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Measurement of Air Velocity Using a Slanted Hot—wire
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1. INTRODUCTION

The hot-wire technique of measuring
velocity data is well established and widely
used although much of the published work is
not concemned with detailed measurement in
truly three dimensional flow. Some investiga-
tions on the use of multi-sensor measurements
for flows appear in the literature.

However, in ducts of relatively small
equivalent diameters those techniques have
several disadvantages which will be discussed
later. In this investigation, it was decided to
employ same of the methods developed for one
dimeﬁsional flow, which have been described
previously by Morsi(6), to determine all mean
and fluctuating components using single wire
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probes.

These have several advantages such as
economy, accuracy and low interference
compared with multiwire probes. The following
section presents hot-wire response equations
and the method for relating the anemometer
signals to the velocity phenomena. The chosen
technique, the experimental equipment and
assocjated instrumentation® are then described
in all detail.

2. HOT-WIRE RESPONSE EQUATION

The constant temperature anemometer
makes use of the following relationship be-
tween the instantaneous voltage signal and the
effective cooling velocity (the so called King’s
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law) viz.

Ez(t)=A+BU:f]'f serereresiiieiiiienese (1)

where, A,B and m are constants all are normally
‘determined by calibration tests. When the
anemometer output voltage E(t) is employed as
input value to a linearizer the output signal
E from the linearizer unit is concerned to

Uetr by,

where s is a slop factor to be obtained from the
hot wire calibration.

In the 1971, Jorgensen® mentioned that
the velocity vector resolution at sensor along
the probe axis(x) along the sensor y, and
along an axis z perpendicular to sensor prong
plane. The effective cooling velocity acting on
the sensor can be expressed as:

:ff :Un2+H2 U:+K2sz crmisrsiesaee (3)

where, U, is the velocity component per-
pendicular to hot-wire along the probe axis,
Up is the velocity component parallel to the
sensor, Uy is the velocity component per-
pendicular to the prongs - sensor plan, H is
the yaw factor and K is the pitch factor.

If equation ( 2) is substituted into equa-
tion ( 3), the following principal equation is

obtained
(E/s)? :Unz 4+ H? Up2 +K? sz ............ 4)

From this equation, unknown velocities and
fluctuating components can be calculated.

3. THE PREFERRED METHOD OF CAL-
CULATION

The basic problem in hot-wire analysis is
to relate analysing the measured hot-wire signal.
Usually, two fundamental approaches are used
to analyse the electrical output signals from
the hot-wire anemometer. The first method is

to bring to equation ( 4) by a series of devel-
opments in what is often called the conven-
tional method. When the terms above equa-
tion the higher order are neglected, this leads
to an approximate equation for E/s.

Therefore, the time mean components are
obtained directly by using this method. The
second method is the use of the squared signal
E?, rather than E. This method is, therefore,
considered superior to the first method in
highly turbulent flow.

4. THE FIRST METHOD OF MEASURE-
MENT

If a normal straight probe is employed and
the probe is rotated about its axis so that
the hot-wire is parallel to the y or z direction
and the probe axis is normal to the main
stream (see Fig. 1(a)) then

Uke=Vi4+H P WEH+KP Uz, (5)

Again if the probe is turned through 90° about
its axis so that the hot-wire sensor is parallel
to the flow as shown in Fig. 1(b) then

UZ“-———VZ‘*‘HE U2+wa‘4 .................. (6)

If a right angle wire is employed so that the
wire is perpendicular to the main flow Fig.

1(c)
Ueszz 2+H22 V2 +K22 “/2 ............... (7}

Hence, the three unknown mean velocities
can be obtained from these three equations.
This method is useful for deliverating the mean
velocity components only, hence a slanted
wire may be employed to calculate three
velocity, turbulent intensity and shear stress.
If a slanted wire is oriented in the x-z plane or
the y-z plane, as shown in Fig. 2, the velocities
acting on the sensor may be calculated from
expression delivered equation ( 3) as determi-
nationed by Acrivlellis® or Morsi(®).
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Fig. 1 Positioning of hot-wire probes in the
test tube.(a),(b) DISA55P11,(c)DISA
55P13.
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Fig. 2 Schematic of a slanted wire(DISA
55P12) oriented velocity components.

The instantaneous flow velocity Uggdt)
can be described as a component U, so that,

VUeff(t):Ueff%_ueff v (8)
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and the instantaneous voltage is

E(t)=E+e ................................. (9)

Substituting the above relation into equation
( 2), one can write,

(Ez_’_ez)/Sz:U:“Jru?e“ ceeseecainnieas (10)

If a slanted wire is oriented in the y-z plane
as shown in Fig.2, the hot-wire response equa-

tion is described by the following expres-
sion(z),

U,
E2(8, @)/s* = {(V+v)ecos a H(U+weos B

—(W+w) sin 8)sina}?
i U
H? ((U+wcos B—(W+Hw)sinB)
cos a—(V+v)sina)?
U
+K*{{(U+w sin 8+ ( WHw Ycos

Using equation (

11), the following expres-
sion may be delivered

(Ef+e?)/¢ =(Vi+v?)(cos®*+ H?sin*a)

+ (U4 u? ) (cos? Bsin* a

+H? cos® B cos® a+K? sin® 8)

+ (W w? )(K?cos? Btsint B
sin’ a+H*cos*a sin’ 8)

+2(UV+uv)(1—H*)cos Bcos @
sina+2(VW+vyw)(H—1)
sin 8 X cos a sin a+2(UW+uw)
(K*cos Bsin8—H? cos’a cos 8

sin 8—sin B sin’a cos 8--12)
1) Using a single slanted wire (i.e. a=45°)

At =0
E¥(0.45)=E*+e*)/s? =0.5(V+v*)
(1+H+0.5U+u*)(1+HP)
+RKEW+w?)+(1—Hg?)
(UV+UV) ..................... (13)

At B=45°
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E*(+45 45)/s*=(E*+e?)/s?
=05+HMHDWVi+v?)
+(0.2540.25H+ 0. 5K ) x (U+u?)
+ (05K +0.25+0.25 HEY(W2+ w?)
+0.7071UV+uv)(1—Kg')
+0.707TI(VWHvw) (HZ —1)
+2(0.5KF—0.25H¢ — 0.25)(UW-Huw)

At B=+90°

E2(+90,45)/s*=(E*+e?)/s?
=(0.54+05HD(V +v* ) +K2(U )
+(0.54 0.5 HH(WE+w?)
FHE—1)(VWHyw) creromeereerrnnens (15)

At 8= 180°
E%(180,45)/s*=(E*+e*)/s*
=0.5(V24+v*)(1+H?)
+0.5(U+u? )(1+HP)
+K32(W+W2)“‘(1“H32)(UV+UV)
S iraseremsvasrecirianretnanne . (16)

Using the R.M.S. reading from equation (13)~
(16)

e?(0, 45)/s* = 0.5(1+HZ2) v
4+ 0.5+ HA) P+ Ké w2+ (1 —HDuv
- {17

& (+45, 45)/s*=0.5(1+H#) v
+(0.254+0.25 H# + 0.5 K&) u?
+ (0.5 K2 +0.25+0.25 HE ) w?
+0.7071(1 —K& Duv+ 0. 7071 (HE —Dvw
+2(0.5KF—0.25 H —0.25) uw -+ (18)

e2(4+90, 45)/82=(0.5+0.5 HZ ) v
+ K&+ 0.5+ 0.5 HE D)W+ (Hé—~Dw

............................................. (19)
e’ (180, 45)/s* =0.5(1+Hs" v’
+0.5(1+H v+ Ko* w?
(I HE Y -erermrerrerereneraereenannes (20)

From the equations (13)~(20), one can cal-
culate three unknown mean velocities, turbu-

lent intensities and shear stress by a slanted
wire as Appendix A.

5. SECOND METHOD OF MEASUREMENT

The first method has several benefits to
calculate unknown velocity and turbulence
intensities by using simple equations and
suitable traversing mechanism. But, when one
employ this methods to solve the components
with high turbulent, one may be found the
prong interference on the hot-wire signals.

However, if one uses second method in
confined flow, a special mechanism to rotate
the probes are needed for measuring the com-
ponents, because the probe axis is aligned with
the main stream of the flow. This method
employed a similar response equation ( 12)
with the hot-wire probe axis is aligned with the
flow in the test tube.

2) Using a single slanted wire (i.e. a = 45°)

E2(0. +45) /s =(E*+¢€’)/s’
+0.5(1+Hg) (U +u®)
+0.5(1+H?) (VP +v)+ K (Witw?)
+(1—H2Z)UVHUuy) ereeereencennns. @1)

The D.C. reading from equation ( 21)

E?/s* =05(1+Hd U+ 0.5(1+HFIV?
+K$ W2+(1—H32)UV ............ 22

A.C. reading from equation ( 21)

e’/s*=05(1+HDu’+0.5(1+HDv?
+K32 W2+(1 —H4? UV wrereerneenenns ©3)

AtB=490°

E*(4+90, 45)/s* =(E*+e?)/s?
=05(1+Hd) (U +u®)+K2(Vi++v?)
+0.5(1+Hs?) (Wi+w? )+ (1—H2)UW
FUW) e e 04)

The D.C. reading and A.C. reading from equa-
tion ( 24)



E2(+90. 45)/s*=0.5(1+H3) U?
+K{ Vi 0.5(1+HH W+ (1 —HZ ) UW
b seseaceamrecerneeustactraranriroannabeaunen (25)
e*(+90, 45)/s*=05C1+HEu®
+KEvi+0.5(1+H D w+ (1 —HZ Juw
from these equations ( 22),( 23), ( 25) and

( 26), we can solve for u, v, w, uv and uw
components.

uv=_e?(0, 45)—e*(0, —45)1/2s*(1—HH)

uw="[ef (90, 45)—e?(—90, 45)7/2s%(1

2) Using a single normal wire (ie. a = 0°)

AtB=0°
E2(0, 0)/s*=(E*+e?) /s = (U +u’
FHEVEH v2) + K (W2 Hw?) coeeees 29)

E2(+45 0)/s*=(E*+e*)/s* = (UP4u?)
+O05(HE K2 (VE+v3)+0.5(H
+K2) Wi w) +HE+HKEOVWHvw)

- 30
At B=90°
E2(90, 0)/s*=(E%+e?) /s =U+u?)
+FHAOW w2+ KE(VEFy2) -eemens 81

If one take D.C. voltage from hot-wire anemo-
meter, the equation ( 29), ( 30), and ( 31)
can be described as followed

E2(0, 0)/s?=U2+HEVEHK2WE - 82

E2(0.5, 0)/s*=U+0.5(H+KSOV?
+05(HA+KSD Wi (HEA—KPD VW 33

E2(—45 0)/s*=U*+0.5(Hf +Ki2) V?
+05HAH KD W —H/—KPIVW B4

E2(90, 0)/s? =U+H W+ KF Voo (35)

From these four equations (32) ~ (35), one
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can calculate unknown three velocities. How-
ever, we can solve u, v, w and vw by a similar
procedures from equation ( 30) with A.C.
reading,

e?(+45, 0)/s?=u?+0.5(HA+ K ) v?
+05MHEAH+ K2 wit HE~K D) vw
vw=[e?(45, 0)—e?(—45, 0)1/2 & (H?

—KE) e 36)

But this second method was not used for
measuring velocities and the Reynolds stress
components. Because the wire orientation was
difficult in the 50mm radius test tube.

6. CALIBRATION OF THE HOT-WIRE

DISA type 55 P12 single hot-wire probe
was used for this calibration. This probe em-
ploys a hot-wire of diameter
1.25mm (1/d = 250),

In order to obtain accurate characteristics,

Sum, length

all hot-wires were annealed betore use. The
hot-wire probe and a pitot-tube were mounted
in parallel on the probe supporter at a distance
of 30mm. This calibration was made In a low-
speed wind tunnel (max.speed is 60m/s) with
a open circuit and open test section. The hot-
wire probe was mounted on two turn tables
with protractors, one turn table rotated the
probe in the horizontal plane about a vertical
axis through the wire. The other table could
change the probe axis in the vertical plan. So,
these probes were placed with the wire down
stream, and the angle of incidence between
the mean flow velocity and the axis of the
stem body could be varied in the range -135°
<a<+135°.

Also, the pitch angle can be varied in the
range -70°<0<+70°. Fig.10 shows a view of
the calibration unit with the anemometry used
in this calibration experiment. Each hot-
wire was calibrated separately by means of
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following method. The relation between the
cooling effective velocity Uggr and the anemo-
meter output voltage.

E being:

EZ(t):A+BU:'f e sagesesvspenasassactonan (1}

According to Jorgensen(1971) report, he has
performed that using equation ( 3),

(@) =TU?%(0) (cos*a+H? sin’a)
for G=10.0 +rcreenrirmereininiin. 37

U (6)=1U2(0) (cos?8 +K sin’ 6)
for @=0.0 ~rrrerrrereneneens birerseuaniae 38)

where, a is the yaw angle (or sensor angle)
and 6 is the pitch angle. Entering the calibra-
tion constants (A, B and m) and the value for
1), ( 37) and
( 38) and calculating H and K, respectively,

the exponent in equations (

yields:

H=1/sinax((E(a)*—~A/E0)*—A)

—costal¥? - {39)
K=1/sin ¢ X [(E(#)*—A/E(0)*—A)
—oSEH IV e {40)
PROBE TYPE 55P12
v LY
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Fig. 3 Hot-wire calibration

These electric symbols E(e), E(#) and E(g)

are the anemometer output voltage measured
at yaw angle a, pitch angle 6 respectively.
The output voltage from the anemometer is
fed to DISA type 55D10 linearizer, and the
linearizer output is read on a DISA type 55D31

DIGITAL voltmeter and fed to a D.C. com-
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Fig. 4 Type 55P12 wire probe. Variation
in yaw factor with yaw angle and
velocity.
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Fig. 5 Type 55P12 Wire probe. Variation
in pitch factor with pitch angle and
velocity.

pensator. The mean flow velocity in the test
section was measured with a pitot-tube. The
linearizer was adjusted for each probe so
that the calibration curve for the anemometer
was a straight line. Fig. 3 shows hot-wire
calibration curve, with pitch and yaw factor
for type 55P12.

7. DISCUSSION OF THE FIRST METHOD

As has been noted in the previous section,
a slanted hot-wire is used to measure velocities
and turbulence intensities. In this section



the results obtained by using a slanted wire,
the normal straight wire (DISA type 55P11)
with the right angle wire, and a pitot tube are
compared. The velocity and turbulence inten-
sity components were measured in the test
pipe for a Reynolds number lying in the range
20000 to 63500, with no swirl present.

The axial velocity components (found by
using the above wires and pitot-tube) were
found to agree very well as is shown in Figs.
6 to 7. Fig. 9 shows the Reynolds stress when
calculated using the hot-wire outputs and pitot
tube, for Re=20000,30000 and 40000 with
no swirl flow

The results show that the shear stress is
linear across the test section tube. In addition,
the maximum and minimum values are found
at the tube wall and along the center line of
the flow respectively. Moreover, in Figs. 7 and
& show the axial velocities and tangential

beld
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a
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Fig. 6 Comparison of velocity by using 55P12
and 55P11, 55P13 for Re=60000
at X/D=59 with no swirl.
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velocities for Re=50000 at L/D=0.8 and 16 or
x/D=59 with swirl flow. Fig. 7 shows axial
velocities using the three hot-wire and pitot-
tube, at a Re=50000 at x/D=59 with swirl.
The axial velocities agree well each other.
However, the velocities near the wall show
some differences. The measuring points with
the three wires are slightly different since it
is difficult for a slanted wire to be oriented
very close to the wall of the test tube. This is
not such a problem for the normal wire or the
right angle wire with turbulent flow. The right
angle wire can easily be oriented near the
wall to measure the velocity. This kind of
phenomena can be found at tangential velo-
city in Fig. 3. From these results, it was de-
duced that the first method using a straight
wire, a right angle wire or a slanted wire is
reasonable for measuring velocity and tur-
bulence intensity with swirl and no switl.

15
LiD=8
10 X/0=59
u 8 S5P12
b * SEPN55P13
95
0
{al
05 H i T g @ i
15
L/0=16
A X/0=59
10 /—-ﬂ—o\\ /
3£ "
u ~
% \
{b)
00

510 Bg @& 5.

Fig. 7 Comparisons of axial velocity by using
type P12 and P11, P13 for Re=50000
with swirl at (a)L/D=8 and (b)L/D=16.
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Comparisons of tangential velocity by
using type P12 and P11, P13 for Re=
50000 with swirl at (a)L/D=0 and
(b)L/D=8.

8. CONCLUSION OF USING HOT-WIRE

To interpret the electric output signal
from hot-wire anemometer, several equations
were employed then. Also, to calculate the
directional sensitivity of the probes used in
this work a number of calibrations were per-
formed to determine the value of H and K.
Moreover, the results by using type 55P12
and that of using type S5PI11, type 55P13
were compared each other for several Rey-
nolds numbers with swirl and no swirl. Some
of the conclusions drawn from using hot-
wire may be summarized as follows,

1) The yaw factor H depends on sensor
geometry and is found to vary with the
angle of inclination, decreasing with
increasing values of the yaw angles.

2) The pitch factor K depend on sensor

geometry and is nearly independent of

Fig.10 Wind tunnel used in Hot-wire calibration.
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Fig. 9 Distributions of Reynolds stress by
using 55P12 and 55P11, 55P13 for
Re=20000, 30000 and 40000 at X/D=
59 with no swirl.
the pitch angle.
3) The unknown velocity components can be

4)

5)

calculated by employing a normal straight
probe (DISA type 55P11), a right angle
probe (DISA type 55P13)

Also, the three velocities and Reynolds
stress can be solved by using a slanted
wire (DISA type 55P12).

The error associated with the signal itself
and probe interference.

These two results are compared each other

for several Reynolds numbers with swirl and no

swirl and the agreements are found to be

very good. The yaw and pitch factor are as
follows:

For DISA type 55P11 and 55P12.

H; =0.35
K1 =0.92

H; =0.516
Ki= 1.098
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NOMENCLATURE

AD constant

E Instantaneous Voltage (D.C)

e Fluctuating Voltage (A.C)

HH,, H,, H; Yaw factor
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K, K;, K;, K; Pitch factor

m Exponent
Rg Probe operating resistance
S The slop of each probe
U Axial Velocity component
u Axial fluctuating velocity
component
\% Radial velocity component
Radial fluctuating velocity
component
w Tangential velocity component
w Tangential fluctuating velocity
component
Greek Symbol
o The yaw angle or Sensor angle
B Angle of rotation
] The pitch angle
APPENDIX A

Calculate three velocities, turbulent intensity
and Reynolds stress from equation

E2(0, 45)/s*=0.5(1+H#)V?
+ 051 +H2) U+ KE WH(1-HHUV
E2(180, 45)/s*=0.5(1+Hs ) V?
+0.5(14+H#) U+ K Wi—(1—-HHUV

E?(90, 45)/s*=05(1+Hs ) V+KS U
+0.5(1+H2D W +(HZ —~ 1D VW--+eee (3)

E2(—90, 45)/s?=0.5(1+HH) V*+ K2 U?
+0.5(0+HDW—HE—- 1D VW < {4)

from equation (1) and (2)

20V —HD)=[E*(0, 45)
—E2(180. 45)/8% -orereereenercrinees (5)

Subtract equation (4) from equation (3)

VW={E2*(90. 45)—E*(—90, 45))/2¢?

from equation (5) and (6)

W=U[EZ(90, 45)—~E2(—90. 45))/
(E2(0. 45)—E*(180. 45) -+ (1)

from adding equation (1) and (2)

[E2(0, 45)+E*(180, 45)}/s*=(1
+HDVHU(I+HI)+H2KI W - (8)

equation (3)2 times- equation (8)

(E2(90. 45)+E2(—90 45)1/s*=(1
+H) V2K U+ (1 +HIOW? - (9)

Subtract equation (8) from equation (9)

[E2(90, 45)+E*(—90. 45)]1—(E3(0. 45)
+E2(180, 45)3/s*=U*(2K$#—1—H¢)
+W2(1+H32_2K32) ceeeneniaeenneieees (i)

from equation (10) and (7)

U?=[E?(90, 45)+E?*(—90, 45)—E?(0,45)
—E*(180. 45)1/s* X [(E?(0, 45)
—E*(180. 45))*/(2K¢§—1—Hs)

{{E*(0. 45)—E*(180, 45)7°
—(E*(90, 450—E*(—90. 45)7%} --- ()

from equation (11)

G=[E2(0, 45)—E(180. 45))*/(2K3
—1—H#)[E*(0, 45)—E*(180, 45)]
+[E2(90. 45)—E?(—90, 45))*(1+H}
—2Ks")

Ur=G[E2(90, 45)+E*(—Y0, 45)
—E2(0, 45)—E?(180, 45)]/s

from equation (7) and (11)

=—F2(0, 45)—~E2(180, 45)/2U(H?
—1)=E2(90, 45)—E*(—90, 45)/
ZWSZ(,H:?“I) 12)

If one take A.C. voltage from hot-wire anemo-
meter,



(0. 45)/s2=0.5v*(1+HZ)+0.5u3(]
+HE)+REWH A —HfDuv  --oree (13)

& (180. 45)/s?=05v?(1+H2)+0.5u?(1
+HZ)+HREIw—(1—Hfduy --oeeeeee )

(90, 45) /s2=05( 14+ H2) v*+ K& u?
4+ 051 +H2O WP +(HE—1Dvw -+~ (15)

e? (—90, 45)/s?=0.5(1+HIIvi+K&u?
+05(+HDw? —(Hi —Dvw - (16)

et (+45 45)=0.5C1+HZ)v3+(0.25
+0.25H+ 05K D+ (0.5KF+0.25
+0.25H D w4+ 0.7071(1—K&Duv
+0.707T1(H¢ — 1) vw+2uw(0.5K$

Using similar procedure
w?=[e?(90, 45)+e*(—90, 45)—e? (0. 45)
—e? (180, 45)1/8* x[*(0, 45)
—e? (180, 45)3%/(2Ks* —1—Hs*)
{(e*(0. 45)—e*(180, 45)]*
—(e*(90, 45)—e? (90, 45D 7% }------o- (18)
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wr=u?[e?(90. 45)—e®(—90, 45)7%/
(e*C0, 45)—e? (180, 45)7% «-ovvvee- {19)

v2=[e?(0. 45)—e*(180. 45)3 Jadts
CHE 1) -evereenmeemensememesemneneasene )

from equation (15) and (16)
vw=e?(90, 45)—e’ (—90, 45)/2s*(Hd —1)
subtracting equation (14) from equation (13)

" uv =1/282(1—H2) X [*(0. 45)
—eZ(180, 45)] -reerrermrmrennnieneaeness 29)

from equation (17)

uw=[1/(0.5K*—0.25H2—0.25))

X (e?(45. 45)—e?*(—45, 45)] /s
—1.414(H32—1)VW .................... ©3)





