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Summary

In constructing an X-type hot-wire probe/it has been the
policy of a number of experimenters and manufacturers to place
the two wires forming the X close to each other to assure that
they are both measuring in effectively the same plane. A number
of important experiments have been made using such a probe
design. |

Recent experiments at the University of British Columbia
- have shown that conventional X-wire probes which have two wires
almost in the same plane, are quite sensitive to movements of the
velocity vector out of that plane (defined as pitching motion).
This has been attributed to the influence on one wire of the hot
wake produced by the other, In this note a Disa X-type probe is
tested and found to have a sensitivity to small angles of pitch,
which is very significant for low wire Reynolds numbers (< 5) but
becomes small for Reynolds number greater than 10. A modified
probe, ‘having the wires one wire length apart, is suggested and

when tested found to have no pitch sensitivity.
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Notations

A constant (in Equation (15))

A constant (in Equation (A2))
B constant (in Equation (15))

1 constant (in Equation (A2))
a, b, ¢ sensitivity coefficients defined by Equations (%)
and (5)

ay, by sensitivity coefficients defined by Equation (a6)
a5, b, sensitivity coefficients defined by Equation (a8)
d diameter of wire (= 5 micron)

D defined in Figure la

E bridge D.C. voltage

e instantaneous bridge voltage fluctuations

k ‘longitudinal cooling correction factor (in Equation

(a2))

1 length of a hot-wire

lO characteristic width of the wake

Re Reynolds number (= %?)

s spacing between hot-wires (see Figure la)

T temperature in wake of a hot-wire

To scaling temperature in wake temperature profile
U mean flow velocity

u, v, w instantaneous fluctuating velocity components in

x, y and z directions respectively

X, Y, 2 orthogonal co-ordinates (x in direction of mean flow)
2] angle of pitch

Y angle of yaw

v kinematic viscosity



1. Introduction

In constructing an X-type hot-wire probe it has been the
policy of a number of experimenters and manufacturers to place
the two wires forming the X close to each other to assure that
they are both measuring in effectively the same plane. A number
of important experiments have been made using such a probe-design.

Recent measurements of Reynolds stresses made by Jerome
(Burling 1969) in the natural boundary layer formed by wind flow
over the earth's surface, showed significant disagreement between
results given by é Disa constant temperature X-type hot wire probe
having its wires almost in the same plane (.006" apart; see fig.
2a), and those taken with a sonic anemometer. Subsequent wind
tunnel tests demonstrated that when a X-wire was pitched - i.e.
the wind vector was moved out of the plane parallel to and midway
between the two wires (as compared to yaw which is movement of
the vector in that plane) - the downstream wire redquired less
power than it did at zero pitch angle to maintain itself at con-
stant temperature. The upstream wire, behaved as expected and
fequired more power due to the additional cooling caused by a
- larger normal component of velocity. Jerome's experiments inti-
mated that the sensitivity to pitch is caused by the hot wake,
created by the upstream end of one wire which impinges on the
downstream end of the other and reduces its heat transfer to the
air flow. ' The influence of the hot wake will obviously depend
on the distance between the wires (s in fig. la) and must be

determined independently for each probe to be used.



Burling has noted that pitching or yawing a X-wire will
cause one of the wires to sense a decreasing cooling rate rela-
tive to the other and that this similar behaviour leads to
errors in the interpretation of turbulence data. Hitherto all
analyses of X-wire measurements have been based on the assumption
that the two wires behave as independent sensors which, in pitch,
should experience identical heat loss. If this notion is used to
analyse turbulence data the contribution of w, to the signal of a
X-wire in the u-v plane, will be attributed to v. The magnitude
of the resulting error is examined in the next section.

The experimental’portion of this note is aimed at determin-
ing the static sensitivity to pitch of a Disa X-wire probe having
its wires 0.006" apart and comparing it to that of a probe modi-

fied by moving the wires further apart (s increased).



2. Calculation of Revynolds stresses if pitch sensitivity included:-

This section is included to provide an indication of the rela-
tive importance of pitch sensitivity in the analysis of turbulence
data.

If pitch sensitivity is included, the response of one of the

wires in a X-wire array is written generally as

=E (U, 8, ¥) (1)

where 6 and ¥ are the pitch and yaw angles respectively. For small

changes
dE=g—IEJdU gg dw+gg de (2)
and by definition
du = u
ay =7 (3)
a6 =%
and e =(E)u + (& gi) r 3L (%)

The bracketed terms are the sensitivity coefficients and for con-

venience the above relation is written as
e = au + bv + cw (5)

In figure la, for positive w only wire no. 2 will be influenced by
the hot wake and equation (5) is written respéctively for each wire

as



au + bv

+ ve w el

au - bv = ciwl (6)

€

Similarly when w is negative only wire no. 1 will sense the wake:

i

- ve w e au + bv - clwl

1

(7)

au - bv

€

In the above equations e is a positive quantity. The difference

between the instantaneous signals can be written

e — e, = (el - e2)+ve . + (el - e2)_ve .
= (2bv + ¢ |w]") + (2bv - ¢ |w|)
+ ve w - ve w
= 2bv + cw (8)
and their sum as
e; tey,=2au-c [w | - (9)
To dbtainf;§ equation (8) is squared and time averaged
(el-e2)2 = 4p? ;E + Ybe vw + c° ;E (10)

and in a two~dimensional flow where W = 0

(e - e2)2 = 4b2 v° + ¢ wf (11)

ox

v® measured = v° actual (1 + =

4p? (12)

o5l
S



One method of obtaining the shear stress uv is to take the

time averaged product of the instantaneous signals

i

(e, + 32) (e, - e2) (2bv + cw)(2au - ¢ |w|) (13)

D e

w'w‘

fi

Jab uv + 2ac uw - 2bc vlw|w c

The quantity |w| represents the fully rectified w signal and
is composed of a mean and fluctuating part and the correlation
w ;WI is not zero unless the signal is exactly symmetrical (eeg.

a sine-wave). In a two dimensional flow Uw = O but the quantity

v |w| will not be zero because it is probable that a particular
sign of v should be associated with a particular magnitude of w,

Hence eduation (13) cannot be greatly simplified and is written

, 5
uv measured = uv actual (1 - %g vizl - Eab lel) (14)
v

which is very inconvenient to use because the corrections are not
easily assessed. It is also possible to obtain uv by the method
-used when analysing single slanted wire data: i.e. the indivi-

dual mean square signals from each wire are taken and uv is cal-
culated from the difference (ela - 22). This calculation is

done in Appendix I and the result is identical to Equation (14).
The experiments in this note indicated that, at low wire
Reynolds numbers, c/b can reach Oll] and consequently that large

errors in v2 and uv are possible. It is emphasized that the

experiments give the pitch sensitivity for a turbulence level



which is relatively low (0.4%) compared to typical values en-
countered in boundary layers and free shear flows. The pitch
sensitivity in these flows may conceivably be different and this

can be verified by comparing single slanted and X-wire measure-

ments at various Reynolds numbers.



j'3; Experimental Arrangement

The experiments were performed with a Disa X-wire probe type
(55232) in the McGill 3 ft. x 2 ft. suction wind tunnel. The wind
speed in the working section can be varied from zero to about 130
ft/sec. and the turbulence‘levél is about 0.4%. Other details of
the tunnel are given by Wygnanski and Newman (1961).

The X-wire probe support was mounted on a circular turntable
as shown in Fig. (1b), with the axis parallel to the x—-y plane.
Rotating the turntable clockwise (i.e. +ve 8) moved one end of
wire no. 2 into the thermal wake of no. 1 (see Fig. lb plan view
and Fig. la). Similarly by rotating the turntable anticlockwise
wire no., 1 was iﬁ the thermal wake of no. 2. For completeness,
the pitch angle was varied through + 250 which extends well beyond
the range necessary to calculate the "small perturbation" pitch
sensitivity discussed in section 2.

The physical details of the X-wire probe and a modified
version were measured with an optical comparator. The-ﬁecessary
details are given invFig. (2), "For the modified probe the prongs}
were separated approximately by a wire length.

A non-linearized calibration of the X-wire probe (see Pig.
(3)) was obtained by varying the tunnel speed and keeping the
X-wire plane parallel to the flow direction. No attempt was made
to match the wires exactly because, for this investigation, only

the relative behaviour of the wires was of interest.



4, Results

4,1 The Unmodified X-wire Probe

To establish whether or not thermal wake effects exist the

- upstream wire was initially left cold and output, E of the down-

59
stream wire at various angles of pitch, 6, was recorded (Figs. (%)
and (5)). When the upstream wire was heated, its thermal wake
clearly influenced the output of the downstream wire,

The output of both wires for positive angles of pitch at

Re = 8.95 is shown in Fig. (6). At large pitch angles the voltage

across each wire is expected to increase for two reasons:

(i) the component of velocity normal to the wire increases
(when 8 = 90° the full vector is normal to the wires),

(ii) the effect of prong and stem blockage speeds. the flow
over the wire (Hoole and Calvert, 1967; Gilmore, 1967; Guitton,
1968). At small angles these effects are of second order and the
small perturbation sensitivity to pitch of the upstream wire is
zero., The thermal wake interfering with the downstream wire

forces that sensor's output to drop slightly.

A convenient method of isolating the hot-wake effect for all
pitch angles is to consider the difference AE between the output
of the wires. If the thermal wake effects were negligible, the
difference, AE, between the output of both wires at various pitch

angles would be constant, or zero for matched wires, Fig. (7)

shows the behaviour of AE for positive and negative values of 6



at Re = 8.95 and 2.35. The sensitivity to pitch is the same in
both directions and subsequently tests at other Reynolds numbers
were, therefore, made only for positive values of O and the results
are shown in Fig. (8). 1n Fig. (9), the data of Figures (7) and
(8) are replotted non-dimensionally. In this figure‘(AE)e=O is ﬁhe
difference between the outputs of the hot-wires at zero pitch

angle,

4.2 The Modified X-wire Probe

To avoid the thermal wake effects on X-wire measurements two
simple modifications of the probe are possible. One of these ig
that suggested by Burling (l969), i.e. the brongs of a conventional
X=wire are displaced in the plane parallel to the X in such a way
that the X-wires take the shape of a V. The other possibility is
to separate the brongs and this simpler modification was adopted
in this investigation (Fig. 2). As mentioned before the prongs
were separated approximately by one wire length and gfeat care was
taken to keep the wires in parallel Planes,

Tests similar to those pPerformed on the unmodified X-wire
were also‘made‘on the modified X-wire, Since the thermal wake
interference was severe at low Reynolds numbers for the unmodified
Probe, the modified Sensor was tested at Re = 1.13 with and without
heating the upstream wire. The results of these tests are given
in Fig. (10} and no thermal wake effect is apparent. The varia=-
tion of AE at Re = 1.13 and 11.92 when both wires are heated is

shown in Fig. (11) and again no pitch sensitivity is discerned.



For interest the modified X-wire probe was calibrated by two

methods and this is discussed in Appendix 2.



5. Discussion

The relative importance of the X-wire's sensitivity to pitch
can be assessed as shown in section 2 by determining the ratios

c c .
3 and L+ For the non-~linear response

2 0.4

"ES=A+BU (15)

the sensitivity coefficients a and b are:

0.4B

T mw0s 0e)

and

b = a cot y (17)

if longitudinal cooling effects, which are of second order, are

neglected. The value of c:

0
I
P
al~
010/
@j=
et

accounting for the thermal wake interference can be obtained by
measuring the slopes of the AE vs., 0 plots at @ = 0. (It could
also be obtained from the E vs. 6 curve of the downstream wire
because the effects due to blockage and increasing normal compo-
nent have zero slope at § = 0.)
Fig. (12) shows the variation of /b with wire Reynolds

number (at a fixed Prandtl number). The ratio /a is not shown
because for y = 45°, 3 » b, The decrease of /b with Re is

due to the dependence of both 'b' and the width of the thermal



-12-

wake on Re. From equations (15) and (16) and for the present X-

wire probe calibration

1
o
Re®-® (1 4 1.31 Reo.4)17§

a

As an X-probe is pitched, the farthest end of the downstream wire
is first affected by the hot wake (fig. la) and as the angle
increases from zero this end moves towards the centre or high tem-
perature region of the wake. It is evident from fig. (la) that;
(i) increasing 0 lengthens the portion of the downstream wire
which lies in the thermal wake and (ii) the affected segment
'sees' along its length, a different wake temperature. For the
purpose of obtaining the dependence of c on Reynolds number it is
convenient to assume that the effect in (ii) can be accounted for

by an average thermal wake Profile of the form
T= T f (%) (18)
o lo ‘

where To is a suitable mean maximum temperature and.lo a charac-
teristic width of the wake (see Fig. (la)). This assumption is
equivalent to a simple 2-D analysis of the problem in which two
parallel normal wires separated a distance D are considered. At

constant U and ¥ then,

E = E(T)

and
SE _ JE Jr
08 ~ 3T o6
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QT .
from Fig. 1la
Since
OT 1
OC ——
dz I
-then
OE »~ 1 «
o

At a given Prandtl number the characteristic width of the laminar
wake is written

1
l < (Re)

o)

and therefore

1 OE
€ T U S8
1,1
i.e. c o< (53) (21)

- Combining this with the expression for 'a’ yields

1
< (22)
Rel-1 (1 + 1.31 Re0.4)l/2

oln

which is plotted in Fig. (13). The linear relationship between

the parameters is fairly well substantiated.



6. Conclusions

(1) A X-wire probe having the ratio of wire separation to wire
length, S/l = 0.15 was tested for pitch sensitivity in a wind
tunnel having a turbulence intensity of 0.4%. 1In this relatively
low turbulence field the ratio of pitch sensitivity to yaw sensi-
tivity (c/b) varied strongly with the wire Reynolds number. This
is explained in part by the dependence of yaw sensitivity (b) on
Re, and also to a laminar thermal wake width which is proportional
to Re-l/e. - At Re ~ 0 [l] the ratio c/"b"\'O [1:’ and decreases to
b [O.l] at Re ~0 [10] . Some results of Jerome (1969) suggest

that the pitch sensitivity is unchanged in large scale turbulence.

(2) Modifying a X-wire probe by moving the wires apart by approxi-

mately one wire length, in the direction perpendicular to the plane

of the X removes the thermal wake interference.
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AEEendixxl

Calculation of uv from X-wire data using the method applied to

From

and

Similarly

and

Hence

Now

single slanted wires

section 2: (using subscript + and - to associate a
‘parameter with a particular +ve or -ve w)

e, = (e1+ + el_)2
- e1+2 + 26 e, * e1_2
e1+2 = a® ;EI + 2ab EV: + b° ;EI
;? = aQ'Z? + 2ab uv_ + bé;? - 2bc vV [w[_ - 2ac u |w|_
+ 2 w2
;g = (e2+ + e2_)2
;g; = a® :E - 2ab uv, + bQ;E + 2be VTG|+f— 2ac ufw| , + 02|;T§
;g_= a%u2_ - 2ab v + b2 V2
;? -.;g = 2ab uv - 2bc V[w| + 2ac uw + ca[. l;T? - I;TE ]
CE]ZI;Tg - |;T§] = - &2 [ wiw| _ + w|w|+]

In 2-D flow uw = O

_ T2
€

ei = 4ab uv - 2bc V[w| - c© w[w|



_17'_

N ~ — _ — 2 ——
i.e. 4ap UV casured = 4ab WY, tual 2bc viw] c wiwi

prom — [ 1 - & ¥iwi c® Wil ]

s n— ———
measured actual 2a 4ab



Appendix 2

Forrinterest the modified X-wire probe was calibrated in two
ways: (a) by varying the mean flow velocity and keeping the wires
at a known fixed angle of yaw to the mean flow (the probe axis was
parallel to the free stream velocity vector) Fig. (14), and, (b)
by determining directly the yaw sensitivity by varying the yaw
angle at constant mean flow velocity, Figs. (15) and (16).

- The calibration by method (a) can be expressed as:

o e (a1)

The non-linearized response equation including longitudinal

cooling effects could be written as:
r 0.2 '
B2 - A, + B, [-sinzw + k2 coszw] UO'4 (a2)

where k represents the longitudinal cooling effects.
Comparing equations (Al) and (a2),

0.2
B = By [sinzw + k° cosgw} | ' (a3)

For fluctuations in velocity about the mean, equation (A2) gives:

; . 0.2
2EdE = O.)-LBl [singw + k2 cosgp] U-O'6 du

-0.8
+ O.2Bl [ sinzw + k2 cosgg]

[251n¢cos¢(l-k2)00'4dv]
(a4)

For small fluctuating components u and v,

dE = e, dU =u and Udy = v (a5)



Substituting equations (A5) and (A3) into equation (A4) gives,

2 -
0.2 1-k
e = ( ( cot ¥ v
) O 6)(l+k 2W)
J.oe = aju + by v (a6)
0.2B
where a, =
1 EUO'
and b, = ( Q.2 )[ 1-k® cot ¥
1 w0-0’| 14k2cot2y

For no longitudinal cooling effects (i.e. k = Q) the above
equation reduces to that derived by Patel (1963).

The response of hot-wire in method (b) may be written as:

E=E (U,¥) | (a7)
Hence dE = %%. du + %%. ay

S. e =aju+ b,y q (a8)
where a, = %%
and b, = %-Q% \

The results of method (a) yields:

a; = 0.0491 a; = 0.0121
Re = 1.8 { : Re = 11.9 {

I

o
i

b, = 0.0409 ? 0.0101

while method (b) gives:

ay = 0.0491 a, = 0.0121
Re = 1.8 ’

_ ; Re = 11.9 {
b2 = 0.0410 b

I

0.0105



~cu™
o ;

The parameter k could be evaluated by noting that the cali-

bration technique (b) automatically includes longitudinal cooling

effects. Hence, since bl = b2,

: 2
1 OE 1-k
v ‘W 1 [l+k2cot2w]

But %% must be obtained graphically and the limited accuracy of
this technique precludes it as a means of obtaining the small dJuantity
2

k A preferable approach is to use equation (A2) directly.

The non-linearized response equation (A2) can be rewritten as:
0.2
(E - A;) =B yO- 4 [ sin®y + k2cos2w] (a9)

If the output of a hot-wire at various angles of yaw is measured
in a constant mean velocity field then the above equation can be

‘rearranged as:

' B 5 2
a2 2 2 k
sinZy = ( )[E _A] - () (a10)
1- 2 1 1—k2
where
1 5
(—5)
B,U""
1
Hence a plot of singw Vs, (E ~-A )5 would glve a straight line
with an intercept, on singw-ax1s, edqual to -( )
1~ k

For wire no. 2, Fig. (17) shows the results of Fig. (15) re-
plotted in accordance with equation (Al0) and a best straight line

is fitted to the experimental points. Note that Al = 18.2 and is

obtained from Fig. (14). The intercept on the sinzw-axis is

2

-0.035 and hence k“ = 0.0338. From Champagne's (1965) and Patel's



Heapn T

(1968) investigations on hot-wires having length to diameter ratio
of about 200 it was found that k%= 0.04. The value of k° obtained

by the above method is not inconsistent with the values suggested-

by other investigators.
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Fig. 1b

THF AT P A A 5 A A7 A A A A A 7 A o o S e A A A T A A A P A s,

A

Tunnel Roof

Axis of Disa X-wire (Type 55A32)k

Rotation _\ Probe

— U X

. Turntable " . ' éTunnel floor

ELEVATION

Turntable

Wire No. 2.&
17
Wire No. l‘/

\)
Iun\\\\\\\\\\\‘\\\\\\\
~ |

PLAN VIEW

SKETCH OF THE EXPERIMENTAL ARRANGEMENT

e e e e A U IR LA A A



—
- 35- j>y<:
Length of wire no. 1 = 0.040 ins.
" " no. 2 = 0.038% ins.
Spacing between prongs = 0.0018 ins.
Diameter of prong tip = 0.0045 ins.
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Fig. 3
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Fig. 4
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Fig. 5
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Fig. 6
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Fig. 8
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