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CROSS-%IAE PROBL FOR HOT-WIRL ANDMOMETIR
J. E., Bomeno and H. F, Johnctone
An improved cross-wire probe for the study of turbtulonce in gas streams
is described, It consists of two single-vwire probes clamped together, The
wires are orisnted with the aid of a2 microscope and a haemocytometor in order

to reduce the error due to the doviation of the wire angles, A method 18
presented for ecquallzing the time constants of the wires to reduce errors in

compensation,
Introduction

Among the quantities which are of intersst in studying the character-
istics of turbulent flow are the intensities of the lengitudinal and transverse
components of the velocity fluctuations, ths turbulent shear stress, and tha
uv correlation coefficient, ILet u and v be the longitudinal and transversae
chnponents of the velocity fluctuaticens, resrectively; n the density of
vho fluid: the primes refer to r, m. 8, values and bars refer to time average
vajucs, Then the shear stress and the uv correlatisn coefficient 2re defined,

reepectively, by

= - p uv (1)

and
. -u—v- fors
Kew =mwt - =

The three quantities u', v!, snd nv can be measured with ihe hot-wire snemamaver

nsing a cross-wire probe pisced in the fluld stream, The reletions tetween

these quantitios and the response of the croas-wire nrobe #ra given by Schahauae

end Klebanoffl. The fluctuating components of the voltsges across tne *w=

- ah wn M W mr e we M G wr ap E @ M WD wh wm P mE WP m cs MR WD mm W WP W M W wm s we aw ww e @

- ey an ev ws a W ws M W W w M W G wm Wy W W) W e W M e wr W an E) W s m ws ws Ew MM ws e = ws  we

wires for a constant-current hot-wire anemometer ere given by

i s B 44
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-0, = 0O -+€1._.. (3)
and mepm By o€, 12 (v
U U
The sensitivities of the wires to velocity fluctuations sre
(R -2)° _ &
?-—2— °? (5)
21Rg
and = A
€ = acet P (6)

The subscripts 1 and 2 refer to wires 1 apd 2, respectively; U 18 the mearn
velocity, R the resistance of the wire st the wire tempersture, R, the
resistance of the wire #t the air temperavure, I the current through the wire,
and G? the engle betweon the wire and tho axis of flaw, F is the calidration

coefficient in the egustion

s 1
R ., . w3

A is Pn empirically determined constant for the wire,

Sourcas of Lrror
In dé?eloping the relations beotween the three turbulent quentitiec and
the velocity fluctustiona as given by Lcuations 3 and 4, Schubauer and
chbanoff1 assumed that Sl = 82, ¢1 "5432 = 1&50, and that the atteruatien in
wire response due to the time constant of the wire, which is a mersure of the
laz of the wire to the fluctuating velocity signal, hes boen properly compen-

sated, Kunstman2 hes gshown that, £lthough the sensitivies of the two wires

2Kunstman, R. W,, Ph.D, Thesis in Chemical Engineering, Univereity of Illinois
(1952).

M e MR am e e S ap e® M R e P R MR R T mp G WD S Me P ML S W e SR ik MR SR B W M M W ey = =

may be different, little error will bte incurred if the turbulent quentities
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are caloulated from the following equatisnse

=]

(-0 - &) (91- %) (-0y * o)

pogti - - A - 13 (8)
T 2,+5,  (Z9+2) (5+0y)
- 4
vt _epten)  (21-2) (-0, -ep) 9)
T g < T (= 5
514’02 (.,1*‘(92\ (*)1+”2)
= 1 ' \2
uv 1 -91 \2 /"92
w®oh (< -3 {3 (10)

The error in é caused bdy deviatinns nqu from h5°, howevsar, mey be considersdle
Table I
Errors in Wire Sensitivity € caused by

Devistions of Q from h5"

@ Per Cent irror ¢ Per Cent Error
uO + 16.1 L"G - 3-6
4 + 13,1 uy - 7.2
L2 + 0,1 Le -11.1
Y3 + 6.7 Lg -15.0
l&ﬁ + 3.4 H0 -19,2

&3 sitown in Tadle I,
Apprecieble error will s1s0 result if the time constante of thc wiras

ere not equal, Dryden and Kuetzhe3 heve ghcwn that the ectunl value cf the

- o s am wh e e e wp mn Wm AR MR em T WP e e mp WS ap P W e Wm mh A mE e e e e e e mm mm e b e

fructunting voltrge of an anemometer wire is lower in anpiitude than predicted
vy Fqurtions 3 and U because of the slow response of the wire resulting from
its mass, The ratio of the actual r, m. 8, voltage to tiat for a wire with

zero moss is given by

B e
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et \ll + bl
Hero, M is the time ccnstant of the wire, and £ is the froquency of the
fluctuating velocity being measired, To compensate for this attenuation, a
circuit may bde intreduced in the hot-wire anemometer with the inverseo
characteristices of the right hand side of Equation 11, Since the attenuation
deperds un the frequency, & signal sent to the wire containing many freguencies
(c.g., & square wave signal) will be distortod, The ccmpensator is adjusted
untii such a signal remeins undistorted. If the response of the two wires must
be measured sirltaneously, i.,e., when measuring the sums or differences of the
insteantenecus voltages of the two wires, the time constants of both wires must
be the same since the compensatcr must compensate for the attenuation of both
vires simultanecusly.
AdJjustment of Wire Angles
Devieticne from the assumed condition ¢l =q)2 = U450 arise from two
sources: (1) the deviation of the anglc between the two wires from 90C when
conzvructing the cross-wire probe, and {2) the error in aligament of the probeo
axis with the exis of flow, Because of the difficulty of sccurately controlling
the angle between the wire snd the axis of the wire holder during the construc-
tion of & probe, a cross-wire probe with both wires fixed on one holder does
not lend itself to &ccurate control of the wire angles, A system of twe cingls—
wire probves is more flexi®lc,
The propertier of the wire and suprerts for sach single-wire prote were

chosen from a consideration of a balance of their limiting cheracteristics as

50 AR » B
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diacuseecd by Zignenh. The probe wiro used was 0,000139 inch diameter

m emn W e am e W Mm R R e em w em W e W W @ Ve mn WS R W W = W W W P W W

tungsten, and the wire supporta were No, 12 nickel plated Boye embroidery
necdles spaced 1/16 inch apart, The wire was soldered to ths supports at
approximately U5° to the probe axis by means cf 2 jig, end clesned with hot
benzene to remove excees flux, If any ferzign perticles wore detected en the
wire under & binocular microscope,which esuld not be removed with repeated
washinga with hot benzene or with dlasts of =ir, the wire vas remeved end the
construction was repeated with 2 new wire,

The‘iwo single~-wire probes weru put together to form n cress-wire probde
and held firmly by means of clamps as shown in Figure 1, +‘he clamps were first
fastened leosely and tho top probe adjusted untii the wires were at exsctly
g90° to each other with their midpoints in m 1line perpendicular to the horiucntel.
A dbinocular microscope =2nd 2 heemccytometer were used te obtain the correct
orientation as shown ip Figure 2. The clamp screws were tightened and the
distancs between the wires ebserved with & second microscnpe. This distance
could be sdjusted with peper chims bciween the clamps, ‘the errnr in oricntstien
of 2 wire with anather wire ¢auld thus be reduced tm less than + 0.50. This was
poseible because +he dismete> of the wirs and the thickness of the crose~hutches
on thc hacmocytemeter were unmparadble in size, and beceuse the length-to-dimmctier
rotio of the wirc was 635,

In erder to reduce the error im alignment of the probe axis with the axis
of fiow, the binocular microscove and the haemocytometer were also used to orient

the cross-wire probe in the gas stream,The grid lines on the haemocyt{emeter were

PRI e
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SLOT FOR _ SCREW HOLDING CLAMP
CLAMP SCREW \ TO SINGLE-WIRE PROBE

—~CLAMP

WIRE SUPPORTS

WIRE ~——>

ANEMOMETER LEADS

TOP HALF OF CROSS-WIRE PROBE
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first fixed et LU5° tn the axis of flow bydhringing the face of the haemocytomster

in line with e Jig (Tigure 3), which had been adjusted to Y5° with the axis of

flow, The binoocular microscope was chen uesed to orient the wires to coincide

e el

with the grid linees on the haemocytometer,

o s e

Lqualizaticn of Wire Time Constants

ﬁarrelns hes shown thet the time constant for & wire is given by

- er aE em rw e L8 e e W e em S e S aE SE Ep TR GE an SR SE EN M W WE W C eE e e S S an e S e e me ==

SGorrsin, S., T. N, 1864, ¥. A4, C. A, (1949).

L,2me (R-Ra) U.2ms
Miate=—n= & P

I RBRO R&RO

where R, ie ths resistance of the wire at 0°C.. m the mass of the wire, s its

specific heat, and the other variadlee arc as dofined previously., For & given

wire, the only terms in Xquation 12 that can be veried in nrder to &djust M to
a predetr-mined valus (i.e,, to match the vslue of I for & second wire) =re

conteined in the term P, vigz,, the current I and the heet tranefer pctential

Figure L shows the observed veristion of the vparameter P with the wire

temperature for one of the single-wire probes studied. The deta indicate that a

change of wire temperature of 120°¢, produces approximetely s thirty
chenge in the raremetzr, and, therefore, & thirty percent change in the wire

time constant. “hus, by verying the current through one ¢f the two wires, the

time constant of vYiis wire can be adjusted to mrteh the time constant of the

other wire,

The exact procedure for determining the correct compensator setting for




/—TRAVERSING MECHANISM

_—

T ) —
DS ——45° TRIANGLE
o s {1 £

_/
ORIENTING JIG

NOZZLE—/

I- (.._) | BINOCULAR MICROSCOPE STAGE
@
Gl = (O
=l \ ——
ﬂ e P
- FLOW
e e

HAEMOCYT‘OMETER—/

FIGURE 3. ORIENTATION OF HAEMOCYTOMETER




4 e
5

~ -
N

il -
l&{- .

lgl i ‘ ] —f
L2 =
)

S 4
3=

o | — =t
t"

I N N A N U I N TN N N NN N
120 140 1860 180 200 220 240 260

WIRE TEMPERATURE, °C.

FIGURE 4. VARIATION OF TIME CONSTANT
PARAMETER P WITH WIRE TEMPERATURE

280



S

.

a»

000 T MMPRAE BT M by ey, B

T

L e

ara

R et

s Lo e s U L B b

- =

both wires is as follows. A square wave signal is first sent to one of the
two wires, Tho temperature of this wire 48 then set equal to the temperature
used in obteining “he calibretion coefficients of this wire (see Equetion 7).
This is sccomplished by edJusting & direct current through the wirs until the
wire atteins a resietance.‘ﬁl. corresponding to the calibration tempereture.
The compensater is then adjusted until the sjuasre wnuve signal is no longer
distorted, Maintaining the compensetor ot this setting, the squere wave

o
signal is then sent to the second wire and the direct current through the
second wire 48 adjusted until the signel is no longer distorted. The resistance
of the second wire under these conditionms, ﬁé. is then me. sured. For the given
£low conditions, if the first wire is opersted ot R, and the second wire
cperated et ﬁé, the two wires wil)l have the aeme time constant znd a single
setting of the compensator will correctly compensate for the attenuetion by
each wire when meesuring the response of the two wires simultaneously,

The temnerature et which the first wire is opersted for turbulence
meesurenents is the tempereture at which it was calibrated, Since the current
through the second wire is adjusted until its time constant equals that of the
first wire, this wire will be operated st & temperesture different froam that
used for its calibretion. This will affect the vealue of the calibration co-
efficient im lhquation 7, and, consequently, the wire censitivity #8 defined in
Fqurtion 5, A reletinnship between the calibration coefficient and the wire
tempereture is required, In order to find this relrtionship, seversl probes
wero calibrzted separately at different wire tzmperrtures es shown in Figure

5. The obsarved values of Fo/F, sre given in Table II,

B AR
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Table II
Effect of Wire Temperesture on Calidration Coefficient F

Reference wire temperature = 150°C,

o RSPt 90

1
Probde ty (TI/TZ)'§ FQ/F1
°C. Qbserved 3
: i
A 200 0.963 0.971 3
230 0.950 0.955 d
260 0.932 0.941
B 200 0.963 0.964
230 0.950 C.Quk
260 0,932 0,923
C 200 0.963 0.970
230 0,950 0.95%
260 0.932 5 0.937
The simple equation
1
F T, \ o
2 2
. <—1 ) (13)
1 T2
rerresents the effect of the tempcrature on F within one percent, Eere, T
denotes .~y arithmetic everage of the wire temperature sand the air temperature
in °K, The new valus of the calidration coefficient F resulting from a change
in its temperature cen be determined wifd thie equetion, Thus, the time constant
of two wiree cen be equalized dy adjusting :he curreat through one of the wires
until a singie setting on the compensator suffices,
i
This report has been submitte=d fc- publiesrtion in Review of Scientific "i’
Inetruments, %
3
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