1 

0 . 914 Q' 1 = = = 
V 

ci 
35.4 
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T ABLE 2 . CA LC ULA TION OF Q2 FOR DATA CURVE H2 OF FIGURE 15 

z z v2 
<>Q • 

V' v2 avg 
<>Q" • <>Q"' . 

,r "" 
V 

2 
avg (3) X (6) V" v;• avg (3) X (IZ) v2•• V2" avg ( 3) X (15) e 2 2 

(It ) 00- 2 r1 2) (lo- 2 r1 2> lmv) (fps) (fps) (to- 2 ds) (fps) (fps) (lcr2 cfs) (fps) Upal ( 10- 2 cfs) (fps) (fps) (I0-2 cra) 

Pts. (I) (2) (3) (4) 15) (6) (7) (8) (9) (I0) (II) : 12) (1 3) (14) (15) ( : 6) 

0. 229 16. 5 

I. 3 o. 327 0. 425 o. 367 o. 477 o. 370 0. 481 

0. 22 15. 2 166 0. 655 o. 735 0. 740 0. 368 o. 478 

I. 34 o. 788 1. 056 o. 875 1. 173 (. 877 I. t 75 o. 736 

o. 21 13. 86 239 o. 920 1.015 l. 01 4 0. 872 I. 168 

l. 26 o. 989 1. 2 46 1. 089 1. 360 . . 085 I. 366 I. 008 

0. 20 12. 60 273 I. 058 I. 160 l. 156 l.079 I. 359 

1. 27 1. 076 1. 354 I. 180 1. 494 1. 179 1. 509 I. 150 

~ 0. 19 11. 33 281 1. 095 l. 200 1. 192 1. 168 1.470 

l. 13 1. 100 I. 243 I. 205 I. 361 1. 198 1. 353 1. 186 

0. 18 10 . 20 284 1. 106 I. 210 I. 204 I. 192 l . 347 

1. 12 1. 106 1. 238 1. 210 1. 355 1. 204 I. 349 1. 198 

o. 17 9. 08 284 1. 106 I. 210 1. 204 1. 198 1. 342 

I. 03 1. 110 l. 144 1.213 1. 250 I, 206 I. 241 I. 198 

o. 16 o. 05 285 l. 113 1. 216 1. 208 1. 200 1. 2J6 

0. 93 1. 108 1. 085 1. 212 1. 189 1. 204 1. 200 1. 202 

0. 15 7. 07 283 1. 104 l. 207 1. 200 l. 198 I. 174 

1. 76 1. 110 l. 936 1. 205 2. 120 I. 198 2. 110 1. 194 

D o. 13 5 . 31 282 1. 097 l. 203 1. 196 1. 191 2. 096 

2. 17 1. 091 2. 370 1. 197 2 . 595 1. 190 2 . 581 l. 188 

ll o. 10 :L 14 279 l, 085 1. 190 1. 184 1. 182 2. 564 

2. 35 l. 075 2. 525 1. 180 2 . 772 1. 175 2. 750 1. 176 

:2 o. 05 o. 79 275 1. 065 1. 170 l. 166 I. 167 2 . 740 

o. 79 l. 065 o. 84 1 1. 170 0. 924 1. 166 o. 921 I. 158 

275 1. 065 1. 170 1. 166 1. 158 0, 9 15 

,: 16. 5 164. 63 18,070 18. 036 

v2 
16 . 463 

0. 996 V2 18, 07 
I. 096 V2· 1

~/~
6 

= I. 093 v2 .. = 
1
;/:

9 
= 1. 084 16T ""'iiT 

o. 996 
0 . 934 

1. 096 o. 936 1 , - 1. 093 0. 938 
1. 084 o. 9.!6 ., = 1. 065 

., 1.17 o 2 - 1. 166 o '"= --
2 l. 158 
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TABLE 3 . THE VARIATION OF a 2 AND V cZ 

vc2 a' V ' a'' V'' a '" VII I 
iv 

Run a2 2 c 2 2 c2 2 c2 a2 

( 1) ( 2) ( 3) ( 4) (5) (6) ( 7) ( 8) (9) 

'I 1 1 1 . 648 0 . 933 1 . 651 0.934 1 . 654 0 . 935 1 . 655 0 . 935 

~,1 2 1 1 . 089 0 . 908 1 . 101 0 . 909 1 . 103 0.911 1 . 104 0 . 911 

-v 
3 1 0 . 530 0 . 86 3 0.532 0 . 865 0.534 0 . 866 0.535 0 . 867 

V 4 1 0.40 ~ 0 . 830 0 .4 06 0 . 833 0 . 408 0.833 0 . 408 0.8 34 

v5 1 0. 27 '':l 0 . 798 0 . 283 0.780 0 . 286 0 . 784 0 . 289 0. 783 

v6 1 0 . 1 T' 0 . 732 0 . 180 0.738 0 . 184 0 . 743 0 . 185 0. 745 

Hi 1 1. 498 0 . 942 1 . 584 0 . 944 i . 582 0 . 946 1 . 5 81 0.94 6 

Hz 1 1.065 0 . 934 1 . 170 0 . 936 1.1 66 0 . 938 1 . 158 0. 9 36 

H3 1 0 . 535 0 . 871 0 . 543 0 . 87 3 0 . 54 1 0 . 874 0 . 540 0,875 

H4 1 0 . 387 0.838 0 . 395 0 . 840 0 . 391 0 . 841 0 . 391 0 . 84 1 

H5 1 0. 287 0 . 78 7 0 . 296 0.786 0 . 295 0 . 790 0 . 298 0 .793 

H6 1 0.166 0. 742 0 .1 70 0 . 745 0 . 169 0 . 740 0. 1 71 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~ = 0. 1519 cm2 

u u t a/t f- (a2 + y;) y2 ✓(5) - (6) 
(4) - (7) u t 

0 

(fps) (cm/sec) oo-J sec) (cm/ sec) 
C) C) 

(cm/ sec) (cm /sec) (ips) cm" cm" 
(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) 

0 . 391 11. 92 14. 57 25 . 5 0 . 0648 0 . 0138 15.5 10.00 0.328 N 

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 1 7. 1 15. 12 0 . 497 

0 . 716 21. 82 9. 62 38.55 0.0428 o .. 0117 18.35 20 . 2 0 . 663 

0 . 96 29 . 28 7. 75 47 . 8 0. 0345 0 . 0092 19 . 25 28 . 55 0 .93 6 

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 



TABLE 5. COMPUTATION OF THE CORRECTIONS OF HSA FOR a = 0. 131 in. 

a = 0. 333 cm Yo = 0. 11 95 cm a2 + y2 = 0 . 1251 cm 2 
0 

u u t a/t 
t (a2 +y;) y2 -V(5) - ( 6) 

(4) - (7) u -
to t 

(fps) (cm/sec) oo<~ s1:.'c) (cm/s1:.'c) rm2 r.m 2 (r.m / nr.d ( r.m / nec,} (f pr. ) 
(1) (2) (3) ( 4) ( 5) ( 6) ( 7) ( 8) (9) 

0 0 32 . 55 10 .23 0 . 1250 0 . 0143 10 .23 0 0 

o. 198 6.00 20.02 16. 63 0.0771 0.01425 12.5 4. 13 o. 1355 

0.271 8.26 16.83 19. 78 0.0648 0.0 141 13.38 6. ,48 0.212 

0.356 10 . 85 14. 70 22 .65 0.0566 0 . 01355 14. 13 8. 52 0.2 79 m 
v,.) 

0. 452 13 . 78 12 . 82 25 .9 7 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 . 0235 3 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 50.6 4.58 72 . 7 0.01761 0. 00768 21. 8 50 .9 1. 67 



TABLE 6. COMPUTATION OF THE CORRECTIONS OF HSA FOR a = 0. 069 in. 

a = 0. 175 cm Yo = O. 1196 cm a2 + y~ = 0. 04496 cm 2 

u u t a/t _!_ (a2 + y2) y2 -Y( 5) - (6) 
(4) - (7) u 

to o t 
(fps) (cm/ sec) uo- 3 see) (em/ 8ee) 

') 2 (cw/ sec) (cm/sec) ..., 
(fps) Cill Clll 

(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 o. 126 

0 . 273 8.33 9.63 18 . 2 0 . 0218 0.0 121 10.23 7.9 7 0 . 261 

0.352 10 . 73 8.5 6 20 . 48 0 . 0194 0 . 01142 10.43 10 . 05 0 . 3295 

0.424 12.92 7.85 22 . 34 0.01777 o . 0105 10. 85 11. 49 0.377 O') 

.j::,. 

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 0.51 

0.073 20 . 53 5.72 30.7 0.01295 0.00859 11. 53 19. 17 0 . 629 

0.81 24.7 4.86 36. 1 o. 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 3.55 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 o. 00609 0,0039 17.4 49 1. 61 



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

a = 0. 2913 cm Yo = 0. 1131 a2 + y2 = 0. 1713 cm2 
0 

u u t a/t f- (a2 +y~) 
2 ,/]5) - (6) (4) - (7) u y 

(lo- 3 sec) 
0 2 

cm2 
t 

(fps) ('cm/sec) (cm/sec) cm (cm/sec) (cm/ sec) (fps) 
(1) (2) (3) (4) (5) ( 6) ( '/) (8) (8) 

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) 

0.543 16.56 6. 25 46.6 0.0495 0.00879 32.3 14.3 0.47 C)1 

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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FIGURES 
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Figure 2. Time exposure photograph of a soap bubble taken with 
a strobe as light source 
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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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1. Micro-tunnel 2. Power supply of drive motor 

3. Equ::.bar pres- 4. Disa hot-wire anemometer 
sure transducer 

5. Reference voltage power supply 6. Moseley x-y plotter 

Figure 11. Instrumentations for micro-tunnel calibration 
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RHSW = 7. 8 n , duration of pulse = O. 15 ms 

wire distance y = 0. 053 in 

Figure 28. Oscillograms of heating pulse and Pt-thermometer 
resporn:e with wires on same vertical and no flow 
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1. Pt-resista:-ice thermometer bridge 2. De cade resistance 

3. Amplifi e rs 4. Powe r supply of amplifiers 5. Counter 

6. Dual beam storage oscilloscope 7. Current pulse generator 

F igure 31. Instrumentations of HSA 
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Figure 37 . Drag anemometer 
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