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By John R. Weske L e e

T L.rt.- e - 1. - SUMMARY . A AT
The report.deals with an experimental method.of:meas—
uring-both the arithmetic mean.velocity and the instantane~ "
ous velocity of-pulsating flow and with the ings trupents .de— . :
veloped for thls purnose. - TEoLL et oET T —

s . . . N Y . " e . - ;.- . .. - e e e

A CITcuit er a hot—wire anemometer appllcable tim the
measurement of wfluectuating flow is described. -:The princi—~. ..
pal:élements - -.of ;the;circuit are a Wheatatone.bnidge,Zone;s;:*"
branch of:--which. ig the hot wire, gnd an. electronic-amplifier-
and a current regulater fecr the bridge gurrent-_which in . dom—
bination maintain the bridge balanced. Hence the hot wire
ig kept :at prastically .constant reslstance and.: temperatune,
and the ..time.lag ;caused by thermal inertla oﬂ the wire ig -, . o
therby reduced. S et : e e . ome=ie

: e S
ek -, - [ B . O i i
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Through the addition of a nonlinear amplifier stage the_
reading of the instrument has been rendered proportional to
the velocity.

X ETEE * .‘:’\ _—— -

A discussion of static and dynamic response of the cir-
cuit and of directional characteristics of the hot wire is
given. - Calculated characteristics - are related «to- bhe re~— ) -
sults of calibration :tegts. - - . S R I, S L

- Hot—wire-measurementssof mean velocity -and of the ve—
locity profile of instantaneous velgcities were obtained at
the outlet of a rotating axial flow blade grid and correlated
with megsyrements obbained ‘with a pitQt tube. o §Y
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2 NACA TN No. 990
INTRODUCTION

Frequently it is necessary to determine the mean veloc—
ity in a stream of fluctuating veloceity. I the direction of
flow remains constant, the mean velocity may be determined
from pitot tube méasurements, provided the megnitude and char—
acter of the deviations from mean velocity are known. Iirf,
however, both the velocity and the direction of flow vary over
a considerable range, for example, at the outlet of blade rows
or compressor impellers, conveniional methods of aerodynamic
measurement fall to give accurate results.

It was for the purpose of developing & satisfactory method
of measurement in instances similar to that cited that a pro—
gram of investigation of the hot~wire technigque was undertaken
at Case School of Applied Science. This work wvas carried out
under the auspices of the National Advisory Committee for
Aeronsutics, which also provided funds, Of necessity the meas—
urement of instantaneous velocity profiles has besn included
in the, program. Because of repeated delay in tae dellivery of
testing equipment ‘it was not possible to extend the investi-
gation to velocities of the order of sound velocities, as in-
tended. Insteand the analysis of the instrument charmacteristics
has been developed in detail, which should eimplify further
work in the high~velocity region.

The laboratory work and the calculation were carried out
by Mr. R. J. Carleton and HMrs. ¥F. Scott Rodgers, research as—
sistants at Case Sc¢hool of Applied Sclence.

THE HOT—-WIRE INSTRUMENT:

The Component Parts

1

The hot-wire instrumert consists of the following compo-
nent elsments shown schematically in figure i:

(a) A Wheatstone bridge, one branch of which is formed
by the hot wire “;' ]

(v) & regilating circuit for the bridge current, includ—
ing a battery or power supply and an elactronic
valve

(c) An electronic direct—current amplifier operated by
slight variations of the unbalance of the bridge
and controlling the current regulator
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In addition to the above—mentioned three components
which constitute the basic circuit, an additional element
also shown in figurejl may be provided; namely,

(d) A nonlinear amplifier staze; this'stage is-required-

only if instrument characteristics.other than °
those resulting from the heat trensfer charac—-
"teristics of the hot wire are-desired and fiakes
it possible, in combinaticn. with the basic cir—
cwit, to obtain readings proportional to the
wind velocity past the hot wire.

Principle of Operation

If certain Aynamic.-effects discussed later are-neglected,
the operation. of,.the.basic circuit can be explained as follows:
The circuit ig-assumed to be operating,at a given condition. of
equilibrium. Then a disturbance, such as may be produced by -
a change 06f wvelocity past the hot wire occurssy caiising a vari—
ation of resistance of the hot wire and consequently & varia—
tion of potential ‘between ‘points (2) and (4) of the bridge
(fig, 1), This electric impulse is transmitted and amplified
by the amplifier stages. A variation of the pofential between
grid ‘andcathodeé bf the current~regu1ating tubes and a. corre—'
sponding variestion of the ho¥ wiré& ¢ur¥ent is ‘the:result, The
resistance of the hot wire is thereby varied in such e way as
to counteraect the'original disturbance “and 8 new’ cdndition N
of equilibrium  is eéstablished. By propeérichoiceé of the ampli—
fication ratio of*the amplifier it is possible, withifi certain
1imits'1mp03ed75y7tube characteristics and ' 8§38bility of . the
circuit to make the difference between the het-wire resist—
ance of the- Original and the new position of ! eQuilibrium very
small. - The'hét wire ¢énsequently operatés - esdéntially at con—

- o5 B

stant reslstance - that is, at constant temperature. . -

In addition to the reduction of fluctuation of hot—wire
resistance,’ tbere is, a, corr83pond1ng redhction of ‘the time lag
of respoasc to ‘vafiation of the condition of 0perétion, pro—
vided the effect of capacitances in the circuit is also kept
small. This provision. is . recessary because the magnitude of
the time.lag depends bothiupon the residual thermal inertia.
-.0f the wire and upgn the effect of such capaCitances.

Hot wire readings with the baeic circuit are obtained by
measuring:directly: the.heating current or: by.measuring a quan—
tity propoértiondal to it :such as:the grid voltage of’ the cur—
rent—regulatdotr tubes;, with respect to the’ greuﬂd., o

s .o cmes o gTh s e L ey e~ T
. . . ’L_,- [ |
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In order to obtain a reading linear with velocity, use
is made of an additional anmplifier stage, item & of the pre-
ceding sectlion, operated in a range Of its characteristics,
in which the exponent of the variation of plate current with
grid potential, expressed in exponential form, s equel to the
reciprocel. of the exponent relating variations of heating cur-
rent and of velocity past the hot wire,- Tubes, such as those
listed in tables I and II, were found to have a sultable range
in which stable operation may be obtained, When ad justed for
linearity between reading and velocity, the circult may be ex-
pPected to msasure the mean velocity of fluctuating rectilinear
flow,

The Circult

(a) Features of design of the hot-wire aireuit.- Circult
dlagrams end oircuit constants of the hot-wire instrument are
given for two versions of the instpument: namely,

() For battery operation, figure 2 and table I

(b) For operation from 110-V alternating~current
supply, figure 3 and table II

The two circuits are alike except for deviations necessitated
by the different forms of power supply.

The bridge was designed with a view to keeping the input
impedance of the amplifier low and to obtain & temperature
adjustment which woula stay constant over a sufficiently long
period, The adjustable air condenser was provided to effect
close balance of the bridge for alternating current, and a
second condenser .in the grid-~leak circuit of the amplifier to
compensate fqr .the effect of interelectrode capacitance in the
amplifier, . '

The design of the nonlinear stage was governed by the de-
slirability of having one terminsl of the output (i.e,, the
ground connection of the cathode-~ray oscilloscope) at '‘ground
potential, ' o

From operating experience with both verslons of the hot-
wire instrument it wae concluded..that the battery-operated in-
strument ss designed hae =2 lower time lag than the alternating-
current supplled instrument, .

It was found, however, to require frequent sdjustment of
bridge balance to counteract voltage drop of the batteries.

Short effect, which is of negligible magnitude with fresh
batteries, increases rapildly with age of the batteries to an
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order of magnitude eBual " to that 6f the signal. “With the
alternating-current- -supplied instrument it wds- possible to
maintain bridge adjustment indefinitely’ once &ll- tubes had
reached their equilibrium temperature; however, ‘it ‘has"a higher
time lag and an alternating~current hum which preciudédd the
investigation of the high-freguency fluctuation of small ~an-
plitude.

2L T TR vty

(v) Design of .power packs.- The power packs (fig. 47
were designed to meet the following requirements-_ d

(a) Maximum insensitivity of output voltage to' e
varigtions of input voltage : "

{v) Minimum alternating~current rippls-

(¢) Minimum time lag o0f response t0 variations
of load .

These requirements were established after an investigation of i
the effect of power pack characteristics upon opsration of the
hot-wire instrument. They were found to0 be more exacting than
those, ordinerily applied, to. power~pack characteristics and
therefore necessitated the development of special circuits.

The basic design of all three power-pack circuits is lden-
tical. " Eacdh power-pack consists of the following elemental T

Main auxiliary transformers e _ .
Rectifler tube ot - T e
Filter PR i;

Constant-current device, -consisting of. an electronic
. tube and associated elements, such as a voltage reg-
ulator tube for the screen cirecuit -~ "—n=- S

Voltage~regulator—~tube: oircuit parallel to the output

Difference of output capacity and of the location of
ground. connection. resulted in certain differences.in the de-
sign of the circult, among them the. followinge The current-
regulator—supply power pack has four voltage~regulator tubes
in parallel capable of supplying = total of-100 milliamperes
output. The resistors placed in series with these tubes in-
sure firing of all tubes as the power pack 18 energlized and
approximate equality of current through each at any load con-
dition., A separate screen aupply “for the current-regulator
tube was provided, the voltage of . whiqh 1q indegpendsnt of the,
soutput within cloger limits than that’ of the plate supply &f
the current regulator.

© e Ee e e L d e pnemr e
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The circuit of the power pack for.the secreen and plate
gupply of the direct-current amplifier dlffers from that for
the grid leak, apart from differences of the values of cer-
tain’ ¢ircuit constants, by a cendenser O (fig. 4). This
condenser serves to eliminate a ripple, and also decroases
the time’lag of response to variation of output.

The relay in the current regulator supply was found neces-
sary to protect the screen leak VR tube during the warming-
up period of the power packs. Dynamic response of the power
packs constant curreat to variation of lcad wae tested by con~
necting valve, a current amplifier circuit controlled by a
square wave gensrator to the output and measuring the time lag.
In all cases the time constant (see gsec. on Response to Fluctu-
ations of Velocity) was found to be less than 1 X 105 seocond.

ANALYSIS OF OPERATING CHARACTERISTICS

List of Symbols

A tube in hot-wire cireuii for battery-operated
hot-wire instrument
B filament switch in_eircuit for battery-operated
hot-wire instrument
0 equivalent capacitance in circult for battery-
cperated hot-wire instrument
Op drag coefficient
c " constant in King's equation (2)
Cp gpecific heat
D, milliammeter in ciréult for battery-operated
hot-wire instrument
D, _ microammeter in circuit for battery- operated
' hot-wire instrument N
diameter.of.wire e
B steady flow voltage - "5?51' .
e instantgneous voltage o

£, o4 £ non—-dimensional ratios of heating current to
veloclty ’

g galvanometer in hot~wire circuit
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g'n over-all transconductance of circuit:lc. R
(g'm)or transconductance of ourrent regulator valde
H quantity of heat
i. instantaneous heating current _- o
i, heating current at zero air velocit&-
=/ SR |
AQ/Q _ . . . SR
K = o -strain sensitivity of wire T A
S YA . ) _ . Ve s
i .".': .
k S constant in King's squetion (2) _
" length of wire . -..'ﬁ i OO
time constant Y1 - : ' ?”_i;q;;:ffin;;g
mass of-hot wire S :
. w f [T .. . . — vy - = e
n= — regquendy . - - : S -
R instentanecns resistance of hot wire B
R ‘mean ohmic resistance of hot wire . f1§1'
Rg resistance of hot wire at temperature of. ambient. .
' alr _ o
Rq v resistance of heated wire at zero: velocity i
5 power supply terminal h h
8 maximum sag of wire’ i
T temperature of wire
Tq alr temperature
% time ' _ s ;
v -'velocity._ft/sec L N RN :,, f-'ffji
Z .. .impedance of hot wiie ' 'f_ S :
o temperature coefficient of resistivity
g tenslile stress. - .7 BT o - '
g angle of incidences _ . . . .
®, ©..; &, "Tover-all phise 1d¢ of simple harmonic signal, of

hot wire, and of amplifier, respectively
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w' amplifier gain , _ L e '
p mass density, 1b seca/ft . L L l 

W angular velocity
Q resistance, ohms

Subscript

¢r current regulator valus 7~

Strength of Hot Wires at High Velocities

In testing hot wires of platinum in air streums of high
velocity the observation was made that new wires, which were
soft-soldered taut between their supporting prongs acquired
a slight sag from exposure 0 a stream of 200 and even 150
feet per second velocity. As this could not be ascribed to
failure of the solder joints, 1t was inferred that the wilire
was stretched. Further inerease in velocity would increase
sag until whipping of the wire occurred, which then would
lead to breakage. Flatinum wire of a length+dismeter ratio 1/d
= 1000 would fail consistently at veloclties exceeding 300 feet
per second, No stretching of tungsten wire. was observed after
sxposure to veloclities from 500 to 800 feet per second,

(e) Egquation for strength charscteristics;of hot wires,
In order to establish a general relationship for the strength
characteristic of the hot wires, it 1s agsumed that breakage’
of the wire occurs as the aerodynamic drag causes the temnsile
stress in the wire to exceed the safe maximum limlt for the
metal, Let 1t be assumed further that the curves of the wire
under lcad are gimilar -~ that is, that the ratio of sag p ,
to length 1, is constant, The following relation may be es-
tablished by the approximation of the curve by a parabola:

< “1 - 2
2 8p 4
hence s
o = L gy £V .l_’ L (1)
2m 2 d P _

(b) Maximum permissible length of hot wire,- Equation
(1) may be used to calculate the maximum permisgible length
of a hot wire, To this end the following values have been
assumed: "

1. Reynolds numbers for hot wires cover the range from
10 to 50,

2., Corresponding drag coefficlents are from 3,0 to 1.2,
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%3, Calculations were carried out for Cp += 1.0; if desired,
results may readily be corrected for any given value
of Cpe«

D

lj. In the absence.of specific information it was assumed,
that a sag equal to L/lOO of the length of the wire

constitutes an acceptable operating condition, and i :;
caleciilations have been carrled out for thls value,
i/p = 10Q. ' '

The limiting velocity for safe operetion of the hot wire in
respect to breakage was defined as the velocity of an air stream
of standard sea-level 'density prodtcing a tensile stress in the
wire equal to the yileld stress of the material. The tensile
strength of flne wires varies-a great deal as a result of the
drawing procesa azd the subsequent anneallng of the wires for. e 1
purposes of aging before its use. The figures given in the_ fOlr.: N
lowing teble are believed to represent averagse. values._;_ . .

= P a——

- TENSILE STRESS AND STRAIN PROPERTIES OF HOT WIRES

Ultimate © Yield Modulus of .: ...ce

| ¥aterial - tensile . strength . |. elasticity |... wg
% . b strength : : _ T A
el o Ces)E (psi): .4 .- (psi) . L ..0
20,00C to 30,000 as low as 2.2 x 1% }.;-Hff

* | Platinum - annealed _ 5000 drawn

53 OOO hard drawn : : annaalqg-:.;f; e

215,000 sWaged rod’ 500,000 hard ‘| * 5Y.l, x lOF
0.3 inch diameter drawn wire drawn wire.
| Tungssen .| 590,000 hagrd drawn |. Q'ggiigtzgéh,-.
1. = Lwire G.00LL; imch | .
tonffe - diameter )

-

. ‘On the ‘basis of the ‘data’of thls table,‘curves have. been
plotted in figure'5 giving maximum: operating velocities versus .
_ length-dismeéter. ratio for various yield; siresses. - These data .
" lead %o thé cénclusion that” platinum ‘wire mey be used at rela- 7
tlvely Iow velooities; whereas tungsten .wire is appllcable for ~
:very hlgh alr velocitaes.L_:' Do Thee g ’

* N T T et e -

.}(o) Strain sen51tivity.- It is knqwn that the electrlo
resistance of:metal.wires. 1ncreases as’ the’ w;re 1s sub3ected
to strain.. The. strain sensltlvlty is. dqfined as the ratlo-

T :
P g P et cee
L I

c’_. _:.-1.. . . .-
. . : i .
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Unit resistance change - AR«
Unit strain change AVl

(S5¢e reference 3,) This strain sensitivity forms the basis
of straln measurements by means of wire strain gages. In ref-
erence 3 the values are given for the above ratio for strain
guge Wire; namely,

]

K = 2,15 for cupronickel wire
K= 3,8 for 1goelastic wire

Since corresponding values for tungsten wire wvere not
discovered in the literaturs, a simple test was made for the
purpose of identifying strain sensitivity and of establishing
its order’ of magnitude for this material.

A tungsten wire of 0,001l centimster diameter was sub-
jected to tensile loads., At the same time n constant current
of 20 milliamperes was passed through the wire and the voltage
drop was measured. The temperature of the wire was but slight-
ly in excess of room temperature. No tests were conducted at
normgl operating temperatures of hot wires. The tungsten wire
was gsubjected to tensile stress of from 200,000 to 400,000
pounds per square inch, The strain sensitivity was calculated
to be K = 1,7, : .

The calculated percentage variation of tungsten wire for
an assumed chenge of tengile streas.of 200,000 pounds per
square inch, based on the measured strain sensitivity is 0,57
percent, : ‘ '

Strain sensgitivity will affect the heating current of a
hot wire exposed to a high velocity air stream. From King's
equation (see sec, on Static Response Characteristics of Hot
Wires at Constant-Resistance Operation) it is seen that =an
increase of the tension in the hot wire due to the impact of
the ailr causes an increase of its resistence R and for a
self-balancing bridge circuit a corresponding decrease of the
heating current. This deviation from King's eguation 1s shown
schematically in a graph of the square of the heating current
versus the square root of velocity (fig. 6)., This effect may
be as high as 1 milliampere and apoears to make iteelf felt
in calibration curves. (See fig. 12, curve C), Thc effect
of strain sensitivity may Be minimiged by reducing the
length-diameter ratio of the hot wire, Use may be made of
the graph (fig. 5) in oconjunction with the data of the pre-
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ceding table on Tensilg Stress and Strain Properties of Hot
Wires in selecting a satisfactory length—diameter ratio.

(a) MEEEQ__2i.ﬂ&E&Li&E_EEQEEEEA.ElEE-— Hot wires of
platinum and nickel were mounted on tHeir supporting prongs
by soft—soldering. This resulted in a copnection which from
celibretion tests appeared to be satisfactory both in regard
to mechanical .strength 'of -the ‘connection gpd in regard to
its electrical resistance within the range of velocities for
which these wires are applicable. The ranges_ of velocities
are limited by the tensile strength of the'pot wire itself.

Considerably more difficulty was encountered in attempt—
ing to0: qount .hot wires of tungsten. Two mathods ¢fumounting
tungsten wire were 1nvesuigated, ngmely, the spet—welding
method, and a special msthod described hereafter permitting
soft—sonering of -the hot wire.

T .

The weldiﬂg of tungsteén wire was done by a very simple
welding device in which the current and the fusion time
could be controlled only very crudely. As a conseqguence,
the prongs or the tungsten wire would burp. and the. probabil—
ity of obtalning two satisfactory welds apd a taut .wire was
low. It 1s believedy -however, that neat welas could be ob—
tained with &.welding device ellowing care¢ul control of the
conditions. However, since such a unit weas not .available,
this possibility was ‘not pur¥sued further.

A second method of mounting tungsten wire,was developed
as a result, of extended exnevimental investigation, -in the
course of which more than: fifty wires were mounted and subse~
quently tested in an alirstream of up. to 600 foot—per—seconﬂ;
velocity. ‘It was recognized that a’ hot—wire connectien; to
be satisfactory for use in high—veloczty alr streams, musf’
have two discrete properties; namely, it must have adequate
strength and .its electrical resistance preferadly should be
negligible compared with the resistance of the hot wire, or
alternatively, it should be -l6w ‘and constant.

- - L3

When attempting to soft—solder tiungéten wire it was
found that soft—solder does not readily adh;re to tungsten.
This condition appearec*tO&be aggravated for certain samples
of tungsten wire which. vere believbd to havﬁ acguired: = coat
of tungsten oxide. ot G T R P e

. \,.'.'.,i..:..-"'-' ot . o B _. e _.:-_'_.

A method of obtaining a satisfactory éonnédtion between
tungsten wire and its prongs which takes account of the fore—
going consilderations is described with reference to filgure 7

.~
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by enumerating the various steps of the technique of mounting
a tungsten wire of 0.00061 centimeter diameter:

l. Pickling of the tungsten wire in hot aque regia solu—
tion %o remove the tungsten oxide. Duration of the process,
1/2 to 2 hours.

2. Plating of the wire in an electrolytic bath of rhodium.
A voltage of 1% volts was applied to the electrodes for 30
seconds (figs. 7a and 7b). )

4. Mounting of the turgsten wire between u—shape copper
wire shown in figure 7¢. The u—ehape wires is to. be twisted
several times to wind the tungsten wire around the copper
wire after insertion of the latter into the hollow prongs.
Proper tensiocn of the tungsten wire may be established con—
venlently by this method. The tungsten wire is then pushed
into a notch at the rim of the supporting prongs.

4. Soft—soldering of the u~shape wire and the tungsten
wire into the prong. : :

5. Removing of the rhodium from the hot wire outside the
solder joint by immersion into an aqua regla solution. It is
found that the solder is attacked much more slowly by the acid
than the rhodium, and no harm is done to the sclder conncction.

6. Microscopic inspection of the solder joint and of the
hot wire.

Tungsten wires mounted by this method were found to be
suitable for measurements in high velocity streams both in re—
gard to strength of the mounting and. in regard to its elec—
trical resistance, The photograph of a hot-wire holder
(fig. 8) shows the proportions for a wirs of 0.5 centimeter
length.

Static Response Characteristics of Hot Wires
at Constant—Resistance Operation

If constant resistance of the hot wire, or gerc rate of
increase of heat energy 'in the wire,: dH/dt = 0, is agsumed,
the balance of energies supplied to, and dissipated by, the
hot w%re may be expressed by King's equation (references 1
end 2).
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i - . _’T‘ .- . -_"‘ - ’
3.4-1% = Tq’° (k+c V7 ) s (

W
A N

Of interest is the variation of heating current with veioc—
ity at constant hot wire and amBient air temperature,
T-Ty, = constant, in-which case it may be asssumed that

both k& and ¢ also remain constant.

The varistion of heating current with unit variation of
velocity may then be calculated from egquation (1), using new

P PesT T‘-TQ -
constants k' = —= & d ' = . :
S % % T am an¢ ¢ =gzar °
T 4t c‘ﬁ i . . ) - Lt
fl = e = ._L . ; .- —(3)

av 47 o/ B+ et/

The variation of heating current for 1- percent varia—
tion of velocity is

- 1 ai - 1° "ctJfﬂ.'__ ey
2 7 100, 4V 400 Jktrcl /Y. ' B

T : T

Finally, the percentage of variation of heating current
for 1- percent variation,of velocity is
' (41) '
AGL/ }
f:-=.-i —.l. Cﬁ-
TTORY) % k+eVT
7

The functional relations according to equations {(3) to (5)

have been plotted in figure ¢ for k = 10 and c = 1. It
follows that the asccuracy of hot—wire readings, contrary to,
general belief, at high velocities is inherently superior %o
that at low velocities, at least for constant—resistance op—
eration considered here.

. e - - . e e e

Response to Fluctustions of elocity

. . . - Pt aee " ’ g c. - . R ..
Lag of response of the circuif to variations of velocity

may be caused by (1) lag of response of the hot wire, result—

ing in lag of the_inpgy_signal_of_tpe)gmglifier_and (2) by lag

L
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of the amplifier and ocurrent regulaton tube, resulting in
lag of the heating current with respect to the input slgnal
of the amplifier. _

The time lag may be expressed by the aﬁgle of phage lag
of a simple harmonic signal. Let the angle of phase lag of -
the hot wire be ¢,, and of the amplifier ¢,; Then the

over-all phase lag is
=9, + @,

(a) Phase lag of the hot wire.— Considering first the re-—

sponses of the hot wire it is recalled that the resistance of
the hot wire does not remain precisely constant. Its varia—
tions are related to variations of heating current by the
equation

1= 4, [1 =~ &'y (R = Rp)]" ()

Proportional changes of tlhe temperature and the heat content
of the hot.wire take place. The latter induces a heat—trans—
fer process requiring time, which ig the cause of the tine—
lag of responsc. Thie time lag has been expressed by Dryden
and Kuethe for constant-—resistance operation (rcference 2) in
the follow1ng form : -

_ 4.2m5,(=Ra) 1 (7)
ZERaRo o Lig (n—
m_ qa

For values of the transconductance obtainable with the basic
circuit

i——R R . . . - L ) T
zg_'mi—_ifi‘>?'l o (8)

hence equation (7) may” be simplified #o:fead

M = . ?.Em Cy (9)
2i% g R Ro @

The phase lag, Py of the hot—wire response to a simple
harmonic variation of froqucncy 'guf_é% ‘may ‘then be calcu—
lated AR __ ’ ’

¢1.= tan_l(—M21Tn)= tan” 1 (—-Mw) (10)
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When expressing the time constant in terms of the ohmic re—

sistance R
wire, M = RC

G

and the equivalent capacitance

(fig. 10},

¢12= tan 1(-—RHJG)

¢ of the hot

(11)

The minus sign in equsations (10) and (11) 1ndicates that the

current lags.

It is seen from equation (9) that the time lag of the

hot wire decreases as the over~&11 transconductance of the

cirecuit increases,

(b) Phase lag of the amplifier.— The amplifier stagese

are re81stance—coupled

fore is the

tubes.

and 3,

and the only source of phasé lag there—
1nterelectrode capacitances of the amplifier

As ‘their 'effect may be reduced to a2 negzligible amount
by & small compensating condenser )

e{ O\-'

in the range of frequencies encountered.

(c) ngé_lg_gh&;agigx_gilga_g__glxgg_i response.— In

conjunction w1th the design of the hot—wire circuit,

"in figures 2
the amplifier operates at practically zero phase lag

calcula—

tions .of the 'response to0 *velocity fluctumtions were made and

the résults. are ‘'shdwn in figure 11,

in the

angle of phase lag versus amplifier_gain
harménic vafiations 6f hot wire resistance of various fre—

quencies, -

In.-these calculatiens  the transconductance of

form of curvesg of
w! for simple

the

current- regulator valve was assumed to have the constant value

(g'a)or 270005,

to be zZero.

The phase lag of the amplifier was assumed :

The ealoulations were carried through for two ﬁifferenﬁ;_
hot wires for which data is given in the following table:

" L

vr

Type of wire

Platinunm wire

Tungsten Wire

Diameter:d"=
lengthril =

1/a =

Current at zero

Time lag &t

velogity=iy ="

&'y =50

0.00025 centimeter

0.685  'centimeter 1

2,540

-3
10 X10  ,ampere °

M & 0.0238 x* 107

second

.0.00061 centimeter

0.635 centimeter

r 5

1,040

20 XIO § ampere

M1= 11.35X 107
second
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The following conclusions may be derived from inspection
of figure 11. ' -

1. The residual thermal inertia cof the hot wire is the
principal factor in determining hot—wire response. For maxi-—
mum response to fluctuations of velocity of high freguency it
ig desirable to use as thin a hot wire as can be handled.

2. For a given hot wire there exists an optimum gain of
the amplifier in regard to phase lag and tube noise. Ampli-—
fier gain and hot—wire characteristics should be matched for
best response of the circuit. (See sec. d.) :

3. Development of the hot—wire circuit for respornse to
high—frequency oc¢scilletions call for high amplifier gain and
for compersation of the phase lag of the amplifier, which
may easily be accomplished over a wide band of frequencies by
convertional technigue. '

(d) Limits of resvonse.~ Increase of over-all tranecon—
ductance decreases the time lag according to equatiun (9).
It likewise decreases the variation ¢f hot—wilre rdsistance
(R — Rg) for a given velocity variation according to cqua—
tions (6) and (2) and thereby the magnitude of the input sig—
nal of the amplifiier, which varies ianverscly to the amplifier
gain., There exists a definite lower limit of input signal
and consequently of amplifier gain, established by the magni-—
tude of the tube noise of the first amplifier tude. As the
input signael. is reduced to the order of magnitude of the tudbe
noise 1t can no longer be discerned readily nor be analyzed
correctly., This limit ie reached as the input signal is re—
duced to less than 10 .microvolts and is approached in the
design-of hot—wire c¢ircuits. (See curves & and f of fig,
11.) '

Interference from tube noise can be reduced by the fol—
lowing meaBures! '

. (&) Operation of the hot wire at high temperature

(b) Choice of & tube of low noise level for the first
enplifier stage

(e) Low amplifier gain
(d) It i1s to be noted that, all other things equal,

tube noise affects the readings less at higher
velocitles than at low veloclty :
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~GALIBRATION

. ' - . - .- .
1 . . . -

A number of calibration tests were performed to estab—
lish the characterietics of the instrument experimentally.

LL I a __ e -..-..__...--. R

Static Galibration
Calibration tests. for static response lncluded- measure—..
ments of the equilibrium conditione of various states of op—
eration w1thout 1~egar<i to tran51ent phenomena.

“{a) Jariation of. hpating current with velocity.— The

static response of the circuit to variations of velocity past
the hot wire was tested by measuremrent of the heating current
required to maintain the hot wire at_ constant temperature.

To this end the hot wire was supplied with a heating current,

1o, at zero =eirspeed by adjustment of the variable bridge
reslistor and then balanced. Once adjusted this balance was
maintained automatically at all speeds except for the small
unbalance necessary -to.induce é¢ompenrsating action. Tvpical
calibration curves are given in figure 12, in"which the

square of the heating current, . i,, has: been: plotted againet o

the square root of the velocity, ¥V, fof one value,oi_ i,

each for three.different hot wirwes'. The platinum_w{re_was
tested to 340 feet per second, “the highest velocity it was
believed capableg of. sustainlng without suffering permanent
strainy ‘th'e other wires to the maximum &airspeed obtainable
with! the teft equipment. At first.-the hot wire was p&aced
in the- stream from a nozzle placed on dischargé’ Bide of the
blower (an aircraft—type supercharger) This was found to
be unsatisfactory, however, because of large disturbances of

,,,,,,

nation in the alr stream originating in the blower. After
Placing the nozzle on .inlet side of the Dblowef “these disturb—
ances vanished a2nd the results of figure 12 were obtained )
without further difficulty.. . .- R S o

R AT
P P

‘It -is eeen that the curve for platinum deviatee from & "
straight "line at’ a velocity ofi 160 feet per second.: The devi—
ation from etralght 1ine in. the i2 - V diagren fe ceused = T 7
by strain of the wire. Strain effects depend on factors not
readily controlled, such ags the sag of -ths wire,-anﬁ should
therefore ' be 1ooked for, eepecially in hot-wire ealibration,
since the occurrence of strain probably establishes an upper

TRl


http://www.abbottaerospace.com/technical-library

18 NACA TN No., 290

1imit for the velocity range for which a hot wire may be ap-—
plied, In the case of the nickel wirs and the tungsten wire,
strain effects did not become apparent within the range of
velocltiecs tested.

(p) Linearity»of instrument readina-with‘velocity.— Iy

wag found that the variation of plate current of the non—
linear stage could be adjupted readily so as to be linear
with the variation of wind velocity past the hot wire. This
is effected by adjustment of the screen voltage of the non—
linear stage. It may be done without the use. of an air jJet
by reading the variation of plate current which takes place
as successively various currents (2 — io) related to the wind
velocities by the heating current—veloclty characteristic of
the hot wire are impressed upon -the current supply terminals
of the Wheatstone bridge to flow in opposite direction to

the heating current is. Linearity, which may be thus estab—
lished readily over all but the first tenth of the range of
velocities, may be checked in the alr stream, Results of a,
calibration test are given in figure 13.

Cp) Directional characteristics.— Hot—wire reading;fgf

the instrument with linear characteristic taken at constant
velocity dbut varying angle of incidence €& TDbetween direction
of flow and hot wire are plotted in figure 14, The figure
also shows in dot—and—dash lines the vfinae curve, and 1t

is seen that the calibration curve displaced a few degrees
follows this +sinZ®@ curve with reasonable approximation,
except in the range from 0° to 6° angle of incidence. It
can be stated that the hot—wire instrument measures the com—
ponent of velocity in the transverse plane of the wire.

Calibration for Response to Fluctuations of High
' Frequercy and Large Amplitude

(a) Iheory of square—wave testing.— The theory of the
square—wave method is based upon the mathematics of the unit
function of Fourier's series (refe;ences 4 and 5), The theory
and aepplication of square—wave testing of alternating current
and ~electronic circuits has been discussed in reference'S,

With refe;ence'to_ité apﬁlication to hot—wire respomse,
it may safely be assumed that interferenco between statesiof
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operation which are more than half a period of the square
wave apart are of no concern. JFor, phls reason the theory may
be confined to +he _sgbtudy af.. the-instantaneous change from one
condition %o another-condition, sthere “both the imitial and
the final conditions are maintained constant over an indefi-
nite period. This change is represented graphicell; by gurve
a of figure 15, : R O : : R
Equivalent eircuit.~ The ‘cligrgcteristics of the hot-wire
circuit are represented by the equivalent electrical cirecuilt
(fig., 16). A decrease of velocity past the hot wire corre-
sponds t0 an increase of current through 'the equivalent cir-
cult. The resistance R and the capacitance € represent
the resistance of the hot wire and its residual thermal iner-
tia as well as the reduced capacitshce of the circuit. Vari-
ations of the resistance of the hot wire, which in a circuit
with automatically belanced bridge gre small, are not taken
into account in the equivalent ecircuit.

Suddenly applied voltage.- The instantaneous application
of a voltage 1is described by the function. ’

w"oo
B
ey = o sin (wWt) aw
“w=o o )
Let the resistance , (fig., 18) be .of such magnitude

that the effect upon the current i through the circult of
the combined impedance

1+ w?c®xr 1+ w? caap

of the resistance R and the capacitance € acting in paral-
lel may be neglected. In that case the equation for the cur-
rent is?

El _
= = 2 Y du : -
i = 3., 5 sin {wt) dw
w=0 _—

and the potential across the resistance R or capacitance _G:
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~ e . e - G

Y Tl ) = oo

. W= LT ’ o
B s Ly - - d : . :
e =:“_‘2.R[3..]:..f:- 2 -8R (wt) w.__l..f _.._92_3___.; Qos(wt)d.w]
L ByoLm "W 149Rg2R® T _  1+w?O0%R

w =0

where cos(wt) has been substituted for § sin (wt).
« The first integral in"brackete is of the form
. . . 1

x(1+x%)

sin{mx)d x

¥

as wili-be seen when substituting

N x = wREC
= b
%= Re

its value is (reference 7, item 445)

o e~t/RG
T2

3

The second integral in brackets is of the form

=]

d/l — cos(m x,d x
1+ x2

x and m denoting the same quantities as above. The value
of this integral is (reference 7, No. 263, p. 27)

When substituting these values, the function e =flt) be—
comes- ’ o '

=t
e =EQ-R [1-—eRG }

Ry

This relation is represented by curve b, figure 15,
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‘Geometrical representation of the time constant.—~ The:
quantity - RC has been recognized as the time lag M. (See
sec. on Response to Fluctuations: of Velocity.) This quanti-
ty may be related to the response curve of an instantaneous

change, curve » of figure 15, in two distinct ways, as
shown below: R

1. Differentiate the”equafioﬁ for Ue of’ the preceding
Paragraph with respect to time at t = 0

(1e =,=(;.X_P;,_(eac\.
~dt-£=6'.. Ry, RC - S

t=0

" whers B = _‘Z_l R,. the voltage.of thp final state
. e , B . _ .
when rearranging: .M = RC = which {s’ )
at

AP
i

represented by the distance 1- 2 in figure 15

Galculate the - ordinate of the response curve, curvé b
nf figure 15 for the time ¢t = RG =M

L - L

D | ol A
(e)iopg = E (1-e7) =' o..szz E

LIl By s mriTimooe e ool :

by ; P
where, & = =R, ag ahove. : L. -
~1 : :

% Cs .-

Fron this it foilowa that the time constant M may be ob— _
tained as the horizontal dlsbance from the start of the re-~
sponse eurve to the ordinate e .=.0, 632E G e e

ghangea.~ The flrat geomet~-
rical construction for M is _idantical to the'construcition
applied to the r'esponsge curve of . a harmonic dlsturbance.. (See
refercnce z,Ap._lz ). It may be concludod ‘from. this, that ths
time constant may be obtalned hy eithar geomatrical construc~
tion dven in cases where the original impulse is not instan-—
taneous, provided the curve of the applied voltage is known

and compensated for by a corresponding horizontal displacemant
of the response curve, : T

The relations established in this section derived for a
simple electrical circuit may be applied to the calibration
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of 8 hot—wire circuit as it has been shown in the section on
Responsec to Fluctuations of Velocity, that the combined char—
scteristics of a hot wire and its circuit may be expressed
through an ohmic resistance anéd an equivalent capacitance op—.:
erating in parallel. S

.

(v) Calibretine device for square—wave testing of the
bot wire.— Changes of operating condition of the hot wire ap—
proximating those of sqguare waves are produced by oscillating
the hot wire at right angles to an air jet. The hot wire 1is
arranged in such & manner that at the midpoint of its stroke,
conseguently at its maximum velocity, it enters the air jet
simultaneously over its entire length. The axis of the wire,
the direction of the sir jet, and the direction of motion of
the wire are at right angles with respect to each'other. The
mechanism of the callibrating device ie shown in figure 17,
which is Believed to be self—explanatory. It operates at a
strake of 4%-1nches anéd at a frequency of 30 to 60 cycles per
second. . The velocity of the air stream may be varied from O
to 400 feet per second.

In using the calibrating dsevice, account must be taken
of the fringe layer separating the free jet from the surround-—
ing stagnant ailr. It should be reduced to minimum thicknesns
by removing the boundary layer.of the nozzle (see fig. 17)
and by traversing the jet.close.to the throat. of the nozzle.
Correction -must be made for the remaining fringe layer in
evaluating the calibration records.

A sample oscillogranh obtained with the square—wave calil-—
brating device from a circuit with coneiderable time lag is
shown in figure 18, S . : '

Meagurements of the time lang of the hot-—wire instrument
with battery supply and with a tungsten wire of 0.00061 centi-—
meter diameter and. 0.80 centimeter length, carefully adjusted
for maximum response indicate that in this case M 1is of the
order of 10 X 10™® second. Precige measurements, however,
were not possible, chiefly because of the disturbing effect
of the frirge layer upon'the'ﬁéasurement. Further developrient
of the squsre—wave testing device is necessary to achleve
higher speeds of the hot wire as it enters the air stream and’
thereby higher precision dfimeagurement'bf-small-ﬁime leegs.
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. MEASUREMENT OF MEAN VELOGITY OF AN .ATIR STREAM . .

The hot—wire instrument as described in the pheceding
paragraphs was used for measuring the mean velocity irn two
distinct cases, namely; (1) In a flow of varying velocity
but of uniform &irection in which, moreover, both the mean
velocity and the charscter of the fluctuations could be ascer—
tained precisely. (2) In a flow  of cyecliely varying velocity
and directlon in which other measuring devices are not pre—
suned to give Precise results.

11':'P

",

Waasurement of Rectilinear Flow A
. P u e Sy e e —
_ The hot wire was mounted on 2 shaking devics oacillating
at from 30 to 50 cycles per second through a stroke of 6 -
inches in an air stream paraliel to the direction of flow.
The air stream was produced by a nozzle of 8 :inches diameter,
its velocity could be varied from O to 400 feet per second.

The tests then consisted of shaking the wire at various
frequencies and at various velocities of the ailr streanm,
while at the same tim'e é¢bserving the cathode ray oscilloscope
and taking readings of tbe ‘nonlinear stage.

The readings of the Teanh velocity confirmed the antici—
petion as it remgined the sdme 'whether or not the hot wire
was shaken, except in case the airspeed of the jet was less
than the maximum speed of ‘the shaker?mction.

The oscillograph observation was less conclusive than .
the méan readings since it is difficult to detect slight-devi—
ation from & sine curve. Distinect indication, however, was ob—
tained from the oscillograph as soon as the directioniof rela—
tive velocity reverses —thaet is, the case reéferred to above
when the instrument ceassd to read the meédsn velocity. ¥

Measurements of a Field of Flow of Varying

Velocity and Direct*on
- . : S N 8 RS R A
a An investigation was ‘hade’ df ﬁhe possibility of ‘measur—
ing the mesgd axial velocity, 88 "well a5 the Instantaneous .
axial-veloclty components at the discharge of a.rotating blade
£°Y:; A rotctlng axial-flow blade grid of 36—1nch tip dlameter

c
] - ..'J-.'. Y 3 da

re T -

.
by

.|!'
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20—inech hud dismeter, consisting of 12 blades of 7—inch chord
and 8—inch span, rotating at from 600 to 1000 rpm, was avall—
able (reference 8)., Directly downstream of this grid and ro—
tating with 1t was mounted & pitot tube by means of which wake
traverses could be measured while the grid was in operation.

Hot—wire measurements were obtained on this blade grid
by placing & etationary hot wire at midepan radius of the
blades approximately 1 inch axially downstream of the trail-—
ing edges such that the hot wire was directed in the plane of
rotation tangential to a circle concentric to the axig of ro—
tation. The hot~wire instrument might then be expected, ac—
cording to the section Directional characteristics, to give
readings of the axial velocity components. The instantaneous
reading was made visible on the screen of a cathode~ray os—
cilloscope. To this purpose the sweep circuit of the oscillo—
scope was synchronized with the rotation of the ‘'rotating grid
by photocell circuit such that the velocity pattern of only
one—blade interval appearéd on the screen., A4n oscillograph
thus obtained at midspan for 700 rpm and 120 feet per second
mean axisl velocity is shown in figure 19. At thé same time.
mean readings of the hot-wire instrument were taken.

The cecilloscope was evaluated from the known calibration
characteristics of the hot—wire instrument and the deflection—
voltage ratio of the oscilloscope, yielding the variation from
mean of the instantaneous axigl veloclty and in conjunction
with the mean reading Qf the instantaneous velocity.’

Corresponding pitot tube measurements of a wake traverse
relative to the rotating grid were evaluated t6 give a profile
of instantaneous axial velocitiles. In this case variations
of direction of the relative velocity which were not measured .,
had to be disregarded.  The profiles of the axial-velocity’
components obtained from hot-wire readings and from pitot tubde
readings in the rotating system, shown in figure 20, ahow rea—
sonably good correlation.

CONCLUSIONS

The investigation has shown thdat hot—wire circuits of the
type described, operating at essentislly constant resistance
of the hot wire, respond to fluectuations of velocity at very
small time lag, - ' ' - )

It is possidle, by means of a suitably adjusted amplifier
stage, to obtain iInstrument readings proportional to the veloe—

*
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ity of a flow of fluctuating velocity and of, copxtpnt direc—"
tion. _ e P gt

-~
R

Directional calibration of the hot—w1re instrument with
linear reading reveals tha} within a wide range of variations’
of direction it is possible to obtain readings of the velocilty
compontht normal to the hot wire, from whigh it is concluded
that in flow of varying velocity and direction the mean veloc—
ity component normal %o the.hot wire may be measured e e

4t high velocities both the strength and the strain sen—
sitivity of hot wires must be considered. It appears that in
this. respect tungsten wire is most suitable. Suggestions ‘are
maede for mounting tungsten wires.

Aerodynamics Laborator#,
Case School of Applied Science,
Cleveland, Ohio, December 13, 1844.
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TABLE I,~ CIRCUIT CONSTANTS, BATTERY-OPERATED INSTRUMENT

R, 2,000 ohms A, and Ay  ILNB tubes

Rg 5,000 ohms Ay : ISA6 GT tube
Ra 30 ohms Ay 1 to 4 IS54 tubes
in parallel
Ry 100,000 ohms _ .
' B, filament switch
Rs 500'000 ohms on R5
Re 10,000 ohms By ‘filament switoh
on Ri3
Rq 3 megohms :
= By - filament switch
Rg - 10 megohms -~ .. .. v . on Rg
Rg 600,000 ohms 5-. md Sk " +180 wvolts to ground'
R0 3 megohms Sland S4 +90 volts to ground
R, 1 megohms Se . ground
ng 5 megohﬁa . 7 .- " =90 volts to ground
R, 4 500, 000. ohns 85 0nd §,° ~180-volts to ground’
Rig 5 megohms o G gglvenometer
R, 100,000 ohms D, (0to75) milli-
anmeter
D, . (0t0100) micro~

ammeter
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TABLE II,- GIEGHIT CONSTANTS, ALTARNATING-

. OURRENT SUPPLIED INSTRUMEXNT

R, 2,000 ohms """ "¢ © (0 %o 100) milliemmeter
Rz - 5,000 chme** ™ °° D, """(0 to 100) microammeter -
Ry 7Y LE0 onalE?Ttt Dy 0 gelvanometer

Bs . .1.500 ohms .

LI P s FoE -»_—_-.‘ - - o
Rg . 500,000 ohms , 04 0 to 100 mmf Ce ,
N L B S . I |
Rg 1.2 megohms Ca 0 to 30 mmf
' R'? - 'nnl'e'géhms tRERERA T L

Rg 500,000 ohms Ay, Ag, Ay 6407 tubes -
Rg 1.2 megohms . A, 6-T-6 tube

Ryo 200,000 ohms Ay  1/4-watt neon buld

h i E . T

Rq4 1.8 megohmsg ) . .

Ris 100,000 ohms . By switeh on R, control
g dn e < Lo

,J%13,r- 5@1990 ohms =~ For supply voltages at points

P el i PO 0

- TEY 8w Y t0 S84, see figure 4. v

Ria 50,000 ohms . .
R ,‘_;X I et BT PP . T

Rls 1,2 megohms . ) . . . -

Iy v e wr T g AR R

Rig- 1,000 ohms =~ (Sg = Sg),.6 volts d.c.

. [ . MetoLty o
O ) L
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- .-
. I YR .

TABLE III.- FPOWBR. SUPPLY

Ay L .. . Thordarson, T-13312 or equivalent,,
,}3, . : . Utah,‘spo or equivalent
Aa - : . :J_; Eyord;rgon, T-19P64. or equivalent
Ay, T fiiament transformer, 5 volts 24

. e s
(L, - Lg) * “ghielded filter choke 20 hy 50 MA
(Ly - Ly) 7% ‘ghielded filter choke 15 Q&Izoo MA

G4 Cs electrolytic condenﬁe?,?PﬂﬁFb 450 volte

ce . . . .16 MFD - . ¥

R, Giyd oo 4ot <340 ohme, 1/2 watt o

R, and Rg 6000 ohms, 1/2 watt ’
Rivadd Bg % + 100 ohds, 10 watts o
Ry riv - u;ilt- : nfoqy'dhms, 2 watts A

Ry o000 ohms, 50 watt, with ‘adjustable tap
Re 1000 ohme, 1/2 watt' e N

Rs, Rjon By By 700 ohms, 1 watt - ‘o e
Rya 76 ohms, with adjustable tap

Rqy 7500 ohms, 1 watt
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NACA TN No. 990 . Fig. 4
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NACA TN No. 990 Figs. 6,8
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NACA TN No. 990 Figs. 9,10
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NACA TN No. 990
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NACA TN No. 990 Fig. 12
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NACA TN No. 9920 Fig. 13
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NACA TN No. 990 Figs. 15,16
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NACA TN No. 990 Figs. 18,19
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NAGA TN No. 990 Fig. 20
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