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SUNMARY

The princlple reasons for usling the hot wire type of
anemometer for turbulence measurements are outlined and
some of the objectionable features limiting the applica-
bility of the conventional type anemometer are pointed
out. A brief historical background of the hot wire
anemometer ie followed by a consideration of various
possgibllitiee of lmproving the method of measuring the
intensity of turbulence. This analysis purposee to
show why such improvements can only be realized by a
direct calibration of the hot wire's response to ve-
locity fluctuations.

The consequent development of a new technique,
referred to as the "Vibrator Yethod", is then explained.
A goneral discusslon of the results of a series of
investigations uesing the Vibrator method 1s then
presented and includes; a comparison with the orthodox
method; the response of the hot wire to periodic flue-
tuations relative to the validity of the theory of hot
wire lag; an extension of the method to correlation
measurements using two hot wires, and other applicatlons.

The paper concludes with a detalled description of
various hot wire anemometer equipment which has been
developed for use with the Vibrator method of measuring

turbulence intensity.
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INTRODUCTION

Contributione to the mathematical development of the
theory of turbulence have.been forthcoming since the early
work of Osborne Reynoldn/, especially by Prandtl and his
agsoclates in Germany, G.I.Taylor and hie co-workers 1in
England, and von Karman, Millikan, Dryden and others in
the United Sstates. Such contributions have not yet re-
sulted in a general solution of thle extremely complex
problem, but have aided materially 1ln ex>lalning certaln
turbulence phenomena and should serve as the foundatlon
for the ultimate aolutlén. Progrees in theoretical re-
gsearch has been seriously handicapped by the lack of
experimental verification due to difficulties in per-

fecting anemometers for measuring turbulence.

Although seversl different types of anemometere have
been designed for this purpose, the one which has been
generally adopted as standard i known as the "hot wire
anemometer". In brief, it consiets of a fine zage plat-
inum wire, from one to geveral millimeters in length,
fuged across supporting spindles and connected to an

electrical circult for the triple purpose of 1) heating



the wirs by reason of its electrical reslstance,
2) amplifying, and 3) measuring the heat loet by the
wire due to convection, that 18 ite response to the

velocity fluctuationg encountered by it in the airstrean.

Among the advantages it has over other types of
anemometers are the following:; the slze of the hot wire
probe can be very small to permit explorations of minute
flow regions and traverseg within boundary layers of
models; a high degree of sengitivity is posslble by
proper amplification, and can be controlled; direct
measurements can be obtained of turbulence intensity
with a eingle hot wire; correlation meaaﬁrements for
determining the scale of turbulence can be obtalned
with essentially the same equipment usling two hot wires
simultaneously; the apparatus can be used for measuring
mean flow velocitles very accurately; the poeslibllity
exists for incorporating electrical flltering systems
for investigating particular rrodue&cy bends of turbu-
lence; and the anemometer's performance should lmprove
along with new developments in vacuum tube and electri-
cal circuit design to a degree that 1s unpredlctable at

thie early stage.



The hot wire anemometer as used at the presgent time
by many aerodynamic laboratories has certaln disadvantages,
some of which are inherent, while others can be reduced

in effect.

The hot wire proper is lnherently fraglile, it will
always be quite 4dlfficult to fuse 1t to the splndles on
the probe, and its usable 1life 1s ghort because 1its
elsctrical and thermsl responses are go easlly altered
by rapid ageing and scocumulation of surface impurities
from the zirstream. The electrical equipment is inher-
ently complex, expeneive, bulky, and sublect tc usual

unforegeen dlsorders.

There are three serious dligadvantages which are not
inherent. The majority of amplifiersg in current use are
inadequate for high frequency turbulence investigatlons.
Reference to recent literature shows that very little
stress has been placed upon the performance of the hot
wirs anemometer in regard to frequency rssponse from
2000 to 5000 eycles per second. Also, to the writer's
knowledge, all other laboratorieg stlll use the con-
ventional type of millismeter in conjunction with a

thermocounle in the amplifier's output clrcult for

2w



obtaining the root mean sguared vslues of the fluctuating
voltage drop acrose the hot wire. With thls type of out-
put meter it is lmpossible to protect adequately the
thermocouple from burning out dus to momentary overloads
without an enormous sacrifice in the meter's sensgitivity.
A relatively large power output stage 1s required in the
amplifier to give full scale deflection of the pointer.
However, the mosat serious disadvantage of the conventional
hot wire anemometer 1s that its present design is re-
stricted to one general method of measuring turbulence
intensity which 18 not only extremely complicated and
laboriously slow, but also very unrellable. (Conssequently
it hae besn difficult to interest studente in turbulence
regearch and this has geversly handicapped theoretical
progress due to the lack of experimental verificatilon.

The object of this regearch was the development of
a new method of measuring turbulence 1intensity, together
with the design and construction of hot wire anemometer
equipment incorporating such featureg as (o mininmize the

disadvantages mentloned above.

The following section sketchee briefly the historical

background of the hot wire anemometer, emphaslzing the

b=



fundamental developments of L.V.Xing, and of Dryden and
Kuethe in order to give a better insight into the nature

of the present ressarch.



HISTORICAL BACKGROUND OF THE HOT WIRE ANEYOMETER

The word “ansmometer" 1s derived from the Greek words
"anemos" -« wind, and “metron" - measure. Thus an anemome-
ter is an instrument for measuring wind velocitles or wind
presggures. It 1s convenlent to classify anemometers ac-
cording to their response to changes in wind velocity
slow response - pitot tubes, venturi meters; medium re-
sponse - pressure plates and spheres; rapid resgponsge =
hot wire, spark, ultra-microscope. As stated before, the
hot wire anemometer conselste essentlally of a small gage
wire supported in the wind stream and connected to an
electrical circult which supplles the medium for heating
the wire and measures the heat logt by the wire due to

convection, which 1& a function of the wind veloclty.

Early experiments in thermal losses from heated bodles
under various conditions dates back to the work of Dulong
and Petlt in 1817. There followed numerous experiments
concerning losees due to radiation and convection. The
firet experimenter to show that the convection loss in an
alr current is proportional to the temperature difference
and to the square root of velocity, seems to have been
ser31n 1888. The classical work of Ayrton and Kllgour4(1892)

s
and that of Petavel (1898) refer to heat losees from wires.

-6-



In 1907-'09 Kennellyépublished hie results on the forced
convection of heat from small copper wires. He probably
wag the first to suggest that the measurement of the cur-
rent required to keep a wire at a given temperature
(measured by its resistance) might be used as a method
for measuring alr velocity. His obgervations led to an
empirical formula closely resgembling that of L.V.Xing,

which forms the basls for hot wire anemometry.

The Classical Work of L.V.Klns7

Prof. Xing conducted a series of experiments at
McG1ill University, Yontreal, Canada, to invesetigate the
lawe of convection of heat from small platinum wires
heated by an electric current over as wide a range asg
possible of temperature, air velocity, and diameter in
the light of the formula developed - by applicatlion of
Bouseilnesq's transformation of Fourier's equation of heat
conduction. He first considered the "mathematical theory
of Heat Convectlon from a cylinder of any form of crose
gection in a Stream of Fluid". Starting with the Fourier

heat equatlion

C 42 = slegt)+sp(ed2) + 55 (£ 32

i



where ¢ temp. of fluld at any point (x,y,z)
€ heat capacity per unit volume
K thermal conductivity
J J P
4. operator .. ¢ +u% Yox +v Yoy + W Y32
and assuming an incompreegsible, frictionless fluid and

2 dimentional flow and applying Bouesinesq'e traneformation

where o = constant --ptreamlines
A3 = conatant --equipotential lines

am= CV/K = ST V/K

(Vv--velocity of stream at infinity,

7 -=-Density

J -=-gpecific heat of fluid/unit maes)
he showed that the general equation is reduced to a form
capable of golution:

Bo 9)9
H=- f/(( /&d)o 4B --Heat loes/unit length of cylinder
(-]

Thus he calculated the temperature distribution in a
uniform stream flowing parallel to x-axis («¢=0) when the
temperature distribution or heat flux (x) ig given over
the interval x=0 to x=.13,.
Assuming a constant heat flux over the boundary, he re-
duced this to the form:

Y=z nemb )] | e K lu)bu]

where &,--temperature of cylinder above that of stream at -©
K, --solution of Bessel's equation

«8a



He then developed approximate formulae for the heat loss

on a cylinder from the previous equatione. For instance,

for a cylinder of radius -a- and taking .G.= 4a
Expanding the denominator of the above equation

mﬁo
j e “K, (u)du+/ ::-//‘57—7;?;?[/7L é-/)’j_/;o *"'L/

-]

when /1 3, 18 large, 76’mﬂo can be neglected, giving

H = KCs(1+Venmps) = KEs +2V7K S5 V7s.
S Y

Prof. Xing conducted a series of experimental inves-
tigatione to check the validity of the above equation in
so far as its practical application to hot wire anemometry
18 concerned, and to obtain in absolute measure the con-
vectlion conetante of small platinum wires applicable for
hot wire measurements. A brief outline of his investiga-
tions follows: his apparatus consisted of a whirling arm
of variable radius from 54 to 264 cm, which could attain
a peripheral gpeed of 25 mph at the point where the hot
wire was sgupported. Measurements were made on a “Yelvin
double bridge with a serles of hot wires ranging from
1 to 6 mlls dlam. and 2 to 24 cm in length. 4all wires

were tested at the same temperature settings, ranging

-Gw



from 200 to 1000 deg. C. From measuremente of the hot
wire's current and resistance he calculated the heat
loss. He also measured tempsrature coefficient o< for
platinum wire and found that the value .c decreasged from
«00375 to .00328 for a decrease in dlam. from 6 to 1 mil,
and could vary from .00388 to .00188 due to the manufac-

turing process of wire drawing; reduction of results

showed that the heat loss is a linear function of/velocity,
expressed in the form W=C +B Y V' where B and C are
constants depending on the wire's temperature and dlam.

In analyzing the forced convection constant B,

plotting B ve. ( ©6-6)=-=-=(temp. 4d1ff.) the slope A was
found to be a function of wire diameter and increased
slightly at large values of (&-6,). Taking /\=/\a[—/+b(6—6o)]
he calculated b==5'ﬂfﬁ: Plotting A, vse. {a' he found
that,éé = 1.432 x 107 watts. Returning to his approx-

imate formula A, =475 K. 04 the corresponding
vaiue wae A. _— 1.66 x 10" watts. The agreement 1is
V&

not bad considering that the theory neglects varlations
of heat conductivity ete. with temperature gradlients in
the neighborhood of the wire. In analyzing the free
convection constant C, he calculated the heat loss
due to radiation E=2ma ~ .514 (9/1000)%°

giving ¢,= (C = E)., where C=W since V= 0.

«10-



Taking 0, = Do l(o-6)[i+c(o-8)

he found that U. wase almost independent of wire diameter
4

and expresged as T, = 2.5 x 1d-x (1 +70a) --wattsa.
Comparing thls value with that in his approximate

-4
formula X, = 2.37 x 10 --watts, in very good agreement;

conclusion - the heat loss from a hot wire in a steady

ailrstream of mean velocity U can be expressed by the
equation

H=(x+C VU )(T - T,)
where K -- proportionality factor allowing for free
convection and radiation, C -- proportionality factor
allowing for forced convection, T =-- temperature of

wire, T, -- temperature of moving fluid.

Following the clasalical work of King, many papers
were published dealing with modifications of the elec-
trical circults and methods of mounting hot wires. Those
dealing with the measuremente of fluctuations include:
measurements of gusts in natural winds by E.Huguenard,
A.Yagnan, A.Planiolf which was one of the first invee-
tigations dealing with the lag of hot wireg with a
method for computing corrections; Burger'aqmethod for

computing lag and investigations indicating that the

11~



hot wire lag increasgec with an increage in hot wire
dlameter; A.Fage and F-C.Johansenmat the NPL described
meagurenents of fluctuatlions behind plates, using a
«025 mm dlam. wire in a low velocity stream to minimize

lag.

invoatigatlens of DLryden and Kueths”

In 1929 a2 paper was published by Dryden and Kuethe
of the National Bureau of Standards which 1is directly
reeponsible for the development and universal use of
the compensated hot wire anemometer. During their in-
vestigations, which began in 1926, these Quthors veri-
fied the findings of thelr predecesgsors regarding the
inabllity of hot wires to follow accurately very rapid
velocity fluctuations encountered in airflows. It was
generally conceded that some form of compensation would
have to be introduced into the anemometer clroult to
counteract the hot wire lag 1f the anemometer w#s to
be of any practical use in turbulence measurements.

The problem of correctly compensating the hot wilre
anemoneter necessarlily dlvides itself into two ovarts,
the first to formulate a sound theory of lag, and the

second to develop an accurate and practicable method,

«]2-



based upon the theory, of determining the required com-
peneation. The notable contribution of these authors to
turbulence research was thelr formulation of the theory
of hot wire lag, the first part of thle problem, which
is briefly outlined below.
Defining: R,T,1 - ingtantaneous values of resistance,
temperature, current in wire
m,s,<C~- mass, specific heat, temp.coefficlent
of resigtance of wire
V,p - ingtantaneoug wind velocity, p=2 7 ¢f
(f--frequency of wind varlation)
¥(T = T,) - rate of heat loss from wire by
radiation and free convectlon
c(? - T, ) - rate of heat lose from wire by
forced convection of wind at Vv
4H/dt - total rate of increase of heat en-
ergy in wire
barred values - - avarage‘ valus s
subsgeript o - - gonditions at room tenmp.
subseript e - - refer to conditions at
constant specd V
Assumptions:
1- Rate of heat loss (from ¥ing's equation) does not

depend on rate of variation of alr speed

-13-



2- Heating current 1 - maintainsd constant
3= T - mean temp at any instant determined by R.

Basic Eguation: Rate at whilch heat energy accumulatce in
wire equals rate at .which electrical energy enters,
leage rate at which heat ensrgy leaves.

1) a8 _1°R = (K+CVV )(T -~ To)
at
Since the lincrease in heat energy produces an

increase in wire temperature

dH _4.2 ms 47 also T - T, _R - Ro
at at Ro X

Thus 4T __ 1 4R and substituting for 4T and (T - T,)
dt R, at dt

2) -

a5 _4.2ms dR _ LR - (K +0W)‘(R.- Ro
dt  R.e dt Ro

If the cycle 1s performed very ‘slowly go that 4R .0,

dat
the equilibrium value Re would be determined

by taking R= Re
3) 1'Re - (X +cv?.r"),<(Re - Ro\o0

Ro ¢

or T + CfV- 1 ReRooc  and substitutlng in above

Re - Ro
4) 4.2us . 4R _ L Ro(Re - R)
Ra“ dt Re - RO
This reduces to Re = Ro = R - Ro
1 - 4-25—&“ ak
1R« at

“14-



This 18 rewritten in form

& - Re
5) Re-Ro _____E-Re

B -Ro 1.y ﬁ..:._lis.)

dt \R - R,

6) where M- A4.2ms (R - R,)_ 4.2me(T - T.) (seconds)
1*Ro < 1* R,

¥ - time constant giving characteristics
of wire for a given heating current
and operating temperature. Supposing
the air speed were suddenly changed so
that R, changes fron some constant
value, gay R,, to R. The change
in R would be;
£-F=(r -R)ee
Thus ¥ - - 18 time required for (g - R) to=(R,-R) x 1/e
Returning to Eq. 4) - since (R. - R)<< (R - R,)
replace (R~ R,) by (R - R,) thus

7 v 4R — (Re = R)
at
The golution conslsts of a transient term cone-
taining & t/”whlch soon becomes negligible and
isn't considered furtler, and a periocdlc teru,

assuning Re periodic.

«15=



8)

Expanding R. in a Fourier series
(letting p= 27 x fundamental freguency)

Re = R = @, Siv(Pe)t—+QnSim(n£)s b Cos(Pt)t -+ bm Coslrpt)s -
Asgume that

R = R =C, SNPt)1-#Cn Sminpt)td)| Cos(PL)t- 4 clm Cos(mpt)s--
Thus

-:-% = €, P Cos (Pt)+ 4 Con pLos(mpE)t~d, p S (PE)=~mdlp Py (1 pT)~ -

Substituting in Eq. 7)

an — b —an MM P Cm= Om *bm (IMP
J+ 17 i p? ] #4017 0*

Thus

R=TR=}

S (mPt-Tim /‘74794-
Vrerm o /fﬂm‘ﬂ‘

Ca.r(/nﬁt TN P)}

Now Af the equilibrium value of resistance 1is
expanded in a Fourier series, the actual value of

resistance will be such that the n '~ harmonic ia
/

V I+mlml¢z.

and 1s retarded in phase Ly tr_n'l {npy¥).

reduced in amplitude in the ratio

Equation 8) 18 the same form as that for an
electrical circuit containing a resistance Rcx

and 1inductance L providing ¥ = L/Rcx . Thus

-16«;



1f the amplified voltsge varilation from the hot
wire cilrcult can be pasesed on to the succseding
stage with this tine conatant, the aunplitude will
be restored and the phase advanced to compensate

for the wire lag.

In the compensating circuit of the anemometer
the value of the inductance I is fixed at a value
determined for the particular circult, and the
compensating resistance R.x adjustable to give
the required value of ¥ for proper compensation.
Iwo typlcal examples of compensgating circuits

used in Galcit anemometers are shown in Figs. 2/ 22

The most plaueible method for finding the required
compensating resistance R.~ , the second part of the
problem previously referred to, would be to base it
upon the valus of the time constant ¥, in ths Dryden
and Kuethe equation

4
4. 4.2ms (R - R)_ 4.282(7%) R - R,
12R°oc rr 1zac Ro

obtained from measurements of the hot wire's diameter (d4),

resisgtancee (R and R,), and current (1). 1In spite of
the disadvantages which this procedure has been found

to poeeege, and which were partly responsible for thils

- 17-



resgoarch, 1t has been universally adopted as the

"orthodox" method for finding Rex.

If the correct value of ¥ is xnown, the amplltude

reduction characteristic / due to

Yr+Cem$sra)?

hot wire lag can be determined as a function of fre-
quency, ae& (1) in the gketch. Also, 1f the compen-
gating resistance R.x &8 cor- /0

rectly adjusted (Rcx_ ~I,.-_>

' |
in an amplifier whose perform-

s
ance ls perfect, the relative _//////
0

output of the compensated
amplifier

(K, Ve rizmes)* = Kirlemsr)?

can be determined as & functlon of frequency, as shown

by (2). Then their products, (1) x (2)=(3), will glve
the correct level (X) of the anemometer (3), the overall
resgponge of the hot wire and compensated amplifier, which
will be independent of frequency. The ratlo of the
anemometer's output voltage, measured by tue output

meter (constant:YI* ), to this level (K) will give the
root mean esquared value of the fluctuating voltage

drop (8£) across the hot wire, which 1s a function of

the turbulence intensity (]g;i) .

-18-



The unlversally accepted procedure for obtaining
the relationship batwaen &r and _@f , togethser with the
method outlined sbove for determining i, R.x , and the
anemomater level, compricge the "orthodox" usethod of
measuring turbulence lntensity witih the hot wire anemom-

eter, and will now be consldered.

The Orthodox Method of Measuring Turbulence Intenelty

A typical example illustrating thls method 1s given
in Appendix #1. A potentlometer or wheatstone bridge 1is
usged in the input circult of the anemometer for measuring
the hot wire's resistance and current. An outline of the
general procedure follows:

1. Calibration of amplifier
2. Cold resistance R, of hot wire measured by bridge
3. Potentiometer resistance determined and set for
desired hot wire heating current (1)
4. Determination of Forced Convectlon constant {e¢)
a- ¥easuring hot wire reslstances (R) for various

wind speeds (U ), keepling 1= constant.



b- From Xing's equation (Z+cVU)I(T-To) =1*R

and
P- 5

Plot
K+ VT = CBBx s VT

E"‘Eo

¢c- determine slope (c)
5. Determination of Time Constant (%) for each

traverse polnt.

From Dryden and Kuethe's equation

M — 4.2399‘,‘ B~
K 2% oC 2o

a- measurements of hot wire's dlameter (Jd)
mhere 5= (7 o%)z

hot wire's resistance (R)

b- measuremente of
for particular iraverse point keeping

1 = oconstant.
6. petting Compensation Resistance, R.x , in amplifier

at each traverse point
a- given from amplifier calibration data

7. Reading of Output Thermogalvanometer (I') at each

traverse point.
8. Determination of Turbulence Intensity lé?. for

each traverse point from above measurements.
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From the equation in 4

LRk _ w+cCVT
rg-Ro

Differentiating with respect to i, R, and U

2LROK, fr . LK o A = i

2 - Lo e-£)* e
et
e £ B G = 2.t PEX
//e"lg")?— (,e—-'?a)
Then
G A — o — < LU
vy 474
or
Hdu _ _
”—' C/"'"/F—— Lde) < LE
Let o and since £ =82
b=‘;;7‘2-? HE = LB+ e
Then
L. LE - LR LE L& _ LE
ZE APl Py 4(2 -
Ya* _ 2 / LE Turbulence po
T - =_ &< Level Zquation
=i FrCrbd T g

THERE L =izt  oswce L E=JLE* = comvsr<)T*t
Cevee

The value of (b) depends upon the lnput circult used.



Using a wheatstone bridge, as in Anemometer #1.

R -~ resistance of hot wire

-——
P A
1 -- current in hot wire n P p
E -~ voltage drop across hot wire =
T ex
R, - resistance of hot wire leade Hor
€] . N e
B+ =t tz 13 = /5
‘ . . . /e
Ay = F =/¢//f":t/;;""

F=3000 =300

/ZE),#/WE/ 3= B 15=/0(514)

Ex =Antz +e (17 ;*E)::,c' /.’r//f

= Cx—i (1378)
5 (ermtt)l

and differentlating with regpect to (1) and (R)

O=_LE[Exrlse | Cx e
<" L (Br1art5)% ] ierrartz)
TS .
L= Extils = 0.909 /s
Ex(B+1F+13) 300+ 8 Ex

This method was used at the Institude by Wattendorf
and Kuethe’zduring their research and the following year
by the writer under the guldance of Wattendorf. The

~



latter measurements were an attempt to extend VWattendorf's
investigations of the distribution of turbulence intensity
in two dimenaional flow across a smooth walled channel, to
the case in which the channel walle were lined with corru-
gated paper to simulate "roughness" effectas. These inves-
tigations led to the following conclusion: that it was
imposeible to establish the correct turbulence levels

and profile shepes by repeating measurements due to the
unavolidable inaccuracies incurred by using the orthodox

- mathod of measuring turbulence. The seriousness of the
sltuation was not limited to this particular research,
since Wattendorf and Xuethe had similar experiences with
this method of measurements during thelr hot wire inves-
tigatlions at the Institute. In order to utilize the
advantages of the hot wire anemometer for obtaining

future experimental verification of turbulence theory

the Institute requested that the writer undertake the
development of an improved method of measuring turbu-
lence intensity and the design of pertinent hot wire
equipment as the subject of hlis thesis research. The
firet step in this direction, which is discussed in the
next gection, was an analysls of the prior art in an

effort to suggeet possible lines of procedure.
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AVALYEIE OF POESIEILITIES OF IMPROVING THD "ETHOD
OF WEASBURIIG TURBULENCE INTINEITY

The orthodox methed for determining the amount of
compencsation required to counteract the hot wire lag
neceeslitatee an evaluation of the time constant ¥ of
the hot wire, ag shown by Dryden and Kuethe? Theee
authors pointed out from the equation

/7= 425PH" E—PJ A=rd", Fr= PR
oo A% + Bock
that "the determination of the correct value of ¥ under
glven conditions requiree a inowledge of the diameter (d),
density (P ), temperature coefficlent of resistance (o),
speclflic heat (8), resistance at room temperature (R,),
and mean temperature of the wire (T). Of these quantities,
the wire diameter is the most senelitive and ies the most

difficult to determine accurately."

The importance of accurately estimating the value for
the dlameter of the wire can be seen from the above equa-
tion for . The usual procedure is to base thle value
upon a series of measurements of the diameters at geveral
sections along the wire's length made by means of a sen-
sitive travelling microscope, or by an interferometer.

In the ideal case the hot wire's diameter (d) and ite
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heat distributlion are agsumed to be constant per unit
length of wire. Actually the distribution of the heat
along the wire le Influenced by the wire's length, varia-
tione in ite diameter, the condition of its surface, and
the effect of the supporting spindles. An example of the
rapid accumulation of 4dirt on the surface of s hot wire
1s shown in the microphotographs, and illustrates the
importance of making measurements as quickly ae possible.
gpindle effects depend upon the design of tne hot wire
holder in respect to the relative masses of the hot wire
and the spindles of the holder, the characteristics of
the fueed Jointe, dlstance between spindlee, etc. An
"effective dlameter" should be taken for (d) in the above
formula for ¥, which counteracte the gradient in the heat
distribution. Even though the correctlion factors for the
condition of the wire's surface and gpindle effecte are
assumed to be negligible, such an effective dliameter would
be Aifficult to estimate because of the non-uniformity in
the gage of the platinum wire. As an example, repeated
meacsurenments at this laboratory have shown varlations in
diameter up to 104 over a 3ma leagth of J.00C05" platinum

wirec.

Although one value is always taken for the tempera-

ture coefficlent of platinum in computing % by the orthodox
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method, this le not in sgreewent with the findings of
7

Prof. L.V.7lng. Referring to his investlgations, out-

lined earlier on p. /O , his resultse showed possible

varlstione of 100%Z.

An incorrect setiing of the compensation resistance,
basged upon an erroneous value of 4, aftecte the measure-
ment of the turbulence level due to an attenuation error
in the amplifier's response over the band of frequencies
of the velocity fluctuatione. The error in the amplitude
of the fluctuations approachee the error introduced into
the value of i at high frequencles because (v2~%>) /0

in the compenzating type of amplifier whoes gain charac-

terietic varles ae )/ » 0292 where o=27F .

It 1eg apparent thest thie attenuation srror mizht be
reduced by using a wire having a lower value time con-
stant . The above equation for % suggests two possible
methode to accomplieh thls, either by using wires of
smaller dlameter, or by operating the wire at a lower

heating temperaturs.

A convenlent type of fine gage platinum wire 1sg known
ag Yollaston, and conglsts of a very fine platinuz core
embedded in a coating of sllver which can be etched off

by nitric acid. This laboratory has used “ollaston wire
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of 0.001" dlameter and 3-5 mm long having a 1 mm gsection
etched at the center exposing a platinum core of approx-
imately 0.0001" diameter. The value of f 1s of the order
of one tenth of that for the 0.0005" platinum wire. The
marked improvement in the response to turbulence fluctu-
ations, obtained by reducing the diameter, can be seen by
comparing the lag characteristics of these two wires,
Flg. / . 1In high freguency turbulence measuremente 1t

1s gquite important to use small diameter wires in order

to retain the product of Va6 o7 5/7 within the order
74

of 0.14 and thereby Jjuetify using the flrst approximation
/

’/——--—;w a8 the magnitude of tne amplitude reduc-
/A7 F/7)

tion factor, shown by Dryden and Kuethef

It 1e evidsnt from these curves in Fig. / however,
that the response of even very fine wires 1ls not sufficient
to eliminate the need for slectrical compensation in the
amplifier. ~gFor instance, at frequencies as low as
1000 cycles per second thie curve showe a 507 amplitude
reductlion due to lag which neceseltates a corrssponding
increase 1n amplifler gain by the compencsating circuilt.
Thue the use of small dlameter hot wires does not suffi-
clently improve the attenuation error to eliminate the

neceeslty for accuratsely determining the required amount
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of compensation. Reducing the wire gage lncreases the

probable error 1n evaluating the effective dlameter.

It 1z advantageoue to operate the hot wire at a lower
heatling temperature to cbtain a smaller value of ¥, but
this results in a sacrifice in pensitivity eince
(F-17,)~ (R ~-R,) This can be counteracted within
limitse by using high gain amplification. The inherent
difflculties encountered in obtalning eaticsfactory per-
formance with high gain amplifiere liulit the possibili-

ties of thie procedure.

It can be concluded that the accuracy of the orthodox
method 1e not materially 1improved by such attempts to
effect a reduction in the attenuation error. The only
alternative ig to replace the orthodox method with one
whoee accuracy does not depend on an evaluatlion of the
hot wire's effective dlameter, temperature coefficlent o¢ ,
or on spindle effects, etc., but which givee reliable

resulte in a comparatively short space of time.

The criterion for corrsct compensation ils that the
response of the anemometer's compensated ampllflier must
counteract the lag of the hot wire at all turbulence

frequencies. It can be seen from the turbulence level



egquation on pege 2/ that

)/L_c—“ ds _ constant vr*
/,r“ (/: # Gé)/ 25/ %€ - Tovel

for constant values ot%gf\,c] , 1, R, and with correct
compensation, that dE, level, and thue I~ remsin con-
stant at all turbulence frequencies. Thle euggestis the
poseibility of using an experimental technlique for deter=-
mining the required compensation reslstance by directly
calibrating the response of the hot wire ag a function

of frequency. The procedure would bte to measure 12
corregponding to various values cf the compensation
resistance RZ at two or mors known frequencles for a
fixed, but notrnecessarily known, level of turbulence %;i‘,
at & fixed hesting current - i, and at a Xnown valus of
mean flow velecity U , and from this data determine the
required compensation resietancs R:m whieh satlsefles

the condition Iz== conatant. Since VET‘ at sz
corresponée 1o %ng , and 1f thie value of turbulence
intensity ls known, tlen Iz can also be calibrated as

a function of the turbulence level. This procedure re-
quires a sultable method for simulating the sffect of

turbulence on the hot wire, herssfter referred to as

"artificial turbulence®.



’3
In 1920 Zlegler suggested superpcsing a emall alter-

nating current, whose magnitude and frequency could be
varied and measured, on the direct heatlng current ¢f the
Lot wire, which wae placed in a steady alrflow of negli-
gible turbulence. The alternating current timulsted the
effect of the fluctuating voltage drop (dr) acrosc the
wire, in regard to response, for small changes in the

hot wire's resgistance. In 1932 Nock and Drydaﬂ4gubllshed
a very comprehenslve description of thelr experlences
using this sethod to verify their theory of the lag of
hot wires. Extreme difficultiee were encountered in the
construction of an AC-DC bridge, free from inductance
effecte, which was sultable for such messurements. They
determined the compensating resistance from a calculation
of ¥ by the orthodox method, and then demonstrated exper-
imentally by zZiegler's method that the responee of the
hot wire - compeneated anemoumeter combination wae inde-
pendent of frequency over & band of 265--70C cycles per
gecond. If such difficulties ag Mock and Lryden experl-
enced 1n the construction and cperatlon of tie equlpment
coul¢ bs overcome, Ziegler's method could be used for
cdetermining experimentally the required cozpencsetion

reglstance for the hot wire. However it ls not poscltle
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to determine the inteneity of turbulence corresvonding to
the suvperposged glternating current, uelng Tlsxler's method,

except by reverting to the orthodox method.

If a hot wire 18 mechanically vibrated sinusoidally
in, end parslle]l to, e stesdy airflow of negligible tur-
bulence, the root mean squared value of lts fluctuating
velocity will be proportlional to the product of the fre-
quency and the amplitude of the vibration. Ths wind
velocity relative to the hot wire will be compoeed of a
fluectuating component V™ superpoged on a steady non-
fluctuating mean flow component Z7, both of whlch may be
known and controllable, permitting a direct deternination
of the intensity of the artificlal turbulence ng? .

In 1929 Dryden and Kuetha”mschanically vibrated a hot wire
up to 60 cps for the same purpose ae that for using
Zliegler's system. In 1931 H.Toetsch and F-V-?atheslf
verified Dryden's investigations. In 1934 C.galter and
W.G.RaymerIZOnstructed three 4different mecheniocal vibra-
tors to cover a frequency band up to 270 cpe for checiing
the performance of a compensated anemometer used in
conjunction with an Zinthoven osgelllograph whlch had a

distortion and a lag factor of its own in addition to

that of the hot wire. To obtain vibrations from 10-20 c¢ps
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they used a motor driven lever system; for vibrations at
100 cpe this was replaced by a vacuum tube controlled
tuning fork; and for a band of 200-270 cps they adapted
a moving coll type loud spesker unit for the drive. In
the two latter installatione the hot wires were of
neceesity situated near the fairing plates of the driving
mechanisms instead of in the free stream of the wind

tunnel.

It is interesting to note that none of tnese inves-
tigators used or suggested the uge of the vibrator as a
meang for experimentally calibrating the hot wire to
obtain either the required compeneation resistance or
the functional relationsghip between the turbulence level
and the output meter readinge. Instead, their investiga-
tions were limited to a verification of Iryden and
Kuethe's theory of the lag of hot wires, and the
Justification for using an inductance-resglstance type

of compeneating network in the amplifier.

A dlgeet of this discussion shows that either of
these two systems of producing artiflclal turbulence can
be used for determining experimentally the amount of

compeneation required to counteract the lag of the hot



wire. Only in the second system, of slnusoldally vibrating
ti® hot wire in a steady non=-fluctuating alrflow, ls the
value of I* corresponding to the turbulence level directly
obtalnable. Therefore 1t offere the dlstinct advantage of
forming the basls of a new technigue for messuring turbu-
lence intensity, which would appear to be much more rapid
and relliable than the orthodox method. The succese of the
fvibrator method" will depend upon the degree of preclelon
of producing and of measuring artificial turbulence, and

upon the performance of the compensated aneaometer.

e will now considsr thile nmethod more in detaill.



DEVELOPMENT OF THE VIBRATOR METHOD OF MEASURING
TURBULENCE INTENSITY

Suppoee we wish to uge the hot wire anemometer to
measure the distribution of turbulence intensity, cor-
regponding to a known mean velocity dletribution, across
the flow in a wind channel. The proposed general pro-
cedure would be:

1) with the hot wire placed in the calibration tunnel,
determine by means of the vibrator equipment:
a) the compensation resistance Pex = &x (V)

b) the output meter reading 1’2:.12(%§?;LO

2) with the hot wire transferred to the wind channel,
at each traverse point
a) knowing the calibration function Zix (v) ,
adjust the compensation resistance to
Rex corresponding to U
b) read the output meter I2
¢) from the calibration function /~ %Ei v)
determine the turbulence intensity Léf
corresponding to I° and U .
The vibrator method presupooses that the mean value of

the hot wire's heating current (1) and the amplifier's
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performance remain constant during calibration and

measurement.s.

%e wlll now investlgate means for obtaining the
calibration functione &..(7)) and _zz-ég?:qd

A) The Compensation Function &, ()

Substituting the Time Conetant equation,

2
/) = ‘:zfjcﬁ /e—,é’a = ﬁ/ﬁé—’@) when i = constant
v L °e °

into Xing's equation,

KeCVT = Conb) g, = B4 = 801755
glves
d

K r VT =B (1)
or

/. KB FCVT = A AT

7 25
Thus

e x =/Y7‘P//Z7ﬂ swee 7= »(/&z

It should be noted that R., 1includes the DC resistance
of the inductance i, « 8Since R ., is a2 linear function

of yU" , a callbration at any two velocitlies, 7/ and 7, ,
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at one value of turbulence level lé? 1s sufficient to

define R, for any valus [/ encountered in the traverse.

The moet obvious calibration procedure for R.. at
a given ¢/ was described on p. 27 and is graphlcally
gshown in Flg. < . Thie involvee a repetition of work
which can be eliminated by finding the functional rela-
tionship between R .. and the ratio of the amplifier's
relative output, with compensation, at any two convenient
frequenciees 5 and 5. , viz.

"—’"\

Lex = Lex /7‘(/&’) ;A= /Z/?’,é)zj (7=4 S x

Vrew (£2)

For a given U and ié; , the condition for correct

compensation 18

; _Z-cz = %é }/(j?cx)zf(Zﬁ'Z)ca_)lx a_=/,.Z) -

where:
4
V7+x (E)
and is the reduction in amplitude

of the root mean square of the fluctuating voltage
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drop dE acrosg the hot wire due to the hot wire's
response with f» . If AE, at 5. 18 impressed across
the amplifier's input it may be measured with the out-
put meter for a known constant amplification level (w),
by setting L=0 and R«x = const. {88y K<« ). Then
calling output - VGEi?

7 ___ W= VI W = e
Vit w [ 22)
Now ‘ N
)//vxe:x)zf/Z”’.éfn)z = Eox )//:L/(_/ /’;f.;)z

is the response with frequency £, of the compeneating
type amplifler (Lx0) for a unit voltage lmpressed
acrogs its input.

This reduces to

Fex |/ Fa 2
Icz = .Z:a. (fof VEo '—c’;) 6?,:/)2/-"

and for two values of a

View (E)" VI
Vyrw /E’?;)“ 1oy




we find

Bor — o VK ()" e | VZoe
f1ex () I

Fig. 2 &shows the function R, ( )° computed for two

Il

frequencies of vibration and the known value of inductance L.

In thege computatione R.x must include the DC resistance ( r. )
of L, but for convenience it is plotted against the com-
pensating resistance only, which willl be referred to as

Rex . In addition, the function

e« £ \*
Fcx (&K }’/*A’(E;-)) is shown in Fig. 2 in

order to obtain V7. , ae explained later.

Summarizing this procedurs for determining Rex =Pex ( U) t
1) Xeep 1= constant; sghort circuit compensating induc-
tance (L =0); adjuet compeneating resistance to a
convenlient value Rcx
2) At mean flow velocity U ,
a) vibrate hot wire at frequency ( 5 ), total
amplitude ( 4/ ), and read output meter ( I:,)
b) repeat at (¥i) and ( 42), where 4 = 45

2

kA
and read (I o2)



3) At mean flow veloeilty 7/, ,

a,b) =zame procedurse as in 2) keeplng ) T,
v, T

for later convenlience.

4) From amplifier's calibration curve By = Box -]:i)

find R rx corresponding to (/i and U;
5) Determine constants (T) and (P) in
ex = (W-r)+PIU = 7+ PVT
from the values of R., 1in 4).

B) The Turbulence Level Function Ve Ji;: ’ZC)

Since the root mean square of the fluctuating

velocity of a sinusoidal vibration 1is:

— /
et = V—E—_: (’/2'757791 ﬂﬂﬂtlfdﬂf*?”’fkf@dfﬂ(y)

the intensity or level of artificlal turbulence 1e;

s _3
i zo2x/0 <A< S v L
U 94

where
U/ --mean flow velocity (meters/second)
4d  --total amplitude of hot wire vibration (mm)

F  -<frequency of hot wire vibration (cps)
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First let us conslder a particular case:

73%-rF /32—";') at /= constant, R.x = constant
T

From the turbulence level equation, p. 2/ , it 1s seen

that /Z.° will be a linear function of _,_—LU’? for the

turbulence range in which the variation in the mean value
of the hot wire's resistance R 18 negligible.
Since )70 at ___,/VJ?‘= 0, we have

2et _ Q@ YT where (/=2,224F% _.  constant.
v v yzz

Vibrator calibrations have verifled this (Flgs. 5, /# )
for a range of turbulence intensities, exceeding 14%,

sufficient to cover practically all typee of investigatlone.

The value 1[2‘? may be obtained in two ways:
1) Adjust the compensating resistance to R*c,( corre-
gsponding to a given U7 and switch the inductance
back into the compensating circuit. Read 1%
corresponding to convenient values of £, and 4, .

2) Ye have shown, p. 37 , that

s —
VZe =//Z§‘ zvc;’WHf =) a =42 -
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and in Pig. 2 gzraphed the function

A?c‘xfzécx(?( ﬁ/f/(/'g,:;) £ x /E)

[0/

The value of vzt = Y7 ) L e

where [/ / value 1s found on the second calibration
curve corresponding to sz , and /.7, 1s the previous

output meter reading at J, 4,;, Fex, L=0O
Now let ue conslder the general case:

7 =7 __Z_]_@E) O) at 7= constant

Since ws have establisghed Bcx ==,?cx/U) from a
Icalibration at two values of (/ , we can determine the
corresponding valuee of the turbulence level function
directly from the amplifier calibration curves, Fig. 2 .
For other values of 0/ 1t will only be necessary to
vibrate the hot wire at one frequency, say J, , to
determine //Z_:’T s Q& » and the requlred function. It 1s

y 2, 2
convenlent to keep the turbulence level ——%‘ = c¢onstant,

by adjusting the amplitude A 1in accordance with values U .
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Either of the above methods can be used for determining VZc .

The above procedure can be further gimplified if the
external reslstance in the hot wire heating circuit 1is
sufficiently large to prevent appreciable variations in
the heating current.

Thues (LfF = Ll AP = b  awer oL = O

The turbulence level equation, p. 2/ , becomes;

. 2 [ -3
Eééé’ /o [Fﬁ)]aﬁ

where (£ = J yZE = conatant » /Z_'?
il AT x

From the tlme constant equation, p. 35

L A, L Cowsrix £ix
- Lo 7
Thus
.Qg.é‘— = Coas7: ﬁﬁ,[/jz — _Q l/]z\
4 V272 1%
and since —
Vrig 2¢ 2c?
,gcx = /)/fp (74 YO %"' = ——U—T“
Thus

- J’v/_/lﬁ / /9/:7?
yo!

42a



where

J= U, L [F*'P)

and subscript - ¢ « refers to a corresponding set

of values determined by vibrator calibration.

Thle procedure only requires a calibration at two
mean velocities O’ , which may be summarized as follows;
1) Through 5), same as given on p. 38
6) Find constant N = T+/7
2 »
7) Find /Z: correeponding to Rcx at C/; from

amplifier's calibration curve Eox =5z /Z
_[0/
and output reading (Z o/ ).

8) petermine calibration constant <’ for the known
turbulence level (1‘275 = 2224 5~ ~U—/:
c I

and VZ: a7 U from the relation;

(/&‘-Z) /Vf@

U S s P = Q)5

9) Then

whare & I

—
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RESULTS OF INVESTIGATIONS WITH VIBRATOR EQUIPMENT

One of the first investigations with this equipment
wag a comparison of the vibrator and orthodox methods of
measuring turbulence intensity, outlined in Appendix #1.
Their results, exprossed as the factor Q/U on pp. 78,8/
are seen to be in excellent agreement. Further verifica-
tion of the vibrator method by measurements made with the
Wattendori anemometer in 1935 is shown in the latter part
of the appendix and in Fig. /0 . It 18 interesting to
note the numerous computations involved in the older
method which have been eliminated by the vibrator proce-
dure. It should be mentioned that the total time required
to callbrate the wire was less than one third the time
taken to make measurements of the wire'e dlameter. As
the latter proved to be unrellable due to excessive
variations with the length of the wire, 1t was neceasary
to resort to the vibrator calibration for determining the
value of the time constant M and the required compensation
reslstance. Fig. 7 shows that these vibrator values
are correct. Although the same results could have been
obtained in a much shorter time by following the calibra-

tion method given on p.38 , l.e., reading only two values



of I and ueing the amplifier's characterlstics

1%. /1% v8 R.x and {I> /VI5, ve Rcx , this longer
procedure wag choeen for 1lllustrative purposes. A
study of the curves in Fig. ¥ shows that the accuracy
of the value R.x 18 better than * 3%. The ocurves in
FPlg. 5 show that \/—I—? is a linear function of %::
as stated on p.+40, for a range of turbulence intensi-
ties beyond 164. 1Its measured value shown on Flg. #
is within 3% of the mean value. Thus the output meter
reading I. oorresponding to the required compensation
resistance R, and turbulence level @z—f? is sufficient
to define the turbulence level function Il(%ﬁ ,U) at

the mean flow velocity U .

A typical investigation of the compensatlion func-
tion Rex (U) and turbulence level function I’( V-a‘??,v) is
given in Appendix #2. Since the external reslstance 1n
the hot wire heating circult waeg large, we wlill assume
that variations in the heating current were negligible -
1.6., LE=.df v Li=0 and consider this to be
an example of the case developed on p. 43 . From the
data sheets it 18 seen that the compensation reslstance

is correct for each mean flow velocity. This verifies

b= a



the theoretical deduction that R.x 18 a linear function
of /T’ and is directly proportional to(P—RJJ, as shown
in Fig. // . S8ince the DC resistance of the 1lnductance
is8 100n 1in this case, it would be impossible to com-
pengate below (.43)2= «185 m/s. Fig. /2 shows the
variation of (e-%) with heating current i. Since Rcy= O
at ﬂlﬂjf= O 1t 1@ important to avoid excessive heating
currents in order to mesasure turbulence levels in regions
of low velocity. The theoretical minimum veloecity for
which King's equation 18 valid wae shown by King7to be

a function of the wire's diameter - 1i.e., Zfa/z,gg7uA0’2
For 4 mil wire thie would be 0.735 m/eec, and 3.6 m/sec
for 1/10 mil wollaston wire. The vibrator egquipment
offere possibilities for investigating the validity of
King's expreasion for the limiting velocity.

The turbulence function for this particular case

has been expressed on p. #2 as

> SN . 2
A (;27, %—{i) vz

[

and 1e in excellent agreement with the measured values,

ag egeen in the appendix. If the heatling current is so

ad justed that N=0, thls expresslion would give Vfil= const
for zg;? at any [/ . This has been verified during
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vibrator callibrations and ig advantageous because 1t

facilitatee the making of turbulence measuremente.

In a previous section attention was called to some
experiments made by Dryden and several others to determine
the valldity of theory of hol wire lag. Dryden’é'results
showed good agreement with theory for a frequency band up
to 60 cpss The writer conducted similar experiments with
the vibrator, covering a frequency band up to 180 ops.

The results, shown in Appendix #3, are an excellent verl-
fication of the theory even for large values of the time

constant .

The above investigations have substantlated the use
of King's equation and the Dryden and Kuethe expression
for the time constant ¥ in turbulence measurements. They
form the foundations for both the orthodox and vibrator
methods of measuring turbulence intensity. However these
investigations have ghown that the latter method ie to be
preferred because of ita increased accuracy and greater

rapidity.

The spindles supporting the hot wire should be made
of copper rather than of stiffer materlals such as steel

or phospher bronze to eliminate transversge vibrations.
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Yesguremente have ghown that these vibrations willl 1lntro-
duce errore 1n the output readingse I°. A simple method
for determinlng thls error 1s to compare the theoretlcal
and messursd relatlive outpute with the compensating induc-
tance in and out of the amplifiser circult. 1iHigh frequency
harmonics resulting from such vibratlione are viglble on
the cathode ray oscilloecope output wave shspe. The fre-
quency varies with ths wind veloeclty. Our experiments
with stiff spindles hﬁve shown that the effects are not
amplified by operating the vibrator, and when properly
designed epindles are used the arrore due to transverse

vibratione ars not measurable.

Correlétion measgurements of the gcale of turbulence
have been sccelerated by using the vibrator for determining
the rslative voltage output matching factor of the two hot
wires. Thie factor becomes more gignificant with shorter
wires becauge of the increased difficulties 1n constructing

two hot wiree whose cooling responsges are similar.

Freliminary investigations geem to indicate that the
time constant 1, and thus the required compensation, may
not be independent of the length of the hot wilre when the

length 18 legs than 2 mm. It 1g suggested that thesge



investigations be continued as they are vitally important
in their effect upon correlation measurements. QOne pro-

cedure would be to determine the compensating values Rcx
corresgponding to several etched lengths of the eame

Tollaston wire.
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DEECRIPTICN OF NEW AND IMPROVFED HOT "IRE EQUIPMYENT
synopsis of Vibrator Equipment

Artificisl turbulence ig produced by a mechanical
vibrator used in conjunction with a calibration wind tun-
nel. The vibrator 1g& built on the principle of a vibrating
string. A wire suspension system, which represents the
string, supports and vibratee the hot wire along the axis
of the calibration tunnel. JIts ends are attached to plano-
type fittings which are secured to the upper inside cor-
ners of a rigld rectangular structure which frames the
entrance gection of the calibration tunnel. Itas lower
extremity 1s coupled to a screw-actuated lever gystem to
provide meane for varying the initlal tenelion in the wire
suspension syetem, and thus its natural frequency of vi-
bration. Inboard each fitting the wire 18 snugly clamped
to the frame by a "stop" to fix the nodes of vibratlon
within the straight sections of the wire branches, away
from the fittinge. The wire suspeneion ie vibrated by
an electromagnetic drive attached to the lower branch
near the frame. The electromagnet 1ig actuated by power-
amplified impulses originating from a gelf-excited plck-
up coil, which ie located at one of the upper branches
between the tunnel wall and upper stop. The magnitude

of these impulsges 18 controllable in the output cilrcuit
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of an amplifier to effect adjustment of the maximum ampli-
tude of vibration of the hot wire. Differences in phase
of the impulses at the pick-up coll and at the elsctro-
magnet armature may be manually compensated by a “phace
ghifter" in the amplifier circuit. The electrical cir-
cuit ie ehown in Fig. Z2C . The present calibration tun-
nel 1e of circular section, an open cilrcuit suction type

with a sharp edge entrance.

The fluctuating velocity of the hot wire is determined
from measurements of the maximum amplitude and the fre-
quency of the vibration. An optical system 1s used for
amplitude measurements and conegists of three parts; a
pointer projecting downstream from the hot wire holder
fitting, illuminated by a light source, and observed
through a telescopic micrometer to facllitate alignment
with the pointer. It ie mounted on a platform attachsd
to one of the vertical members of the wire suspension
frame with the end of its draw tube positioned several
inches outside the tunnel wall window. Frequency measure-
ments are obtalned with the ald of a cathode ray oscillo-
scope, a beat-frequency oscillator or a standard frequency
gource, and a frequency pick-up coll mounted on the other

upper branch of the suspension wilre.

some of the above mentionsd equlipment will now be

described in greater detail.
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Description of Vibrator Equipment

wire Suepension Systems

The rectangular frame supporting the suspenslion wires
is fabricated from 3" x 5" x }" steel I beame adequately
bolted together. In addition there are two large angles,
welded across the ends of the lower horizontal I beam and
braced by two channels to the top of the frame, to prevent
the structure from rocking. This constructlion provides a
self contained unit of sufficient welght and rigldity to
absorb most of the elastic energy and to maintain constant
alignment of the end fittings of the wlire suspension while
the wire ie vibrating.

Investigations of Various “1re Suspentions

Several typee of wire suspensglone have been used
during the development of the apparatus. The first type
was a single wire with a tube, representing the hot wilre
holder, soldered at the midpoint of the wire, perpendic-
ular to it and to the plane of vibratlion. No sultable
method was found to mount the tube soc that 1t oscillated
along one axis, except by exerclaing extreme care in the
matter of balance. The second eystem was essentislly the
game a&é that shown 1n Fig. 26 replacing the single wire
suspeneion by a Y suspension. The upper brancheg of

the Y were of one wire joined at the mid-point to a



vertical wire, differing in this respect from that in Fig.
%ith the Y suspension it was discovered that the tube,
if located near the intersection polnt, osclllated along
an axis normal to the plane of the wires, even if a notice-
able eccentricity of weight distribution was present. The
natural frequency of the oscillation was changed by vary-
ing the tension in the vertical wire, which produced
corresponding variatione in the other branches, depending
upon the geometry of the system. Changing the angle be-
tween the upper branches with proper ratice of wire lengths
did not show any appreciable difference in performance.
Several wire diameters were used, ranging from .0lé" to
.073". with the present installation using a 15" diameter
wind tunnel which necesslitated rather long wires, a com-
promise was reached using a dlameter of .051". with this
combination the natural frequency could be varied from 30
to 250cpe. This wlll be dlscussed later. {ne trouble
encountered in thils construction, which was overcome by
the design of rFig. 26 , was the breakage of the upper
wire at the point where the vertical wire was attached

due to high stress concentration when operating at high
frequencies and large amplitudes. Also the twisting of
one wire around another, or at the fittings caused otreak-

age troubles due to sharp bends and stretchlng of the wire.

-52-



Ae 1t was found necessary to solder loops to prevent slip-

page, this probably was responsible for the breakaze troubles.

Two other vibrating systems were investigated having
the same parallel wire suspension. Thise comprised a single
wire, with the ends fixed to the upper fittinge spaced 3"
apart, and looped around a £" bolt in the lower adjust-
able fitting to equalize tensions. A small strip was
soldered across the wires half way between the upper and
lower fittings to support the hot wire tube. 1In the first
case the tube was mounted perpendicular to tihe strip with
the plane of vibration normal to the plane of the wires.
The performance wab poor unless extreme care wae taken
to balance the tube to prevent energy transfer between
the suspension wires. In the second case the tube was
mounted perpendicular to and in the plane of the wires
with the plane of vibration coincident with the plane of
the wires. Here the performance was greatly improved,
with the balance problem much legs critical. However it

d1d not compare well with the Y type of euspension.

gingle Wire Y Suspensglon
At thls stage it was decided to concentrate on the
development of an improved Y suspenslion system, which

was used extensively until 1938. The problem of wire



breaka:e at the jJjunctlion of the three branchee, encounterecd
in the previous Y 1lngtallatlon, was eliminated by using
one continuous wire. Fig. 26 shows the end:s of the wire
connected to the upper fittings, and the center of the
wire looped around a 7/16" pin in the lower teneion ad-
justment fitting. Thus the vertical branch of the Y e
double, the wires being held in contact by binding them
with a few turne of small copper wire, soldered to prevent
slippage, Just below the hot wire fitting and at 6" above
the lower fitting pin. The frequency of vibration 1is
changed by a hand screw which rotatecs a lever ralsing or
lowering the lower fitting pin. The two upper fittinge,
shown in ¥ig. 27 , are similar to the plano type. Each
i8 seen to conelst of a rectangular block drilled to take
the fitting bolt which carriee the wire. The wire end 1s
first passed thru the small lateral hole and crimped over
the bolt, which 18 rotated by a removable rod, wrapping
about two turne of wire around it. The shoulder on the
bolt is drawn up against the block by the locklng nut.
Thig type of fitting has many advantagee over the type
previously used, in which the wire wase looped around a
bolt and the end twleted or ferruled and soldered. The
gnubbing action of the present fitting has eliminated

all breakage troubles in the previous deeglgn, 1ls much



easler to rig, and is adjustable. The three fittinge arc
g0 located that the plane of the suspenslon wires 1f off-
get 13" from the center line of frame. Each of thé three
fittings 18 squipped with a "stop" to asslet in alignment
and to egtablish the end node of vibration in the straight
gection of the wire away from the fitting. The stop con=-
siets of a emall brass bar which clamps the wire agalnst
the fitting block, with the edges of each slightly rounded

to prevent wire chafing.

The hot wire holder fitting 1s located at the inter-
gectlion of the three branches of the Y , shown in Flg. 26
It conslsets of two parts, a small steel triangular plate
having two .052" holes drilled at 90  thru which the
suspension wire passeés, and a oclamping bar to secure the
hot wire holder to the plate. The triangular plate with-
stands the resultant forces in the wire suspension which
tend to separate the ¥ 1into a V . The vertical com-
ponent of the force which tends to push the fitting down-
ward ie resisted by the small coll of wire soldered to
the vertical branch under the trilangular plate. Thise type
of fitting has proven very satisfactory. It 1g light in
weigﬁt, small, easlly constructed, and readlly adaptable
to various hot wire holders and pitot tubes. If desired

it can be weighted to obtaln vibrationse at low frequencies.
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Single Wire X  Suspenseion

Thie system, used at the present time, 1g comparable
in performance with the Y suspension. It consglsts of a
gingle wire arranged in a cross as shown in Flg. /9 .
The free ende of the wire are gecured to the same upper
plano-type fittings (a) as before. At the lower lags of
the cross the wire passes over rollers (b) which are se-
cursed to tne frame. The natural frequency of vibration
of the wire suspension 18 varled by rotating screw (o)
which actuates a lever system (d) connecting a parallel
linkage (e) which rests on the lower horizontal branch
of the suepension. At the intersectlon of the croee sach
dilagonal branch of the wire pasees thru the hot wire hold-
er fitting (f). With this arrangement there is no tenden-
cy for the wire suspension to move the fitting, as was
experienced in the Y suepension. The holee in the
fitting are drilled at an angle slightly different from
that in the crosé to insure a gnug sliding fit of the
suspension wire thru the fitting. The hot wire holder
may be horlzontally 1inserted in tie lower part of the

fitting and clamped with s setl sacrew.



Electromagnetic Drive gSystem

The electromagnet ig mounted on a base plate in such
a way that it can be properly allgned and then clamped in
position. Its constructional features are shown in the
photographs. The armature is a two plece laminated core-
steel strip, rigidly secured to the bottom of the ocore
frame, and drilled along 1te axis. An 7] shaped plano
wire has one leg slipped thru thie hole and the end of
the other leg secured to one branch of the suspension
wires, and 1" above the lower etop. This method of trans-
mitting the vibration of the armature to the suspension
wireg permite the driving mechanlism to be located outside
the wind tunnel. The elliptical armature coil is sllipped

over the armature and clamped between the two field coils.

The self excliting plek-up coll 1s made from the

gsecondary winding of a transformer (10,000 < DC). It

has a horsgeshoe type permanent magnet core, with one pole
extended thru the coil so that its end le flush with the
edge of the windingse. The coll is mounted on the frame

by means of an adjustable clamp, shown in tioe photograph.
It 18 located at one of ths upper branches of the suspen-
slon system, to avold fleld effects from the electromagnet.

The location is not critical provided the suspension wire
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ajproximately 1intersects the projection of the coll's axis
at 90° . The gap between the end of the coll and esuspen-

gion wire is about 3".

The amplifier, phase shifter and attenuator amplitude
control are mounted in a small cablinet, as shown in the
photograph. The self-exciting pilck-up coll is connected
thru the phase shifter to the input of the amplifier,
(Fig. 20 ). 1If the wire vibrates sinusoldally, the in-
duced alternating current is sinusoidal and is a function
of the frequency. This induced current paeesecs thru the
phaee shifter so that the desired phase relationship
from the pilck-up coil, amplifier, and armature of the
electromagnet can be obtained. To secure maximum ampli-
tude at the hot wire the suspension system muet vibrate
at its natural frequency and any phaege shift in the
electrical circult is counteracted by adjuseting the
phase shifter. The phase shifter conglsts of a condenser
type impedance bridge with a 100,000 ©* rheostat, con-
nected in the leg adjacent to the 0.07mfd condenger, for
controlling the phase. A phase reversing switch, between
the bridge input and the pick-up coil, extends the range

of control of the rheostat by reversing the phase 130 .

The amplifier is AC operated from a power pack, which



useg a full-wave type (80) rectifier tube with condensger
input filtering. The amplifier gain 1s sufficiently sta-
ble without the uge of a line voltage stablilizing clircult,
for all amplitude eettings at the hot wire. The first
two stages are condenser-resisgtance coupled with & 3 megohm
gain control potentiometer in the grid of the second tube.
Voltage amplification of the current induced in the plcke
up coil 1s obtained by using a palr of 2A-5 tubes con-
nected in push-pull to obtain sufficient power to drive
the armature in the electromagnet. The oﬁtput of the
push-pull amplifier may be attenuated by varying the
resistance across the plates whicin are connected to the
ende of the electromagnet armature coll, center tapped

to B + from the power pack. The attenuator conslsts of
ten 750 n resistors ln geries with a 1000 - vernler
rheostat. The output current from the amplifier changes
direcﬁlon thru the armature coll each half cycle reversing
the magnetlc polarity of the armature strip. Since the
armature strip extends thru the magnetic gap of the fixed
field in the electromagnet, it 1s alternately attracted
to north and south poles of the laminated 1iron core,

thereby vibrating the suspension system.

The wave shape of the vibrating system is obtained



by impressing the voltage, 1induced in a second pick-up
coil, acroes the vertical deflecting plates of a cathode
ray oscilloscope having a sweep circuilt. This coll 1s of
the same type as the self-exciting coll and 1s located at
the other upper branch of the suspension system. The
wave under normal operating conditions ig undietorted
and free from harmonics, being comparable to the gine
wave of the beat frequency oscillator. At very low fre-
quencies if the wire suspension is too slack, a wave
distortion can usually be corrected by attaching small
lead weights behind the hot wire fitting plate.

An extenslve serlec of tects were made to investi-
gate the poesibilitles of developing an electromagnetic
systen for measuring the fluctuating veloeity of the
vibrating hot wire. g£Since the voltage induced in a coil
is proportional to the time rate of change of the flux

@ ~ LP9/de¢ 1t was thought possible to develop a pick-
up coll whose induced voltage would be a function of the
frequency x amplitude of the susgpenglion wire vibration.
or of its effective fluctuating velocity. The advantage
of such a system would be the elimination of the nececsgity
for measuring the frequency and the amplitude of vibration

separately, thereby saving time in the calitration of the

£
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hot wire. Altho a great number of various types of pleck-
ups were constructed, not one of them gave a linear rela-
tionship between frequency x amplitude and induced voltage
in the coll. Perhape it 18 posseible to construct a com-
pensated amplifier to obtain this relationship, but 1t

was not considered worthwhile, and the project wae aban-
doned. It was declded to determine the fluctuating
veloclty of the hot wire from measurements of the fre-
quency and the maximum amplitude of the vibratlion. The

methoda uesed at preegent will now be descritbed.

Equipment for Veasuring Frequency and Amplitude of Vibration

Frequency measurements are obtained by connectling a
beat frequency osclllator to horilzontal deflecting plates
of the osclilloscope and adjustling the frequency of the
ogcillator or of the suspension system untll the two are
identical, as shown by the Liesajou lmage on the fluores-
cent sgcreen. The usual practice 1lg to set the oscillator
at the deslred frequency and then adjust the frequency of
the suspenegion gystem, gince the latter can be set much
closer. No trouble has been experlenced with the suepen-
gion maintaining its frequency over a period of several

days. The pilck-up coll glves the eame wave sghape and



frequancy responee whether plecad at the hot wire fitting
or outeide the tunnel. Thus with the present deslgn the
only obstructions to the wind stream are tne suspenseion
wires and hot wire holder and fitting, which have been

shown by tuste to be negliglbls.

Amplitude mneasurements are made by meane of an optical
gysten conslsting of: a pointer which 18 secured to the
suspension wires at the hot wire fitting plate; a light
source for 1llluminating the pointer; and a telescopic-
micrometer for observing and measuring the amplitude of
the vibration of the pointer. The pointer conslsets of
two small needles eoldered together with the tip of one
projecting vertically upward 1/3" thru the eye of the
other, and is secured Lo the top of the hot wire fitting
plats with the tip extending }" downstream. The pointer
is illuminated by a focusing light, AC operated, and at~-
tached to the tunnel frame. When the pointer is vibrating,
the focusing light 1s adjJusted so that the image appears
ag a serles of illuminated horizontal lines, one above the
other, with sharply defined ends. These lines are formed
by the light reflecting on minute irregularitles on the
pointer, so that the error introduced in measurements 1s

neglizible. A small reglon on the inside wall of the
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tunnel opposite the telescone 1e painted black to improve

the contrast between the image and 1te background.

The telescople-micrometer is bullt with a draw tube
80 that the focal length can be adjusted, the presgent sget-
ting being 13". The objective lense gives an inverted
image which 18 viewed thru an eye-plece having a 5 x
magnification. At the image plane there are two platinum
wires which gerve as vertical eross halrs. The halra are
suspended to brass frames which can slide as a unit across
the telescope axes by turning the left micrometer (L).
The risht micrometer (R) moves one frame only and is ad-
Justed to resd zero when the cross halrs are coincident.
%¥ith thle arrangement it 1s neceesary to read only the
right micrometer which 18 graduated in hundredths of a
millimeter with a readable range up to 15mm. For amplitudes
between 15 - 25mm, the oross halrs are set to read half the
total amplitude of vibratlion by filxing one cross hair on
the center line of the pointer when the wire iec stationary.
The vertical croes halre are sufficlently illuminated by
the natural lizht in the room to appear white, or can be
made to sppear as black lines by blocking off thie light.
A small irregularity 1in the vibratlon of tre hot wire will
diestort the image. Several adjusting serews are 1incor-

porated in the deslgn of the telescople-mlcrometer mounting
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for allgnment purpoges. The heilght and the horizontal
rotation of the telescope can be adjusted and clamped
into position. The setting of the left micrometer can
also be locked. A vernier focusing adjustment is pro-
vided to permit the base plate on which the telescope
is mounted to glide fore and aft on a seccnd base plate.
The latter rests on a steel platform and can be moved
around by releasing two bar clamps. The platform is
also adjustable in height with respect to the suspen-
slon frame and rigidly braced, to eliminate all relative
vibrational motlion between the frame and telescoplc~

micrometer.

Calibration Jind Tunnel

The present callibration wind tunnel is a horizontal
open-dircuit suction type with a straight tube working
geotlon of 15" diameter. The flow ia etralghtened by a
rour blade counter propeller mounted in the divergent exit
section. A 7} HP, 200 gycle variable frequency motor is
directly coupled to a two blade propeller. geveral en-
trance sectlons were used to compare thelr merits regarding
free stream turbulence, freedom from guste, and axial flow.

The lowest level occurred at the entrance sectlon where



the stability wae pcorcst, while travirees Jownstrcanm
ghowed & mar'ted improverent in stablility st <he saerifice
cf the frse streax turbulence. 7sing s charn sdge entrance,
formed by the straight tube of the workinz scction, a 15"
diameter 15 zauze ctesl shell, the turbulencs level and
ingtability of flow were found to be negliglble over an
axlal traverse 12" downstream enclcsed in an area of 6"
dlameter. The prasent suspension 1e located about 4"

behing the entrence where the flow characterlistice are

very good end the turbulence level 1s lese than CO.1%.



Iot ¥ire Anemomster Equlpment

ot ¥Wire Anemoxzeter #1

This equipment was constructed in the early part of
1936 to serve as an additional unit to the one used by
F.L.7Wattondorf and A.Y.Xuethe dus to the growing interest
in the type of research pioneered at this laboratory by
these authors. A8 1% was deslgned prior to the develop~
ment of the vibrator, it incorporates circuits for mea-
suring the resigtance and the current of the hot wire,
necesegary for determining turbulence intensity by the
orthodox technique. It can be seen from the wiring
diagrazn, ¥iz. 2/ , that 1t diffsrs in many respects

from the older equipment.

Any untalanced DC voltage drop acrose tne hot wire 1is
isolated from the amplifier by having the grid of the first
valve condenger-coupled to the hot wire, insgtead of
transformer-coupled acrose the bridge as in the older
circuit, lmproving the amplifier's response especlally at
low frequencles. The hot wire forms one leg of a *heatl-
stone bridge, which has a 1:10 resistence ratio. This
part of the circult 1s aleo used in conjunction with a
wall-type galvanometer, for obtalnlag measuremsnts of mnean

flow veloeity. The procedure is to calibrate the deflection

~66-



cf ths ralvanoreter, cauced by the untslance of tuoe brildge,
as a function of the wind speed. The total current through
the bridge le inéicated by a milliameter on the panel. The
current through the het wire 1g 10/11 of the total but zay
be measured more accurately by a standard msike of potentl-

ometer which can be plugged into the circuit.

The fluctuatlions are firet attenuated and then ampli-
fled by four recsistance-capacity coupled triode stages,
with a variasble resistance-sgtenned inductance ccmpen-
eating circuilt between the second and third valves. The
laest stege, eomprieing the power ampllifier, feeds into an
output traneformer whose eecondary 1ls connected to a
thermcgalvanomster. "Transformer compensation®, conelsting
of & resistance-condenger voltage divider which attenuates
high frequency impulsss, 18 included in the grid cilrcult
of the third valve to help counteract the inherent low
frequency attenuation of the output transformer. The
amplifier valves are supplled with AC across the fllaments
and rectified AC across the plateg, with the power stage

unregulated, from 2 single Hower pac't.

Pig. /5 ghowe the performance of the amplifler with
the compensating inductance eghort clrcuited. The marked

improvement in the performance, obtalned at both high and
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low frequenclies by using the condenser-resistance tyoe of
transformer compensation, 1g shown by comparing the two
curves. The relatlive output 1s constant within + 2.5%
between 35 and 6000 cycles per second, forming a very
satisfactory basls for hot wire compeneation. The fre-
quency characteristic performance of the hot wire-compen-
sated amplifier is given in Fig. /6 . The relative

output is within 4% up to 4800cps, whereas the anemometer
used by mattendorf and Xuethe wase not reliable above 800Ocps

where the error in relative output reached 10%.

The amplifier is very stable in operation and has
ample voltage gain for turbulence intensity research. The
complete anemometer conglets of four self-contalned units
which slide into a single metal cabinet and are inter-
connected at the resar by plug-ended cables. The power
pack 18 a separate unlt removed from the anemcmeter to

eliminate stray fleld interference.

Hot Wire Anemometer #2

Becauge of the increasing demand for turbulence
investizations it was deemed advlieable to construct
another hot wire anemometer in 1937. At thls tlme we had

had sufficilent experisnce with the vibrator method to
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satiefy us that 1t was far superior to the orthodox method
of measuring turbulence Iintensity. Thie permitted the
deletlon of such equlipment incorporated in the input
circuit of anemometer #1 as the Wheatstone bridge for
resistance measurements and apparatus for heating current
measurerentse. Also Dryden and Taylor had recently suc-
ceeded in obtalning correlation measuremente by the
gimultaneous use of two hot wires, which nscesseitated a
new type of input circult and was desirable to lncorporate

in the new snemometer.

Dryden'étscheme, Filg. 22 , wae adopted because of
its simplicity and the fact that 1t does not necessltate
measuremente of the hot wire's heating current or resist-
ance. Thue 1t may be used for correlation or for turbu-
lence intenslty measgurcments by a simple swltching
arrangement, ( Sw, and Sw, ). A potentiometer 1s used to
adjust the heating currents to a constant, but not
neceesarily known, value. It 1s connected to the double
bank switch (Sp ). Poeitione (2) and (4) are for current
control, while (3) and (5) may be used for determining
mean velocity measurements etc. The positlons of the
reversing switch between the two hot wires and the
amplifier's input are labelled in accordance with

Dryden's notation, " Ma == output meter reading obtained
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where voltages are added, and M, -- the reading when

opposed®.

The input is condenser-coupled to the grid of the
first tube 1in the amplifier. PRattery grid bilasing has
been preferred to cathode-resistor blasing for all tubes.
The first three stages of amplification utilize pentodes
instesad of triodee ag in anemometer #1 due to thelr im-
proved characteristics. The 57's, as ghown in Fig. 22 ,
were later changed to 6C6G's as they have a higher mutusl
conductance. Although metal tubes proved to be highly
guccessful in anemometer #1, they were not agaln used
because approximately 5 of every 6 tried were either
microphonie or had a high hum ;evel.

Not being satisfied with the conventional milllameter-
type of output meter because of its lack of damping,
ingensitivity, relatively large power output required to
operate it and the fragility of ite thermocouple to over-
loads, we found that Carl Thiele's proposal of replacing
it with an ultra seneitive wall-type galvanometer
eliminatec all of these probleme. This simplified the
output eircult in two waye: it permitted the use of a
emall nower-output tubte; and it eliminated the more

complicated push-pull or phase inverter circults, as
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used by other laboratoriss, or transformer coupling used
in anemometer #l. With a 56 . F4 coupling condenser in
series with 5000 . reglstor the relative output 1is
theoretically constant within 5% at a frequency of 1Ocps
and 0.6%7 at 10Ccps.

Since the output 1s not transformer coupled, it 1s
necegeary to amplify the fluctuating voltages drop across
the hot wire before attenuating in order to minimlze the
effect of noise in the plate circuilt of the first tube.
The attenuator is placed between the firet and second
stages to prevent overloading of the second tube. The
compencgating network is located in the »nlate circuilt of
thils tube. The inductance 1n the grid circuit of the
third tube corrects for slight attenuatlon at high fre-
quencles caused by the coupling condeneers. The ampll-
ficatlon characteristics may be maintalined by impressing
a reference voltage, obtained from a standard frequency
tuning fork, across the input and adjuseting the level by
means of a 0.1 megohm "gain control" resistor located in
the grid circuit of the power tube. The output circuit
has a three-way eswitch to accommodate a cathode ray
oscllloecope, a 5 volt rectifler meter, and the thermo-

galvanometsr. A single power pack furnishes rectified
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AC voltages to the plates, automatically recgulatcd at the
first two tubes. All fllaments are supplled from storage

batteriss.

The performance of the amplifier without compensation
1s shown in ¥g. /7 . Its range ig seen to extend bsyond
that of anemometer #1 and its level ls constant wlthin 2%
up to 10,000 cpe for common values of compensation reslst-
ance 22; . Tven for the extreme value, 2 = 93700 , the
error ig only 8% at 10,000 cps. Fig. /8 gives the per-
formance of the hot wire - compensated amplifier combina-
tion. It is seen to be an improvement over anemoneter #%1
egpecially at high frequencles as the usable ranze
(54 error in level) has been extended from 5030 to TOO0 cps,
with a selizht resonance occurring at aporoximately 5500 cps.
The operating characteristice are very stable, the wave
shape ig undistorted at all frequencles, and the sgensl-

tivity exceeds that of anemometer #1.

There are two anemometers of this deeglgn in current
uge at the laboratory. The second 1is operated fron
batteries inctead of a power pack, but may ve converted

at sore later date.



Qutput ‘feter

Thie instrument conelsts of a Leads and Jorthrup wall-
type galvanometer, specified as type-P with a sensitivity
of 1.5mm/. volt at a mirror-to-scale distance of 1 zeter,
which 18 used with a separate heater-type thermocouple.

The couple 1ls a General Radio model 493HH with a heater
registance of 1052 , and 1lOmv open circult at llma. 2as
the output of the amplifier cannot exceed 1l2ma with 5000
in series with the couple, which has 11.3.0 and a safe
maximum current of 15ma, the latter is safeguarded against

be Ing burned out.

The galvanoxzeter unit 1s mounted at the end of an
optical bench which sets on a stable gtructure, as shown
in the photographs. A focusing light beam 1s reflected
by the mirror back on to a horizontal frosted glase scale
mountsd just below the light. A triangular shaped box
encloses the ascale and light source to exclude extraneous
light. The scale has a range of £ 25cm and can be
adjusted to zero getting by sllding the box sideways on
ite front supnort. The distance between the scale and
mirror is approximately 5 meter. The reflected image 1is
about lmm wide on the scale, and can be conmfortably resd

at a conelderable distance. The low reslstance couple
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acroes the meter provides sgufficient damping of the image

to turbulence fluctuatlions to facllitate readings.

The wall galvanometer is also used without the
thermocouple for hot wire mean flow measurements. In
this case a rheostat or tapped reelstore ars used for

obtaining the desired damping and sensitivity.

Two of these instruments have been in constant use
at the laboratory since 1937. Thelir performancee have
been truly remarkable compared to that of the conven-
tionel type previously uged by Wattendorf, Juethe and
the writer. In contraet to schemes developed at other
laboratories, this deslign greastly lmproves the sensi-
tivity, ruggedness, damping characteristics, convenience
in takinz readings, and simplifies the output circuit in
the amplifler.



Standard Irequency Tuning Fork

In order to cheeck the gain of an amplifier to ineure
conetancy in operatlon the output voltage may be compared
wlth a known input voltage. If the input voltage 1s sta-
ble, its use as a standard reference faclllitates checking
gain. Vhen the standard input voltage 1s obtained fron
the city 110 volt AC lins, attenuated by a voltage divider,
the stability usually is not sufficlent for use in hot
wire high gain amplifiera. A beat frequency oscillator
may be employed wilth better performance, but this pro-
cedure often lg lnconvenient. A simple solution of the
problem is the adaptation of = vacuum tube-maintelned-

stand=2rd frequency tuning fork.

Such an insetrument has been constructed for check-

ing gain of the ampliflers in snemometere #1 and /2.
The wiring diagram of the fork assembly ig shown 1in
Fig. 23 . It was found more feaglble to drive the
fork at a constant amplitude with one ampliflier, and

to regulate the standard voltsge, obtained with =2
plck-up coll, by a second amplifier incorporating a
tapped voltage divider =zt its output, than to atterpt

to drive the fork at different armplitudes. T“he fork
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ig self-exeited at ite natural frequency of 100e¢ps. The

rectifier voltmeter across the primery of the voltage

divider functions as the reference for the standard inpu

voltage of the anemometer during gain checking.

The performance of the fork is very satisfactory.
Its outout voltage is stable to within 0.1% and its

frequency variation is negligible.,



APPENDIX #1
Vibrator ethod vs. Qrthodox “fethod
Measuring Turbgience Intensity

In order to make a simultaneous callbratlion of the
hot wire by these two methods, measurements were taken
of the hot wire's resistances, cold (R,), and hot (R ),
and of the mean heating current which was malntained
constant, during the vibrator calibration. The platinum
hot wire used was approximately 4 mm between its support-
ing spindles and 0.0005" in dlameter. The tests were
conducted at one mean flow velocity U, and all measuree
ments of the wire's resistanceg, heating currents, and
percentage turbulence were made with Anemometer #1. All

computations have been included in this sectlon in order

to glve a better comparison of the two methods.

Vibrator fethod

1) Yean Flow Velocity U= 12.41 meters/second.
2) Setting Compensating Reslsgtance Rix
RY 1° 1
0 42 27
1000 43 32
1500 45.5 39.5
2000 49 49
2500 54 62 see curves (7ig. 4 )
000 9
3500 2 i By =200010
T 141 70.5
A 4.4 8.8
tap 6 6



%) cCalibration of Amplitude A

a8 function of

Vi

Rex = 20000 = 141 cps
A 1> rap VI®  I* Tap VI%
5.57 78 " 8.83 2% " k.8
4,60 53 " 7.28 15.5 " 3,94
3'58 32 # 5-66 905 " 3-08
3-15 25 " 5 . 705 " 2-74 See curves Fls- f
2.72 18.% " 4.3 67.0 5 8.19
2.05 10.5 " 3.24 38 " .16 m=a /VI¥
1.55 6 " 2.45 22 " 4,68
1027 78 4 80 83 1405 " 30 81 Tap m
1.06 54 " T7.36 10 " 3,16 5 0.14%
0.87 36 "8 7 " 2.64 5 +333
6 632
7 1.165
4) Conversion of Thermogalvanometer readings I¢ to
Percentage Turbulence yus /U
Var/u _ 2.22:10:Ax 1 _ 2.2210:f:m « VT _ ¢ V1
g U U
Tap Q/u
4 0.363+107%
5 .838 U = 12.41 a/s8
6 1.595 "
7T 2.935 " f = 141 cps

Orthodox *ethod

The formula for determining the percentage turbulence

with Anemometer #1 using the orthodox method 1is:

w -2 F+G‘o]x dE
U eVU 1-=r
where 2
F_ 1 Ro G - 2iRR.C
ZR-E051 R‘Ro

-1
b=0.909 (300 + 5] + 1/8)
% =7, xy1*/ amplifier level
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1) ¥ire Reslstance (cold)

R+ R(leads) = 4.93 ohms R(leadg) = 0.09 ohms
Ro =4084 "
2) i7ire Reslstance {hot)
R + R(leads) = 7.61 ohms
R =7.52 it

3) Wire Heating Current (1)
Reference battery voltage (V)

V=1.0136,(5020 +2840) _ 1.594 volts

Reslstance of current potentiometer = 1l.1 ohma
1 = 1.594/11.1 = 144 milliampe
4) Determination of the Time Conatant

M_ 4.2 8PA° , (R - Ro)
r,1° o« Ro

]

-2 -6
where 8= 3.2710 T, 11.19+1C P = 21-45

oc=3.6710" 1

]

0.144 amp A=ma*/4
R=T7.520 R,=4.340n

Yeagurements of the hot wire's dlameter {d) showed a

variation from 0.00116 cm to 0.00130 cm over a 4 mm

length -- using & 3ausch and Loxmb microscope -- glving

a variation in the value of ¥ from 2.08*10“3 to 3.29x163.

Since this 18 excessive, 1t was declded to deteruine the

effectlive wire diameter and i from the vibrastor test

value of the compensating resistance Rtx==2000~ohms.

A callbration of R: ve szj wag made with the ald of

a beat frequency osclllator set at a frequency of 50 cps.
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The resulte are plotted in terms of an amplifier galn
factor AP -- see Flg. 6 sand Data sheet #1l. Then a
calibration was made of the compensgated amplifier, with
Rex = 2000 , giving & curve AF vs f (cps) -- s86e Flg.7
and Data sheet 2. From Flge. 6 and 7 sufflclent data
were avallable to find the relationshlp betwesn Rex and
M, shown in Fig. 8 and Data sheet #3. From thle curve
the correct value of the time constant was found to be

M = 2.26<10° 3 Rex= 2000 . Using this value the per=
formance of the amplifier wae computed, Fig. 7 and Data
sheet #2, giving an amplifier level = 23,000. gSubstl-
tuting the value ¥ =2.26<10" 1in the equation for , the
effective dlamster of the hot wirs was found to be 0.00118 cm,

which 1s within the range of the diameter measurements.

5) Coefficlent of Forced Convectlion (c)

From Xing's Equation - _
1R = (K+eVU (T - T,)

and since (T -~ T,) _. R = Ro
Ro ¢

it follows ¥+ ¢VT _ 1 RRex
H - Ko

To find the value of (c) the mean flow veloclty U was
varied over a large raage and Lhs correspondling values

of the wire's resistance were ueasured by itne Ancmomeisr's
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wheatstone bridge at a constant heating current 1. The

regults are glven in Data sheet #4, and a plot of

(x+ VU ) -vs- VU, Fig. 9 ,

the forced coefficient was:

showe Lhat the value of

¢ = 1.98<10 7

6) Percentage Turbulence for ean Flow Velocity

g VI¥

U

1 =.144 amp B=7T6.1

a8 R=7.52 R,=4.84  o=3.6710"

¢

U—‘=l2-41 m/a
S -2, (F+ab), _4E
U cVU' 1 -RDb
b=3.49:10 as £ = 12.2 volts
G=14.35<10 "
F=17.22-10° " and (F+@b) = 22.23x10"
2 _2870 and 1 _1.356
cYy' 1 - Rb
4% = T, yT/amplifier level = i, I*/2.3+10"
Tap K iJ
4 90?6 00 *10“2'
5 22,44 J3h4
6 42.63 1.60 *
7 78.30 2.96 "

The nhot wire wasg removed from the callbrating tunnel,

inserted in the extensglon holder and then mounted in &

micrometer screw fececd which was attachad to the wall of

the Wattendorf wind tunnel.

A traverse was

made in the

straight section where the turbulence was known to be 1n
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a fully developed state. The tunnel was lined previously
with corrugated paper in order to produce roughness. The
scale effecte at this traverse station were known fronm
previous tests to be negligible. This fact made 1t pos-
gible to run a traverse st one value of ¥ by adjusting
the tunnel veloclty at each new traverse positlon so that
the mean veloclity across the hot wire remained constant.
AlBo the mean heating current through the wire wag nanu-
ally controlled to remain at 144 millisamps. The mean
velocity scroes the wire U= 12.41 m/e corresponded to

the veloecity during calibration. The traverce extended
from the center line to one wall of the tunnel. The
inteneity of turbulence was calculeted from the values
glven in the tables of Q/U and are ghown in Fig. /0 .
Thie figure also includeg date obtsined from =2 traverse
made in the same traverse station of the tunnel in 1935,
which were computed from a test using the orthodox method
with the hot wire anemometer set described by F.L.Wattendorfl
and A.¥.7uethe. Computations of these data are also

included.
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“attendorf - Tunnel
Hot Jire Traverse at Section #9
(Roughnesgs #1)
Yean Velocity U=12.41 m/s.

Y -- distance of hot wire to tunnel inner wall (mm).
c/u* Y 1° tap o/ e V' /y % ww
.844:10° 24 28 5 .838%107 4,43
" 20 35 5 " 4.95
" 17 50.5 5 " 5+95
; 14 73 5 y 7.16
" . 12 94.5 5 " . 8.15
1.60 «10 10 35 6 1.595+10 944
" 8 44,5 6 " 10.65
" é 60 6 " 12.36
" 4 78.5 6 " 14.14
" -2 3 95.5 6 " 2 15.60
2.96 10 2% 224 T 2.935¢10 16.70
" 1  50.5 7 " 20.85
# -~ Orthodox Method Feb. %4 1937

##* = YVibrator Yethod

(see Fig. /0 )
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APPENDIX #2

Investigation of Compencsation Function Fex (U)

The objJect of thls investigation wae to determine
the validity of the theory that the compensation's resis-

tance Rcx 1s a linear function of VU , expressed on
page 35 as Pex =N +PV’

Anemometer #2 was used in conjunction with the wall
type galvanometer. The external resistance in the hot

wire heating circult was purposely large in order that

LE =L ALE , Ll =0 and the level of
turbulence By fi(/A/'%/ﬁ)/CTZT
= kI x [ ¥
7z 1772

a8 glven on page 42 .

The procedure 1s shown on the dats sheetg. The value

of the calibration constant J 1s baged upon Run I.

o)l
s N=30 P=/6/5 JT'=465
= edxr07 V@ =575 VIF =396

Turbulence Tevel - %

Run Actusl Theo
I 575 575
11 5.75 5¢T4

T1I 5.75 5.76
v 3.52 3.53
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APPENDIX # 3

Hot "ire Response to Perilodic Fluctustions

This investigation was an attempt to verify the theory
of the lag of hot wires as formulated by Dryden and Yuethe
by utilizing the Vibrator. The method used for determin-
ing the hot wire's responsge ie given on the Lata theets.
Reference to Fig. / showse that a wire with s smasll value
of 7 hae better frequency responge than if i is large.

Thus any dlscrepancy between the actual and theoretical
behavior of the wire at low frequencles would be more
pronounced with larger dlameter wires and higher teu-

peratures.

Two teste were made ueing Anemometer #2, without the
compenseatlion inductance in the amplifier circult, and
large hot wires (0.001" diam.). By increaeing the heat-
ing current, the value of the time constant §==6-42*1O_3
in one test was increased to §==10.76‘10—3 in the other.
The ratios of the relative outpute at two frequenclies of
vibration gave the values of tne time constant Y. All
computations and results are given in the following Data

Sheets and comparieon with theory is shown in Fig. /3 .
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APPENDIX #4

Performance of Hot 7lre Anemometer :1

It has been shown that the response of the hot wire
to periodic fluctuatlione lg such that the fluctuating
voltage drop acrose the wire is reduced in magnitude fronm
its value under equilibrium conditions with the velocity
fluctuations by a fsctor 1/ fzi;z§w217f)z . It is
theoretically poseible to incorporate an electrical
compeneation in the anemometer c¢lrcuilt in order to
counteract the lag effect of the hot wire so that the
voltage drop fluctustiong are proportional to the
velocity fluctuations. The function of the electrical
compengation 1g tc distort the responege of the amplifier
inversely proportioral to the hot wire's response. Thus

the compensated amplifier should have & gain character-

istic which variee as VEL*(% erf)g , and for a gilven
mean flow velocity each reading of the amplifier'e out-
put meter corresgponds to one value of turbulence inten-
sity. The extent to which thie le attained characterlzes

the performance of the compensated anemometer.

The following Data theets are self explanatory in



regaré to the method used. Although there are a great
many varlations of calibratlion procedure, tie method
1llustrated herelin was purpoeely chossn to show that
the Vibrator ‘fethod can be rslied upon to determine
accurately the compensatlion resistance Rex by extending
the calibration to higher frequency bands with a beat-

frequency oscillator.
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ARPPENDIX %5

Performance of Hot Wire Anemometer <2

The performance of an anemoreter may also be con-
sldered as the ratioc of the actual relatlve output to
the theoretical value, based upon the time constant ¥,

ae a function of frequency.

The actuzl relative outpute were determinec by
connecting a beat frequency oseclilllator to the Input
of the anemometer whose amplifier was adjusted to a
desired value of compensation R¥.. From previous
measurements of the inductance L and 1ltse LC resigtance r.
the value of Y =L/(R¥x+r, ) was found and from this the
theoretical values of the relative outputs for gilven
frequencies were computed for the condltion that the

amplifier's responge should vary by the factor

T
VIR%X+ r Y+ (2mfL)" due to the compensating circuit.

Computations are found in the followinz Data gheet

and the resgults are shown in Fig. /8 .



s s =3 CD
(e sowrron o Fommome 7o o Lomw=earsore=r
,< =2 7Fc p T2 RAESASTRFTL Sroocd

a0 = A X INDLCPVTIES TREORET I CRL VLY S,
’ éC

*
C) C) FOELRT Ve QLm0 ]S ZASETD O /00 23

| ;?c .,?oaz“/oo 5cvw /?c 6007‘/00—70060 /Fc =/200+/00 =/300 w
f? ‘Z"t ZAZrvo .Z‘/{?Wf ZR Zharo IA%'/O Z* ZHrro Z”/f?ar/o

57 720 T 176 f@ (Rp L20 GT0 A0S L1

oo @ 70 /?0 /7 /625/720/55/ 2

700 2RO %90 ,%20

200 500 e AA%Z /a/;f; S EF J56 720 A
o0 RO A55 2.50

P /ﬁjzyé 2545203 RAR 24K g0 sl . TR
500 5,25 f/.é‘ 2. 28

Caco zoie 17F RO LF8 LY T LTT 158

000 250 3,% S
2000 G.z0 R-00 200 1750 LP9 2.00 o RO 2(9@

ROO0 255 330 575,.
?{dﬁd /;[33 R0 200 /{v‘/p 240 200 /67?2,2(07 230
Jdoa . #4R0 /.50 K05

6200, §.30 177 499 D PR l.50 /55?/55‘ £33

#oo0 | 420 Yy > |

oo towzs 76 172 e 402 TE § SIFE L5

é/ﬁﬁﬁ 420 #4/0 / |

mfaaa/a 5 /27 %00 (260 L 2 -‘ /0)?0 > /83 200
Y= 736?(/0”3 (’9—~ij’5’2(/0 Y= .?5’6)c/o“'3

| &25;. z Fo & /aé’ 4/75 ;475/00 é?/‘ é%’ N g~
S0 \IR6 oo 66 F P57, 7 TS 8’0
{vle, /&0 JSoo Joo Jioo OO0 foo /oa SOO [fe00
RO0 |\ fGE LFT LooF /% LEF TP L ped /0@5
S0o H 56 4585 996 £5F H55 ;”5‘5'330 782 4e03
/000 9 T7R Y0 955 Yo/ K83 780 7 D5F L 0o
2000 ) 9 #K ro.20 58 /90&,3760 f?,é/f‘ 0 /%Yf’/ao
Yooo 75,88 f0r0) 056 36,08 o 4028 29.50 3050 sod3
6000 55,50 ©0,00 £027 FH/0 JZ:M/M@ 70 (770 sofo
7000 65,/0 GHBO 9%6 63,00 62,50 [.0/0,52/0 53,00 [0FO
§ooo ‘;776 cF20 850 V’? 08 64/0 Kfﬁ B D o

_/03._



G-/

/o3



/-3

Jj

,,,,,,

o F

|

LI BRATION .

Ca

|
i

i
i
i

i
i
-
|

|
i
d_—

i

=2364

L Beromerée 0.8

i
i

-
|

4

2L

¥
i
;,l.,_,..,.i“

¢

Z.

i

~ £

1
{
1

e

-~

2
Y3
=

gl

7;«:.7 F V.zhza c P-fr

b iw S IS SRS A U iy S - .
; I M |
i 1 | . {
g S R T
u ] m RS RN LSRN RN FUN T
zL m Q. |
. R > e R
g 8 X
X N
T S R TS IR B o
M x £ w .,H , :
u *&,..31;-¢+__;.. sP o M A
W , Lyt L h |
1 N\ - - ; i
RN N M
IR I ! |
j M Jm Lo m
i PA - - MM - - e
AN

Z
o7 -

|
i

S S U

<200 SO0 800 OO0 /200 Ved?”
G -2

200

105



WH N AN S o

Fo0 600 goo /000 /Poo yrry /600 8oo
fré-F

200

x (£2) =~

»
<

2

_/06._



i

g sy

-8

3
4
A
i
1




e o e 4 e e e

T

- .Z q’ IS I"_”'EM" . A
e SEC L
l L +

A
I3
3
H
b

-

S

(L
éJﬂC}’ '

LT

&2
i

V.

L

|

j
!
AR

i\

N 77 e

2000

RN
1 :

l .

|

|

|

PN
3

'
RPN RV

1

e g e g L
T ] 1

\

{

et -
; !
!

*
A

'T“" h .
5

'

v

/e RN

!

ALy TUBE —i 1)

i
cepen s

Wo/arV

V1721

../ag,






|

P

JUNSRI -

*/
L.

i
e
Spe

Mhaahhie nalbal B
! o - P
roR. /i

e

3

|
(9E

“o
i
|
3r

i
S oy

I o

R

o Frac
4770

B T e L

1/0

ey i
SRS SSE S S
ol R

S I N

&= 9

darin

OMETE,
;rf

172
5

'~

i

X .
T T T

{

-
Car

@.:/ﬁ
eATION 7
i |

!

A

IS T T LT T TR
vmi g R “fm/
i 3 t H i ' PRI '
PR e SOOI AUV SRS G SR IS S PN S RS S S SURI PRI S S UULDE S S
T T T T T T
PR e ey ERt s S RS T
E— I T e O S CL S SVULESIS NSO S 5 S S SN
w,.mb/._ M{x B T e S -tizw
m_aw R It 0 S B S \ o
T T T
LN BRI T I l. R i o
_MW T | \ | |
TR T T Ry R A
N T TdR
e B . v . m

PSSR ST DU UG S SN S AU S S

1

i

i + '
- |
f
CYcps
700

‘
'
1
)
i
'
T
1

!

' .

|
!
!

|

. »
VENEY
S0

”. .WW ,v;
‘ . .
4,..».,“:.‘10‘1,.‘.340‘141’4 r,ilvvi.ﬂttb» J»ﬂ;
. : i : . !

el
16

4

1VSAT

o S

i
!
e

R
-

4

1

]
o
|

y

i

|
|
|

‘o

et g e

I
Tob
!
i
i

. ' .‘ ‘
B VR V4

- .Tl.x.o - PRSRS SUS

y%«wk\%@ L
s ra .

!
1
]
!

L

20

R
1
i

- s
SRS TSV SN USUGISUU  GEN U
+

Y
/'Jg’

[P

N S

T

4%



/00’

L Io00-

-/

E£o00"

W‘p,tuo.,.rrtli:c SR

t : 10




|

CEA

o |

£

PRI B

'

8

S/

| pepn
P .
4

“

e




|
RN

7 P37

l}
i

{

|

|

|

!

|

LB 1
-

|

i

|

|

|

i

|

i

1

[N DRSS RN R

{
1

i

{

t

}

1

H

!

3
'
|
i

T
i
|
t
i
i

i
|
1
|
t
! -
]
I
{

1
4
r
1
|
{
?

z

|

L

. . o o !
- . —4_'1—-.—-—.7..‘_4 e -—.—-» y— - i~
I o B .

|
I
b A
i

- [N o i

]
I
AL TE 37
|
!
!
WJ:}':‘V‘;;;'.E : :
|
I
|
1
|
I
|
|

1
!
oy
"'@ng
TH

T
b
.
!
i

24

,,,,,,,

e

iE
[.

IV ARLH
o | Sraknspes [Tiraon -
x| Viaknrok [Mazaan |k

= |

| bnJarremoas

| Daziop-k
18

f.

f
i
}

A 2es-/O

-//7-



| g
- -
oo
g
- L. I T
I : :
g e .
i N -
1 I —
M,_.J .
i
=
4




0
h
R
N
0
N

£/

-

[
FONUHIS B
i

be

t 1 P
o IO ;

BE \m\m.x.&»\, v
,.\w.x xh_vuﬂndu‘
W YEKY

RN & . |
; S Jag e
QRN 3¢

[OURT WI U

CUHT T TTTT B o R :
: R [ b i
. | : . |
L L _ W :
Tt T 8 , | p ==
L Lo 1 - ot b
- g - b
dpr , !
] §
: HE b AT
- I _
: i

P USRI Th RN

o SRR

ol
SCL R




..,_::,ift}im,.!‘.l-« RIS

T

[OUIE SRV PN

T L E O A A
S L

F =10

AL

/20 /Yo

oo

_//6-



e
+
!

e e g
i

1

T
!

I

|

|
|

£ Yo
fé’/g}?]}?ﬁ
|

{I‘f“

‘;(
i
]

!
\
i
!
1

Z#Z,’/y? AT E

¥

Fr9007

L
e

N LS A
70/

FTE
bﬁl

f;;c/_z:zl ).

1

|
00

Fre- /-

Ay
IV oA

T . T i -
, o o T R R NG ‘, o ;
: o ! PN !
w oy e i : ~ ; mw. /M L i ' i |
i L amh%s /‘QIMJ(,W R D T T
- LS _, . N I NN L u . B
: : X o , | <Y SN [ o , ;
I A re : o VS R LA S S PR S " 1 Q
e R , A —— e e s e e m e el Q
Lo - i i ,. N SC IR N | |\
. IR * e ! ATl o S w Y ; -
__ ' ool , i AN AR : |
— : w w BEREN.. S O O ]
| N ! _,, SN L3
' : i ; | : | : N 1
: I | i P S N o m
i i i ' i . b ! _/ ' : - 0O
- - : ; ; R e —-t e 2 O
! m B N )9
.H. ,, S e - - m ./Lﬂl.mri BN .2 e X
N : m : ! RO N _
T T } + —~+— — - d
N : ! M LN 3 - F
.ﬁ‘. S S fw T e 4 BEEE SRR N I £
| L , ,, M o
— — # e (]
SN B e R e :
S
L

£ N I o e

|
i
i i )
SN SRR Y SN S SN, S
| : !

&&MH_

RN :

| . VN : ; -
o Q W. R B EE A . SIS DRSNS SRS SO “ .
L NN b oo Lo o
A ‘ A A L e NQ
! a ~ : i : B P i
~ 0 Q o el AR ER TS SR S | B S o m ®
i : i . i N ! . ! . ~
gusr L | | B P
Ty o EEe— i ! ! T g
| ! , :
COSSRT b i
! j . ,, . : m b b
- SR N ! m L ] S

N T I 1 f 4 = _ — g O
“ J ; : H ; . ! i : ! n
R TR N T B A U o — | o U
! ¥ ! ,, ~ . e T B e R s oo =y
M.l-! ﬁ i aw i m m S w L . Jm!i-. ,)\Mu
NSO s e e N
b o SR BT i s s o e O A B e i B RS N
. o SN TS R TN SNELANN N R
h f Do | V _ 5 N g D 2
N A e R S S LA SRS £ L (R AR
- S o ! | _v o : ‘ S
f » K % i H - T N A
m m y% ; “ ; . e i JUNE SRS S f«w-ltw R S i“,,lL.J i.» I G 4P,:
I o B :

/7"



o&o\o / 000/ oo/

S S S S B T T S P AIUITOFY 7
_ . o ; . H . i ! u | - . _ | . - .
| AN A

!

I

1
1
R > e B e SRt A el S e o
1
«
T

_
—+
1
3
1
!

b

- ; B 4 ,
R e e O 2/ = L N N T DL I R e e i o
s o A (N R R

R R v o e

J
k : I

. . . . PR . . . . . o
i

1
cod

/15

N L0AL0) FALL v77.1/

|
|
|
*,,.
I

|
]

e f _ ; T i i !
.

.. J‘
Lo

1
|
m
|
| ok | o
S N AU O A R e by L NSRS NSNS FUR S
N QQx;\\ QQ&%QNQEQ@@N. 7 \S YILIWOWTH/ TG SOLLST, i«,@s.% xuﬁ%wmrx\w
3 V B B B B ~ ey H _ . : .. H
i ]
w ol

_
'

: i NS
‘ t . w
!

+

| e i~
_”m“

- - ~ h - s

. 1



elelofoNd

0008

-

=y

LN&\I\BJNQ

7y

e

i
H
'
3
i
i

T i
- ‘ ﬁ
: . ! !
M i | . L w ; !
b _ . [l : M .

N SR - S " USSR S S SN O (SO S SR SRS B S ;

Lo ,_ : 4 A . . : ; i
Loy , e j L] m ” :
w M . “ e X “ . W. “ .«
i . 1 b H - H L - i — -
I ; , _ —_— |
s m ! A ' . . [ ) .

X ¢ |

| ; T U IO TS D e R A A i g

H ' ‘ ! PooooTrTrer ey o0

] . ; : !
o ! B |

R " § S N

, . : L _ . i
i : - 4 BRI T RS PO R N SR = P i PRI At

1 T A | B ot 55 S P R U 0 Y

IDUUIE P + . ! — Aw.. R — = i
.. - _, i H . w i R - +h St - -
. S ! | L T Kt
. “ K I i e - R B g
- 4 . | . = oo - . - A
i ! i “ N : .
A , S i SRR N . I o P
- . Ly i - . _ _ - 4 I -
B . - PR - . ~ - , .'
. - . - - . - o - B -
| _ |
IR BRI W O 5 EUURY R (0 (ERE S IR B e A it ety .
. . . e i | - . ;
, j | " _
AR | | i i | S 1 el e e
[ S TR RO | - Sl _ - Sl
B r i - .
.. i- - - Lo - U [
' - . I F - .

S _ _

-y i - : R I~
w | - : . o
| i

i
i - . . I
- |

.t -1 b * -

i - : 5 ~j el
. W i —

L o | RIREE o
R Lt Eﬂu b Sk IR
ok b ‘ R S b ; ;
i i ) i t 1 i ,,
w w i o ~ (Vo] (o] = o v -

ArE-/E



[

,\JQQGG
_3 QOO Wu>

u@g

B ' .

* .

i
|
i
l .

o/

FlF-17

t o

Y F e QA,.;.I.,,,_q e s

LNAL7) INLOTTY
TS
N

[P S S USRS S e —_
i
! i ' 1
i - - ‘ i

. i M , ! i .
, ; A _ 1 | :
’ i ! ; i
:
M . ; : :

1 ' - i i
1 N H .
Ct M [ “ i
i I : i
N —

.. 1

“1E20-

~

__..,*;__. P — - ——

'S4 m,nr\,u omg\kQKQQLb.Q;

ﬁ-mwk &@dﬁw\n\_g@&g

V
ﬁ
.
e
.
}
|
L
i
_

i

v .uhm\ =7

u

: .

,

~

M N

m ; X

| | M
SN U SR o
oy
| : na
/.

S



oo/

'
SR S S

H v T T — &

K L , o IR
ﬁ . . H ) { 3 . « ~ W ‘

: i S i _ _ X ! i

L ; k i ! : a | W ]
S O S i - . J - o -

o/

- rQ
FrE-/8

e

-

I
«

e e e e b

S
ST

70

z

oX/ =P/

=7

-1
i

Mwém\.mh\.v.wm« o |

_b_.s_)

o992 =

g \\ Q.m mw.
. N\\\ 952t

Va

A

c\ i

¢

R SN
Vo

|

-1/~

[of

— Ty T

PR SRS VU SN SO

[
[

i

!

i

]

T

—07

I

7 SN ETST mfm\u o7 %.B& .

L,

:

e ﬂ\r%

i
[

oot
i

. ,‘.\\Gawﬁt\\ K C

@h\au@@& NUlnNn

|

,Ai‘.*,

n\uﬂ%\ nu\ﬁ

,,,,,

@w_.,w -

oy

) °

:
|

LSS, T

i
§
3




Sveee Wiee X Suvspervsrion on

Hor Wriee Visesroe

/22~

Frz 2?7




PR G D N

¥ o2

_R0R0R

1

Ame —=

L

ANE —=

+4

LNdinO WINY-0OL

‘A Q
F0HLNOD FONLITIWY | N
WSz Y
N
=
o FHILYWE Y v _ N
OV-A S . (|3
- |
|
G v~ B N
v I, X
- ot "
EXY M
- M'lt.ll _ nﬂo
| 1Y
"o
Iy 3
P
i
7/0> g13/4 OL ! w
-0 :
FJOIS0?7/02S0-0OL \V p _ N ,“
& 112
DO ASHy | ©
N
= by
T IR

N\
bt

113
s

—— fr s

-

TN 3IT-NOTIVTGIAS Il

woo/s

Y7L SIS ~ISVHI
1259 WS

_, TSUINTY-ISYHS

f

4
J

L/NDY1D) HOLVIE)]

aNNO/Id JILIOXT - V.Wm:/ ‘

|




FESs Aev

)2y -p2/ ~ : |
Z- DL @)'d (A087) _ e
A1ddNS "Y3IMOd WFE (1057) _ - ) 1No9D LNaNi
ll_‘ \\: /// \\\ ///
1J - v
0001 =N 310N mw \ ) ,,= J ¥k 4 t\m;w\\ ININI
> ) S A
> N $.8
)
~—— we @
4 yoCO q%
WZ mw Yoz y0z >
orAe/)/ -
2 - ~
W \\%/z :
o o 2 _\ L pp L pe e L NATvD T
2 \
W // \NAI”QII. ?
J o ~HILIWOWINY 3FHIM-L1OH e /M\ £ =
) "NVAIYD
~30NvTIvg 390148
SEETEIRET [— ] |
4
HOLVT110S0 Ol =
= ) L %zzs._ dIIINCIINILOd
ul 4 wWoZ )
O O O @ Il_.ll %
® O Inak7 GZ5 ‘M =? o G\
3 . N
Y T I'™
———e \
: VA X0V @ Y
i |
s 1=
S vz
3
5 TR . ;
- . gz, £ 1 3 Sdbd 1/
i | > ) -~} A “$3 L wos AL vos
| i SRR - S S T _ A
o 005 MU _\ :“),_ 7 I._l b m =128 | | AV W
3400501171950 S Wy b < s T W
- p _ Ly | 2753 di ) \»\NQGIH N OM o/ ~ SAVL [/
313N ww&.:p | ooz n\_&i_ _ + - 33 S |_| 3 o
—_— — - =
&5 9T IR LD | = — - . - s SCV3T "OLvE8IA=Y
| T i 4 oS 7T N A
g3 ! L S N
_ < va_\ 1 \ s 3 _\ T S m $ 9% p 1 V59 § os dw\w\
_ \ M“mrm\ R Wy 3 2 3\l | \\ W
| B - _ D g ~Jd_ -
S _n T TS I . | i
> ¥ $Z0 ALY/ f¥§Z0 AE T




-2/ -

SEE/ At~

HTUTL | LY AT V@ | . L
=2 ALINLISNTS ST TLONEATED 776/ . / \«NQQ\\NW/ C 7 &QQ\ . - -
o VT US #o SUNINMYTLS STLIN NI Of
T Sl 5 T TTINOIOLETHL N 1 - D L . T
. IAl..il'r
D2 e (HITLIL MALITEAS - [T #E0-EON/ il | 9
TSN STINELIDESD TTH -
NMORS SSTTNG SWHOIZW N STONELSTSTY
NOWWOD T STUNOYO T7E /0
<~ _ A/
Ot SUTON # -
|
. $20°0
8 8_ _
' , _usl | _usr o0
< + W0y Qo™ s
> ahww 95245 19 CINTW Y TS
s P-4 ® 005
m H 088
00578 UGG 10 SUINIWYTIS 0L
™/
Y =0LbY dbY YolnNT Ly ¢
= == v = d = 8 = _
LTI ” T | _ : £ =
N -
) 1 AL L =iy
rvuﬁ | w
$000 . ——V\V/\V\ V/\AA L AAA %
oY /Y . 0 ! /7 /7 Y
$20 /0 07 I 3 9L/
—_— . . . &al .
FAOKITNKO U ~ A~ QW s00°0 or T wwowh Py wwm\ et et 7o L |
| 1B Ay 295 N E 7278 HN LN THUTA CHLAINELS TM J MK
\ | \\ // 1/ ﬁ \ _n_...\H \ __“C\ —\Il)\ LAA (N
- ~ L 7 ' Nl ah -
RS “ ” (= _ + | Lk s | MY I = _
095 LINOD WD +o so $0 y

1Y) ST e L) T

7 0() SLLTUY

22 -2




T2-974
SIS 00! AINFNOZ S

LIN2¥1J H¥OS ONINML

YILINLTION HFISL27Y - A

Ior 3D
Ewl10 -0
|I.....I..|u_b vossL -
—Z NS vose! Sy
II3IL1TILVY OL FJ005077/9§0 OL v 000008 -%
vee -ty
. 000057 -4
Ill.mll R v o002/ -'¥
+ MM\ & ..m\ ..Q £ 4 — !
ASer = o LA =
- —AANM\
1y L/
’ } /
A y
7o\l | Q\
//'\
NEOS 4
e Y /
Sy W =D
. \\\ll/
o . _\, “ /. VQ
1
9L I ]
b Qq\.\ / | \
o L) /Il—\\
\' 7 g \}/ b 4
— )

G -3

/26




Hot Wire Specimens After 8 Houre Of Service
(Magnification x 250)

Note- The Accumulation of Surface Impurities
From The Alrstrean

/2 7- 76~ 2%



Assembly of Vibrator Equipment
And Anemometer No. 2

~ I~ a2



Vibrator For Calibrating Hot Wires

Note- Two "Correlation” Hot Wires vounted
On Single Wire Y Suspension

129 rFré-26



Rear View of Vibrator

Note- Electromagnetic Drive gSystem
Frequency Adjustment
gelf-Excited Pick-up Coil
And Telescoplc Micrometer

-/30- Fr- 2T



Apparatus For contrclling And Measuring
Amplitude And Frequency of Vibration

Note- Beat Frequency Oscillator, Cathode Ray Oscilloscope,
Amplifier For Adjusting Amplitude of Vibration

3/~ FrG-2E



Telescoplc Micromster
Por Measuring Amplitudes of Vibration

Armature And Field Colle Of
Electromagnetlic Drive

= /e -2 9 30



Vibrator Control Unit

Wall Type Thermogalvanometer

~/33- FrE-34 32



Hot Wire Anemometer No. 2

Note- Wall Type Thermogalvanometer

~3#- Fl7-33
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Typical Hot Wire Holders
Note- Dstachable Feature For Vibrator Calibration

L

Assembly of Vibrator Equipment
and Anemometer No. 1

/35 534, 35



