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Preface

The X hot wire probe is commonly used in anemometry for
determining the mean flow direction of ¢ generalized flow field. The
problem frequently facec} by the experimenters is the accurate align-
ment of the X sensor relative to the mean flow direction which is
normally not known. In this report, I have investigated the perform-
ance of two typical cross wire arrangements--one having the sensor
"X" lying normal to the probe plane and the other having "X' lying in
the probe plane. The two dimensional free jet facility existing in the
Aero-Mechanical Engineering Department of the Air Force Institute
of Technology (ATFIT) was used to conduct this study, A Thermo
Systems, Inc. constant temperature Anemometer system and the
related accessories were used as the primary instrumentation.

I have attempted to make the report as comprehensive as pos-
sible so that it could be useful, I hope, for further research in this
area, All the calibration data is tabulated in the appendix and typical
example calculations are outlined wherever necessary.

I am grateful to my thesis advisors, Dr, Harold E, Wright,
Dr. William C, Elrod and Dr, Andrew J., Shine for providing me the
opportunity to work on the anemometer and for invaluable guidance,

support and encouragement throughout the course of study.
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Mr. William Baker and Mr. John Flahive were very helpful
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in setting up the laboratory equipment and I am thankful for their

valuable assistance,

I am also grateful to Mrs. Joyce Clurk for her motral support
[

£ and for the typing of this thesis,
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1 List of Symbols

3 Symbol Description Units

| Ag Nozzle exit area cm?

3 C Specific heat at constant pressure BTU/

) P

i 1bm°R

C1,C2 Constants in King's Law --

E Non-linear bridge voltage volt

Ey Linearized bridge voltage volt

E Ecorr Corrected, non-linear, DC voltage volt

Em Non-linear DC bridge voltage during volt
measurements

‘ Eqc Temperature corrected non-linear br . volt

: voltage

Erzc Zero corrected non-linear bridge volt

1 voltage (E-Eg)

Hpr Heat loss due to radiation watt

3

He Heat loss due to conduction watt E

{ Hgc Heat loss due to forced convection watt é

i \ ,

i Hne Heat loss due to natural convection watt E

| =2

‘ 4Ah Pressure difference ins of %
water 3

E

_- K 1/8lope of linearized curve ft/sec/ a

" velt ?
. k Ratio of specific heats -- 3

1 { ' Me Mach number at nozzle exit .-
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Symbol

v,V
W, W

Ax, 4y, Az

Description

King's Law exponent

Chamber stagnation pressure

Ambient pressure

Resultant mean velocity

Sensor operating resistance

Reynold's number

Cold wire resistance curing test

Cold wire resistance during calibration

Gas constant

Ambient temperature
Chamber staraation temperature
Mean velocity -umponent in S uire:’ on

Fluctuating velocity compcuents in X, Y
and Z direction

Mean veloci* - component in Y direction
Mean velocity component in Z direction

Distances

Mean flow direction angle
Angle
Pitch angle

Overheat ratio w
al

Yaw angle

xviii

Units

1bg/ft?
2

1b /it

ft/sec

ohms

ohms
ohms

£t 1bg/
1bm°R

°R
°R
ft/sec

ft/sec

it/ sec
ft/sec

inch or
centimeter

degree
degree

degree

degree
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ap

Description

Temperature coefficient of resistance
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Abstract

This thesis reports the results of an experimental investigation
of rotation tests conducted with two X wire sensor arrangements in
the potential core of a free jet and the influence of small temperature
variations on the linearized response of a hot wire sensor,

The tests were performed in the free jet issuing from a 10 cm
x 1 cm nozzle having turbulence intensity of 0.3 per cent at the exit
plane. The two X wire sensors used were TSI Model 1240 and TSI
Model 124}. Each sensor arrangement consisted of two platinum
coated, tungsten wires, having 3. 81 micron diameter, active sensor
length 1.25 millimeter and separated by 1 millimeter apart, The X
sensor Model 1240 was yawed and pitched through + 30 degrees and
+ 10 degrees respectively. The size of the potential core, however,
limited the movement in yaw and pitch of the Model 1241 to + 10
degrees., The tests were conducted at three values of Reynolds
Number 7.2, 14.54 and 21, 8 based upon the wire diameter,

The investigation showed that both the X sensors had a strong
preference for thc direction of mean motion, and the error due to
misalignment in yaw was larges! ot very small misalignment angles,
The Model 1240 showed insensilivity to misalignment in pitch in the
upper range of Reynolds Number but the Model 1241 was highly

sensitive to the misalignment in pitch. In the second part of the

XX
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study, the air temperature was increased from 4°F to 20°F above
the reference and its influence on the linearized response of the
upstream sensor of Model 1240 was observed. The test resulls
showed a strong influence of the variations in air temperature on

the linearized sensor response at velocities below approximately

100 feet per second.
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PERFORMANCE AND EVALUATION OF AN X

HOT WIRE SENSOR IN A TWO DIMENSIONAL
FREE JET IN THE PRESENCE OF

CROSS FLCOW COMPONENT

I. Introduction

Background

In many fluid flow problems of practical interest, for example,
flow existing over the wing surface of an airplane, in the air intake of
an air breathing engine, or in the test section of a subsonic wind
tunnel, one is often required to measure the mean flow direction using
an X hot wire sensor. Normally, the X hot wire sensor is aligned
such that each s:nsor is at 45 degrees relative to the mean flow direc-
tion (Fig. 1), This particular orientation offers maximum sensitivity
to the changes in the flow direction, interference caused by the prongs
of one sensor over the sensitive part of the other sensor in a mini-
mum and the sensor response equation is somewhat simplified, The
X hot wire sensor, however, cannot be aligned as such when the mean
flow direction is not known. It is, therefore, desirable to determine
the magnitude of error incurred due to misalignment of the X hot wire

sensor in a generalized fluid flow field.
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X Sensor Model 1240
Orientation )
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Y k 1$S£-‘l OR 2 f v
45° 45°
90°
w 45°_ |, 45° b
a
u

Fig. 1. Orientation of the X Sensor Model 1240 Relative
to the Mean Flow Direction. Both Sensors Are
Calibrated with the Flow from Either the "U'" or
"V Direction (i, e. 45° to the Stream)
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Another problem closely associated with the mean flow direc-
tion measurements using a constant temperature hot wire anemometer
is directly related to the convective cooling effect of the flow passing
over the wire and is dependent upon the temperature difference
between the wire and the flow. The constant temperature anemome-
ter, as its name implies, is designed to maintain the temperature of
the sensing element constant under varying fluid temperature. Mere
observation of the voltage output does not tell us whether the change
in the output has been caused by a change in the flow velocity or
change in the fluid temperature. A typical example of this problem
is the changes in the air temperature of a closed circuit wind tunnel
where the air temperature rises slowly due to viscous action.

Similarly, when one is dealing with the study of free flows such
as jets, wakes and mixing zones, the fluid temperature may vary
appreciably from the value at which calibration was performed or it
may change during experiment due to drift in the ambient conditions.
In any event, it is necessary to apply correction to the measured data
particularly when the variations in the fluid temperature are apprec-
iable,

This thesis is an experimental investigation of:

l. The error involved in the measurement of mean flow direc-
tion due to misalignment of the X hot wire sensor,

2. The error involved in the linearized response of a constant

temperature hot wire anemometer system due to small variations in
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fluid temperature.

The tests were conducted in the potential core of a two dimensional

free jet resulting in a cross flow component,

Objectives

The primary objectives were:

1. Using a two dimensional free jet of known direction, evalu-
ate the error incurred in the mean flow direction as the X sensor was
yawed and pitched inside the potential core of the free jet. Yawing is
defined as the movement of the instantaneous velocity vector in the
plane of X calil- 1 the probe plane. Pitching, on the other hand, repre-
sents the movements of the instantaneous velocity vector out of the
probe plane. The error was to be evaluated al three values of
Reynolds numbers based upon the 3ensor diameter, namely 7,2,
14,54 and 21.7.

2. To -valuate the error involved in the linearized voltage out-
put of the X sensor as the fluid temperature was changed by 20°F,
Secondary objectives were:

1. To evaluate the value of King's Law exponent n and compare
with the published literature,

2. To repeat the primary objective item number 1 in the shear
flow region downstreara of the free jet,

The organization of this report is as follows: Section !I covers

the theoretical background including the sensor response equation,
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measurements of the mean and fluctuating velocity components using
X hot wire sensor, and a review of the existing methods available for
applying correction to the sensor response to account for the vari-
ations in fluid temperature. Section Ill describes the test apparatus,
instrumentation and types of the sensors employed for the present
research. Section IV deals with the data reduction techniques
adopted. Section V contains an explanation of the techniques adopted
for calibrating the sensors, optimization of the anemometer system
for maximum frequency response, linearizing the voltage velocity
relationship of the sensor and the measurement techniques. Section

VI includes the discussion of the results. Conclusions and recom-

mendations are contained in Section VII,




II. Theoretical Considerations

Measurements of the mean flow direction using an X hot wire
sensor is complicated by rmany factors., Some of these are deviation
of the sensor response from a simple cosine law (Ref 4, 8, 11, 12),
thermal wake interference (Ref 13), probe interference effects (Ref 9),
the presence of a velocity component in the direction perpendicular to
the plane of X and mean flow direction, spatial resolution limitations

and slip flow effects (Ref 12, 24). The problem would not lend itself

to simple experimental investigation unless certain simplifying assump-

tions are made. In the present study, following fundamental assump-
tions were made:

1. The flow was assumed to be incompressible., This assump-
tion gives a maximum error of less than 2% in the dynamic pressure
under sea level standard conditions for the range of velocity under
consideration (0-300 ft/sec).

2. During the measurements, the air pressure and tempera-
ture were assumed to remain constant. This assumption is quite valid
in the case of measurements in a free jet exiting to atmosphere.

3, Simple cosine law cooling was assumed to be valid. Accord-
ing to this law, the sensor is sensitive only to the velocity component
normal to the sensor and is independent of the tangential velocity com-

ponents. This would indeed be true up to quite large yaw angles if
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the wire was infinite in extent and maintained at a constant tempera-
ture throughout its length, Unfortunately, real hot wires must be
finite in length, and possess non-uniform temperature distribution
due to heat conduction to the supports.

4. The turbulent fluctuations of the flow velocity component
acting on the hot wire are small compared to its time average. This
requirement is satisfied inside the potential core of a free jet but the
results are subject to increasing error with high turbulence intensi-
ties (Ref 11).

5. The flow is assumed to be continuum and the slip flow effects
are negligible. A condition for the flow to be continuum is that the
Knudsen Number should be less than 0.01 (Ref 10). The 3.8 micron
diameter hot wire sensor while operating at 70°F and standard atmos-
pheric pressure has Knudsen Number equal to 0.0173 and therefore
may operate in slip flow regime. This implies a decrease in the value
of heat transfer coefficient h between the hot wire and the cooling
stream of air., The decrease in the value of h is caused by the
"temperature jump'' effect arising .. - -nsequence of the failure of
the molecule to ""accommodate' t. .. .. ‘ace temperature (Ref 10).
The slip flow effects may be observed in the range of Reynolds Number
7 € Re<22 and give an error in Nusselt Number varying between €%
to 12%, approximately for 3,8 micron diameter, platinum coated

tungsten wire (Ref 7) which is quite substantial.
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Sensor Response Equation

The constant temperature hot wire anemometer works on the

principle that the rate of heat loss by the sensor is equal to the
amount of electrical energy needed to maintain the sensor tempera-

ture at constant, In general, heat transfer takes place by all three

modes namely conduction, convection and radiation. Writing down

the heat balance equation, one has

2

E
Heat Input = W = HRp + He + Hp + Hyng

(1)

Where E is Bridge voltage output, Ryy is operating resistance of the

sensor. Hp is the heat loss due to radiation. This is generally very

small for tungsten or platinum wire operated below 300°C. Hc is the

heat loas by conduction to the wire support needles and usually consti-

tutes about 10% of the total energy loss. Hpc is the heat lost due to

forced convection, It is a function of Reynolds Number, Mach Num-

ber, Prandtl Number, Knudsen Number, wire temperature, wire

geometry, and its orientation relative te the flow. For a hot wire

sensor operating in a continuum, low subsosic flow, Hp can be

represented by:

HF = C1 + C, (Ueff)? (2)

Where U eff is the effective cooling velocity, Cl, Cz, and n are

constants which are determined experimentally. Noting that
equation (2) is similar to well known King's Law for whichn = %- .

8

bt il

it il bl

A . s 1, bl J.rUMWJWMMWWW il

I a0, 1 1

bbbl




HNC is the heat loss due to natural convection. This heat loss is
quite small and negligible for Reynolds Number greater than 0.5

(Ref 11). The heat loss due to conduction to the supports is taken in-

to account in the calibration process. Therefore, overall response

equation can be expressed as:

E2 = C; + C (Ueif)P

or

EZ2 - E§ = C, (Ueff)? (3)

Where Ej is the bridge voltage output at zero flow.

In order to evaluate the value of exponent n from the calibration

data, assume cosine law to be valid and take natural logarithm of both

sides of equation (3),
2 2 _ —
In (E -Eo)-lnC2+n1an

where Tf; is the mean velocity component normal to the sensor. The

first term on the right hand side can be replaced by another constant D.
. w2 Rl = v
JoIn (E -E0)~D+n1an (4)

A plot of In (EZ - Eg) versus In Vp enables one to calculate the value of

exponent n. Collis and Williams investigations of the heat transfer
from heated wires of very large aspect ratio gave values of n equal to
0.45 for .02 <Re <44 and equal to 0.51 for 44 < Re < 144 (Ref 3),

More recently, Klatt (Ref 15) carried out calibration of a large number

9
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of commercially available hot wire probes and found value of n vary-

TN

ing between 0.25 and 0.42 corresponding to maximum Reynolds Num-

ber of 13. The values of n determined in the present investigation are

tabulated on page 53,

Determining Mean Velocity Components with X-Sensor. The

L

! . . s
X-liot wire sensor offers a convenient way of determining mean veloc-

B ]

ity components u and v due to the fact that both of the components can
be obtained in a single operation. A further simplification to the

analysis is afforded by operating each sensor at 45 degree relative to

e — ———

the mean flow direction which has the added advantage of offering
maximum directional sensitivity (Ref 6), Fcr a linearized system,
the output is proportional to velocity, Assuming simple cosine law

cooling, u and v can be expressed in terms of Vpl and sz.

7/
/
s/-=g——Sensor 1

E ' Sensor 2

; |
b
a
_ Fig. 2. Determination of Velocity Components
i
: For the case of the flow only within the probe plane, 7
FL U=qces ($~a)=7q (cos ¢ cos a + 8in¢ sina) (5) E
P
o 10

U




e

V=9qsin(¢-6)=q (sindcos 0- cosdsina) (6)

If the sensor is oriented such that yaw angle ¢ = 45°, then cos ¢ =
sin ¢ = 0.707. Also

q sin (90 - a) = q cos a

Vpl

VPZ: Esina.

=]
1

= 0.707 (Vp, + Vp,) (7

<l
1

= 0.707 (Vp; - Vp,) (8)

For a linearized system, vPl and VPZ are directly proportional to the

voltage output of the two anemcmeters,

=
n

: 0.707 K(Er, + Eg,) (9

= 0.707 K(Er, - Ep) (10)

<[
[{

Where ELI,ELZare voltage signals from the sensors 1 and 2 respec-
tively, and K is the constant of proportionality between the voltage and
velocity for the linearized anemometer.

Determination of Fluctuating Velocity Components. Fcr the

measurements of velocity fluctuation, the wire must exchange heat at
the frequency of the velocity fluctuations. A finite time is, however,
required for the wire to come in to thermal equilibrium with its sur-
roundings, and hence its resistance to reach a value corresponding to
the conditions in the fluid medium. This is due to the thermal inertia

of the sensor which, at high frequencies, decreases its sensitivity and

11

BT R b
L




-

shifts the signal out of phase. A constant temperature hot wire sys-
tem minimizes the effect of thermal inertia by keeping the sensitive
element at a constant temperature and hence resistance and using the
heating current as the measure of heat transfer, and, therefore, of
the velocity, The linear frequency range of the constant temperature
anemometer increases with the mean velocity and within the velocity
range 10 <q <100 meter per second, the upper frequency limit fo

(-3 db) is approximately given by:
fo = (10 +0.5q) K C/S (11)

Where ?.1- is the mean velocity in meter per second (Ref 19).

Assuming the system possesses satisfactory arrangement for
optimizing its frequency response, if the turbulence intensity is less
than 10%, equations (9) and (10) would give the fluctuating velocity
components provided AC values of the voltages are used instead of DC
voltages. For highly turbulent flows, Hinze (Ref 11) has suggested
the following correction applicable to isotropic turbulence with veloc-

ity components being normally correlated:
)= - L uo (12)

This implies the linearized theory would predict too high a value for
the turbulence intensity. The errors arise primarily from non-linear

character of the instrumentation response to fluctuations in magnitude

and direction of the fluid velocity and in the fluid temperature (Ref 20).
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If a linearizer is incorporated in the electronic circuit, the curvature
of the basic calibration curve can be handled conveniently, However,
linearization does not always improve the accuracy of measurements
(Ref 21), In fact, for small fluctuations, accuracy can be improved

by not linearizing since the elimination of analogue electronics equip-

ment normally removes a source of possible uncertainty in the data.

Effect of Fluid Temperature Variations. In almost all the exper-
iments on velocity measurements using a constant temperature hot
wire anemometer, it is very difficult to maintain the fluid temperature
constant and equal to the temperature at which the calibration was per-
formed. In some cases, appreciable changes in the fluid temperature
may take place even during the experiment as for example, in a closed
circuit wind tunnel where slow increase in temperature takes place
before reaching an equilibrium state. Bearman (Ref 2) suggested the
following corrections.

For the non-linear system,
Ecorr = Ep/(1 +€/20)1/2 (11)

Where ECorr and EM stand for corrected and measures values of DC
voltage output respectively. € and o are functions of overheat ratio

(@) defined as:
= Ta1 - Taz

€
Taa
o= 68-1
13
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For the linearized constant tempecrature system,

T T T T

E =E 1 -8 ¢
Lcorr I"M( Tal ) (12)

U
il

T T

where Ep or and ELM are corrected and measured values of the
C

linearized DC voltage output respectively. F is the correction func-

T s g

tion dependent upon n, ¢ and voltage ratios, T,,» Taz are the origi-

nal and new values of fluid temperature respectively, Bearman con-

cluded that for a linearized hot wire system, his correction formulae

give an accuracy of 1% up to a temperature rise of 10°C. He assumed

f that the properties of the fluid adjacent to the wire are related to .he

e onn | b L
R “me\ e i X b

wire surface temperature. Kanevce and Oka (Ref 14) dealt with the
low velocity range (0.1 to 11 m/sec) and recommended the following

correction for the non-linear constant temperature hot wire system:

2 _ 2 (Bw - Rg)
E¢ = Ey T Ryy) (13)

3 : Where Ry, R and Ry are the hot wire resistances at wire operating

' temperature, cold wire resistance during calibration and cold wire
resistance during measure:ment respectively,

In the present investigaticn, only the influence of fluid tempera-
ture variation on a linearized hot wire system was deternﬁined experi-

i mentally, The formulae used as well as the example calculations are

given in Appendix B.
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III. Test Apparatus

Free Jet Facility

The free jet facility used for conducting experiments consisted
of a 10 cm by 1 cm nozzle having a turbulence intensity of approxi-
mately 0.3% in the nozzle exit plane. A schematic of the flow field
is shown in Fig, 3. The calming chamber had a diameter of 27 cm
and was 2.13 meter in length., Flow was tirst directed over two 7,000
watts electric resistance type heaters which could raise the air
temperature by 90°F at exit Mach Number equal to 0,8 (Ref 23). An
orifice 10 cm in diameter was placed just downstream of the heaters
to induce turbulent mixing. A replaceable paper filter prior to the
nozzle entrance was used to prevent foreign particles striking
against the sensor and resulting in sensor breakage. The nozzle had
an area contraction ratio of 50:1 which was partially responsible for

the low turbulence flow in the nozzle exit plane,

GCathodometer

A Gaertner Scientific Company three dimensional traversing
mechanism (Fig, 4) was used to position the sensor within + 0,001

inch of desired position in X, Z directions and within + 0.001 centi-

meter in the Y directiun.
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Fig. 4.

Sensor Attachment on Cathodometer
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Sensors

Figure 5 shows the types of sensors used in the present investi-

gation, All the sensors used were cylindrical, platinum coated tung-

sten wire type having diameter of 3, 8 micron and 1. 25 millimeter E
active sensor length, separated by a distance of 1 millimeter, The
nomenclature used by Thermo-Systems for different types of sensors
is as follows:

The number code identifies the diameter of the cylindrical
sensor., Ior example, T1.5 implies tungsten wire sensors having
0.00015 inch diameter. Similarly -20 refers to a hot film type sensor
having diameter of 0.0902 inch, The Model number identifies the probe
configuration. F¥or example, Fig. 5(a) shows the Model 1210 standard
atraight probe whereas Fig, 5(b) shows Model 1214 probe which is

streamlined wedge shape suitable for supersonic flow,

T1l.5 Models 1210 and 1214 were used for gaining experience in
the calibration te~hnique as well as for performing a number of sec-
ondary experiments, The T1.5 Model 1240, which has two wires
mounted at right angle to each other, was used for measurements of
velocity components in the XY plane. For velocity measurements in
the XZ plane, T1,5 Model 1241 X wire sensor was used, This sensor
has two wires arranged such that they are orthogonal to each other but
the "X' lies parallel to probe axis. The spacing between the wires of
both X type sensors was one millimeter.

O-wving to engineering tolerances, the angular arrangement of

the two wires of X type sensors is not normally e uct, Cezreful




observations under microscope may reveal an error of about + 5

degrees in the arrangement.

Instrumentation

The primary instrumentation used consisted of Thermeo-
Systems, Inc. Model 1125 calibrator (Fig. 6), Model 1050 dual,
constant temperature hot wire system (Fig. 7) equipped with TSI
Model 1052 Linearizer and TSI Model 1057 signal conditioner. 3
Thermo-Systems Model 1015C correlator (Fig. 8) was available

separately.

Calibrator
The flow diagram illustrates the sequence of opera-
tion of the TSI Model 1125 calibrator. A low turbulence level (less
than 0. 17 percent) free jet was provided by the 0. 15 inch diameter 3
nozzle having speed range varying between 3 feet per second to Mach
No. 1. The Uni Slide three dimensional sliding mechanism provided
means of supporting the probe in the exit plane of the nozzle. The
pressure regulator and needle valve provided good control of the
velocity through the calibrator. The pressure port on the calming

chamber provided a means of recording stagnation temperature.

Signal Processing by Anemometer

Figure 9 shows a block diagram of how the X hot wire signals

are processed in the TSI Model 1050 constant temperature anemometer

19
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system. The non-linear bridge voltage output of the two sensors
from their respective channels are each fed into a linearizer, The
linearized output signals are then fed to TSI Model 1015C correlator.
The mean velocity components were read on DC voltmeter and fluctu-
ating velocity components on RMS voltmeter after selecting the power

switch to AC position.

Correlator

The TSI Model 1015C correlator which is capable of performing
a number of analogue computations was used to separate the two
velocity components of the X hot wire sensor. Fcor a linearized sys-
tem, sum of the voltages was proportional to the velocity component
parallel to mean flow direction whereas the difference was equal to the

velocity component normal to the mean flew direction (Ref 26).

Oscilloscope

A Tektronix Inc. Type 531 oscilloscope was used to test the

anemometer system for maximum frequency response.

Voltmeters

Two Digitec Model 268 DC Millivoltmeters and two Hewlett
Packard Model 3400A RMS voltmeters were used for measuring DC
linearized output and AC linearized output respectively. The DC out-

put was proportional to mean velocity and AC output proportional to

fluctuating velocity,




B

Ry

Manometer

A Mariam 20 inch water micro marometer was used to meas-

ure the total pressure in the settling chamber during calibration and

experimentation,

Thermocouple

A Honeywell Model 2732 potentiometer and copper-constantan
thermocouple was used to measure the stagnation temperature in the
calming chamber of the test nozzle assembly based on the assumption

that velocity in the calming chambe: was negligible,

DC Power Supply

It was Jetermined that an external power source provided a
more stable voltage when compared to the internal voltage source of
the linearizer, An HP Model 6205B dual DC power supply was, there-

fore, used to provide the necessary external voltage input of 10,000

volts to the linearizer,

Variac

In order to control the heating of the flow, a General Electric
Radio Co. Type 50-B variac was used. This variac provided adequate
control to vary the voltage across the two 7, 000 watt electric resist-

ance type heaters batween 0-200 volts,
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IV, Data Reduction

CDC 6600 Computer

The potentiometer coefficients for the TSI Model 1052 Linear-
izer supplied by Thermo-Systems, Inc. for the desired velocity range i-
(0-300 feet per second) for T1l.5 hot wire sensors (Ref 25) were found

to be unsatisfactory due to the fact that they did not yield an accept-

able linear voltage velocity relationship., A computer programmea
was developed to provide a fourth order least square polynomial
curve fit to the data points obtained from the calibrator. This pro-
gramme is given in Appendix D. Standard procedufe as recoms-
mended by Thermo-Systems (Ref 25) was employed for the determina- H
tion of the polynomial coefficients. The programme gave non-nor-
malized polynomial coefficients which were normalized minually prior

to feeding into the potentiometers of the linearizer of the constant

temperature anemometer system. During the normalizatipn process,
10 volts of the linearized system were taken to correspond to full scale
flow of 300 feet per second. These coefficients are tabulated in Appen-
dix C, The Air Force Institute of Technology data link system was
used to tie into Air Force Aeronautical Systems Division control Data

Corporation 6600 computer for data plotting.
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V. Fxperimental Procedures

Control _gf_ Test Conditions

A hot wire sensor, strictly speaking, is sensitive to the mass
flow rate rather than velocity. As the range of speeds of interest (0-
300 feet per second) was almost in the incompressible flow regime,
the sensor was assumed to be sensitive to velocity instead of mass
flow rate. The calculation o velocities was also based upon incom-
pressible Bernoulli's Equation.

The variations in the ambient air temperature on day to day
basis were taken into account by adjusting the fine '"span control' on
the linearizer. Constant pressure in the calming chamber of the frec
jet facility was maintaine2 by adjusting the compreessed air bypass
valve which was vented '» the atmosphere until a steady flow at the
desired pressure was obtained, with the compressor running continu-

ously under constant load conditions.

Calibration

Single Sensor. The main purpose of calibration is to reproduce

the test environment as accurately as possible. In the present invest-
igation, calibration of the sensors constituted the most important
phase of the research due to many reasons. Firstly,by calibrating the

sensor, the heat conduction losses to the sensor supports become part
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of the calibration. Secondly, small variations in the sensor tempera-
ture, imperfect sensor geometry, dirt accumulation and aging effects
etc, are all taken into account. The single sensors TSI T1.5 Model
1210 and Model 1214 were calibrated normal to the mean flow direc-
tion using TSI Model 1125 calibrator. An overheat ratio of 1.5 was
used which gave good sensor sensitivity to velocity variatiors and
signal to noise ratio of the anemometer system,

The normal orientation of the sensor was first attained visually
and then fine adjustments were made at some low constant airspeed.
until the non linear bridge output was a maximum. This technique was
considered essential because the sensor response was highly dependent
upon its orientation relative to the mean flow direction; necessitating
that the same orientation should be used during actual tests as that
employed during calibration,

As a secondary test, the single sensor model 1210 was cali-
brated at two additional overheat ratios, namely 1.2 and 1. 8 with the
intention of determining the influence the overheat ratio on the linear
and non linear bridge outputs and the error involved in case the over-
heat ratio is inadvertently set to an incorrect value during actual test.
The calibration curves are shown in Fig.50 and results are tabulated
in Appendix C.

X Wire Sensor.

(1) Model 1240, Each wire of the Model 1240 sensor was cali-

brated independently; first, normal to the mean flow direction and then
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each wire aligned 45 degrees to the mean flow direction, The 45
degrees orientation was achieved by rotating the sensor from its
normal orient: “‘ion until the linearized voltage output was 7,07 volts
with 10, 00 volts corresponding to full scale flow conditions of 300
feet per second. The same procedure when repeated using the
cathodometer before conducting actual tests corresponded to sensor
orientation of 48 degrees with the sensor operating in the potential
core of the firee jet, In order to maintain consistency, the X hot
wire sensor was oriented 48 degrees relative to the mean flow direc-
tion for all subsequent tests, A further check was made on the Model
1240 sensor orientation relative to the mean flow direction using
TSI M’odel 1015C correlator. Using the fact that X hot wire sensor
would be at 45 degrees relative to the mean flow direction when the
difference between the voltage outputs of the linearized system were
zero (see Equation 10), the X sensor was again rotated in the poten-
tial core of the free jet. This test gave the same result, that is, the
difference (ELI - ELZ) corresponded to the sensor orientation of 48
degrees instead of 45 degrees, The X probe calibration technique
used by Thermo-Systems (Ref 25) was tried but it did not yield satis-
factory results. |
(2) Model 12414. The calibration of Model 1241 was relatively

simple. The orientation of this sensor offered no difficulties since the
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two sensors were arranged such that each sensor was at 45 degrees
relative to the mean flow direction with the "X'" lying parallel to the

probe axis as opposed to Model 1240 in which case '""X" lies normal

to the probe axis (see Fig. 5(c) and (d)).

Optimizing Frequency Response

wo i

-
i

The frequency response of the anemometer system was opti-

mized according to the procedure recommended by the manufacturer

(Ref 25). In order to observe the output test signal shape, a
Tektronix Inc, Type 531 oscilloscope was connected to the Bridge
Output jack. With the probe exposed to the flow at maxiruum speed
(300 feet per second), trim control on (5:1) Bridge and stability con-
trol of the anemometer were adjusted initially with 1 KHZ square
wave signal across the bridge circuit and then 20 KHZ signal. Ref
Set control was not normally used for optimization purposes. How-
ever, very slight movements cf the Ref Set control was found to be
helpful in improving upon the output signal shape. The output signal
for a hot wire sensor should appear as shown in Fig.10 if the system
‘ has been optimized properly. With sufficient practice, it was possible

E to attain the desired output signal shape.

Linearization

Once an accurate calibration curve had been obtained, the next
step was to determine the four polynomial coefficients to be set iato the

‘,: linearizer potentiometers. For this purpose, a fourth order least

C 3]
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Fig.10, Square Wave Test Signal on a 3.8 Micron

Tungsten Hot Wite (From Ref 30)
square polynomial curve fit was applied to the data points, Only 20
data pcints at approximately ecqual interval were selected from the
calibration curve. These values were fed in as data to the programme
listed in Appendix D, The {irst and the last data points were weighted
heavily where secund, third, fourth, fifth and sixth data points were
given £0, 60, 40, 20 and 10 percent weighting respectively. All the
remaining data points were alloted 1% weighting only.

Figure 11 shows a typical fourth order least square curve fit to
the selected data poirts. The technique was repeated for every sensor
calibrated for the present study. These polynomial coefficients were
in disagreement with those providea by Thermo-Systems (Ref 28), In

fact the polynomial coefficients supplied by Thermo-Systems did not
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1 E-ST SQUARE CURVE FIT
Sensor: Tl.5 Probe Model: 1210
r .
Overheat Ratio: 1.8 Orientation: Normal
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yield linear bridge voltage output and were, therefore, discarded.
Standard procedure for si:tting up the polynomial coefficients in the

linearizer potentiometers was adopted (Ref 25). The accuracy of

[

s bbbt

linearization was found to be highly dependent upon the linearizer
coefficients and the precision with which these coefficients were set.
The coefficients were found to drift and a check was made each time

before collecting any data.

Expcrimental Measurements

Experimental Arrangement. Rotation in yaw, which was

defined as the movement of the resultant velocity vector within the
probe plane, was performed by rotating the sensor itself and noting
the amount of angular displacement on the {ixed table (see Fig. 12a).
The fixed table located in XY plane was graduated in 1 degree interval
and the pointer attached to the probe provided rezsonably accurate

control of the angular displacements of the probe and hence of the

sensor,

Rotation in pitch, which was defined as the movement of the
resultant velocity vector out of the probe plane, in the case of Model
1240 was achieved by the movements of the turn-table located in XZ
plane. The fiéure 13 explains the technique adopted for conducting

pitch movements with the X sensor Model 1240. The moment arm |

was measured accurately in the School Shop and was equal to 7.068

Mool

inches. For clockwise rotation in pitch, the probe was moved by

1 s 1 1A
L
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Fig. 12a. Definition of Yaw Angle
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Fig. 12b. Definition of Pitch Angle
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ax =1 sin § downstream and by 4z =1 (1 - cos ) downwards in order
to coincide with the initial reference location. For counterclockwise
rotation in pitch, the probe must be moved by ax =1 sin g upstream
and 8z =1 (1 ~ cos ) downwards in order to coincide with reference
location. Similar technique was adopted for the rotations in yaw and

‘ pitch with the sensor Model 1241,

- X
l(1-8inB)
Flow
— \
—_—
: —_—
o -l cosf » Probe stem

Fig. 13. Pitch Movement of the Sensor

Flow Direction Measurements

Measurements in Potential Core, The X sensors Model 1240

and 1241 were located in the potential core at 1 centimeter downstream

" of the nozzle exit plane and at the center line. The turbulence intensity
()

. 36
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at this location was 0. 32 percent, The X s'-ensor Model 1240 was
employed to measure the mean velocity components 4, Vv and hence
the flow direction in XY plane, whereas Model 1241 was used to
determine U, w and, therefore, the flow direction in XZ plane. The
sensor orientation relative to the mean flow direction during calibra-
tion corresponded to 48 degrees instead of 45 degrees. This orienta-
tion was, therefore, used as reference for all the measurements in
the potential core. The sensors were yawed and pitched inside the
pPotential core through + 30 degrees and + 10 degrees respectively.
The clockwise rotation in a plane was defined to be positive and the
counterclockwise rotation negative, The size of the potential core
limited the rotation in pitch to + 10 degrees because the probe support
was almost touching the nozzle edges at pitch angles of + 10 degrees.
The rotations in yaw and pitch were made at three values of Reynolds
Numbers, namely 7.2, 14.54 and 21,8, These Reynolds Numbers
corresponded to nozzle exit velocities of 100 feet per second (30,48
metere per second), 200 feet per second (60.96 meters per second),
and 300 feet per second (91.44 meters per second) respectively under
standard sea level conditions. While performing rotation experiments
in yaw with Model 1240 in the potential core, the turbulence intensity

was observed to vary from 0. 32 percent to a maximum of 0. 81 percent

as the sensor was yawed through +30 degrees but the turbulence intens-

ity nearly remained constant at 0.3 percent when the sensor was ro-
tated in the counterclockwise direction, This indicated strong sensor
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prongs and supporting structure interference effect on the sensitive
portions of the two sensors and led to the idea of repeating all the
above rotations in yaw starting with a new reference orientation of
135 degrees instead of 48 degrees, These rotation tests inside the
potentiai core at the three Reynolds Numbers of interest are shown
in Figures 15 thru 28, The calibration of each sensor at 135 degrees
reference orientation was checked and found to be satisfactory. The
same was repeated for the other reference orientation prior to and
after conducting each rotation experiment. Slight shift in the calibra-
tion curve was observed due to aging of the wire but the deviations in
the sensor sensitivity was found to be less than 0.1 percent. The
rotation of the sensor was performed manually by rotating the probe
itself in steps of 2 degrees interval. For measurements of

U and w with the Model 1241, the sensor was mounted on a 90 degree

elbow and oriented such that the sensor faced the flow direction and the ;f}

m

sensor '"X'" was parallel to the prote plane. The rotations in yaw and
pitch were repeated at the three values of the Reynolds Numbers
mentioned earlier, As opposed to the sensor Model 1240, rotation in
yaw in the potential core was restricted to + 10 degrees due to limited
size of the potential core (I centimeter). In order to prolong “hr
sensor life, the sensor was not exposed to the flow until the e} ocity
in the nozzle exit plane had attained a steady value, Normally, the
time taken for the flow to attain a steady state was more than 30

minutes,




Measurements in Shear Flow Region. One of the secondary

objectives of the present investigation was to repeat the rotation tests
in the shear flow region of the free jet. To achieve this goal, the X
sensor Model 1240 was used. The sensor was located downstream of
the nozzle exit plane at 25 centimeters from the center line. At

Reynolds Number of 21.8 based upon the flow conditions at the nozzle

exit plane, the mean velocity at this location was 200.7 feet per sec-
ond (61,73 meters per second) and turbulence intensity 15, 85 percent,

= The X sensor was yawed through + 30 degrees and pitched through + 10
degrees at the three values of Reynolds Numbers of interest for each
value of the reference orientations, namely 48 degrees and 135 degrees,
These rotation tests in shear flow regions are shown in Figures 41
thru 46,

Measurement of the Influence of Fluid Temperature
Variations on the Linearized System

The second objective of this investigation was to determine the

o ——

error involved in the linearized bridge output of the constant tempera-
{ ture anemometer system due to small variation in the fluid tempera-
D ture, To achieve this goal, the sensor Model 1240 (No, 1) was ori-

coo ented 48 degrees to the mean flow direction at 1 centimeter from the

nozzle exit plane and at the center line. The two electric heaters

installed inside the calming chamber of the free jet facility were used

N o e
.. ——

to provide the necessary heating. The heating was controlled by a

variac and the fluid temperature was increased in steps of 4°F up to a

g 39
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maximum value of 20°F, The amount of voltage drop across the two

heaters to yield a given temperature rise of the fluid was precalcu-
lated. The calculations axe given in Appendix B. The stagnation
temperature was measured by a copper-constantan thermocouple as
well as by an ordinary mercury bulb thermometer., As the flow in the
calming chamber was stationary for all practical purposes, and since
the temperature was measured under steady state only, the tempera-~
ture measured by the thermocouple was assumed to re: - ... the
stagnation temperature of the fluid, The tests were conducted in the
velocity range from 25 feet per second (7. 62 meters per second) to
300 feet per second (91.44 meters per second),

In order to prolong the sensor life, the sensor was not exposed
to the flow until it had attained a stecady value of temperature at a
given velocity, Normally, the time taken by the flow to attain a

steady value of temperature was more than 45 minutes.
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V1. Discussion of Results

In this section, discussion of the rotation tests performed with
time X sensors Model 1240 and Model 1241 in the potential core of the
free jet is covered first, The second part covers the dircussion on the
influence of the air temperature variations on the linearized response
of the hot wire, Lastly, a number of secondary tests performed during
the study are considered.

Measurements in the Potential Core with
the X Sensor Model 1240

The X sensor Model 1240 consisting of two platinum coated,
tungsten wires, having 0,00015 inch (3.8 micron) diameter, 0.05 inch
(1.25 millimeter) active length, separated by 1 millimeter was yawed
through + 30 degrees and pitched through + 10 degrees in the potential
core (turbulence intensity 0.3 per cent) of the free jet, The free jet
facility existing in the Aero Mechanical Engineering Department of
Air Force Institute of Technology (AFIT) was used mainly because it

provided potential core of sufficient size,

Rotation in Yaw

For rotation tests in yaw with the X sensor Model 1240, the sensor

was located on the center line and at 1 centimeter downstream of the

nozzle exit plane, The results of these tests are tabulated in Appendix A.
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Figures 14 through 19 show the variations of the mean velocity com-

vonents u and v with the yaw angle ¢.

The ""actual velocity components"

are also plotted in these figures in order to illustrate the error in U

and v for a given angle ¢,

direction was defined as'q cos ¢ and in the Y direction as q sin ¢ where

The actual mean velocity component in X

q denotes the resultant mean velocity vector and ¢ the yaw angle. A

summary of the error analysis in u and Vv due to misalignment in yaw

is given in Table I.

Table 1
Rotation in Yaw (Potential Core)
(Reference Orientation 48 deg)

Percent Error in
u v
Misalign- Clockwise|Counter Clockwise | Counter
ment Rotation (Clockwise| Rotation Clockwise
Re, No. ! Angle (deg) Rotation Rotation
7.2 +10.0 +1.33% +6.9% +2.0% -10%
(100 ft/ +20.0 +4.7% +1.78% +17.49% -1.7%
sec) +30.0 +10, 33% +1,02% +28. 7% -6.46%
14, 54 + 10.0 +1.18% +1.0% +21,0% 420, 4%
(200 ft/ +20.0 +4.49%| +8.3% +21.9% +16.19%
sec) +30.0 +C. 7% +9. 7% +29.98% +14, 93%
21.8 +10.0 +2.8% -2.589, +24.24% + 7.339,
(300 ft/ + 20,0 +8. 25% -3.1% +32.17% +15, 839
sec) + 30.0 +15.48% -4,1% +35.64% +19.66%

The angle through whi:h the sensor is yawed can Le regarded as the

misalignment angle relative tc the reference orientation and the per

cent error in mean velocity being defined as:
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[1 _ measured mean velocity component] % 100
actual mean velocity component

The positive yaw (misalignment) angle is associated with clockwise

rotation of the sensor in XY plane and negative yaw.(misalignment)

angle corresponds to counterclockwise rotation. From Table I, the

following observations are made:

In the range of Reynulds Numbers 7.2 <Re <21, 8:

1. The per cent error in the measurement of U and v is not the
same and vary with the sense of rotation,

2. U is relatively insensitive to misalignment in yaw.

3, Relatively large errors due to misalignment of the X sensor
occur in v,

As regard observation 1, it can be remarked that the asymmetry
in the sensor response curves is mainly responsible for the unequal
per cent error incurred with one rotation or the other. There are
many factors which might contribute to the skewness in the X sensor
response curves, The two wires of the X sensor may not be al‘gned
accurately at right angle to each other, In fact, a discrepancy of
approximately 3 degrees was observed in the sensor arrangement.
Comte-Bellot, Strohl and Alcaraz (Ref 5) observed similar asyrmetry
in the sensor response curves. They discovered that the wires had
the tendency to slide to the one side of the prongs or the other each

time new wires were soldered. A similar protiern was observed by
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Gilmore (Ref 9), Other possibie causes of skewness in the sensor

response curves are unequal leuglths of the active part of the sensor,
: poor plating at the tips or poor joints. In order to further investigate
the asymmetry in the X sensor Model 1240 response curve, the refer-
ence orientation was changed to 135 degrees and the rotalion tests were
repeated, The results of these rotation tests are tabulated in Appendix
A. Figures 20 thru 22 show a comparison of the sensor respcnse
cvrves for the two reference orientations. The asyrnmetry is seen to
persist even with this new reference orientation. The crosswire
arrangement was also observed under a microscope (Fig. 73) having
magnification of 50, It was found that the two sensors were indeed not
aligned accurately relative to each other, Another factor which might
have contributed to the asymmetry is the fact that the two wires of the
X sensor do not operate in a single plane (perpendicular to the probe
axis). This leads to the influence of the support of one serzor on the
other occurring sooner with one direction of rotation than the other,
Figures 23 thru 25 show the error incurred in the mean flow direction
due to misalignment in yaw in the range of Reynolds Number 7.2 %

. Re<21.8, The results are tabulated in Appendix A, The mean flow

Fai .

v — - .
direction is given by tan-! T where uand v are the mean velocity com-

ponents in the X and Y direction, respectively. Table II gives a sum-

"owm .

mary of the errors in the flow direction associated with misalignment in

l ‘ yaw. It can be seen that in the Reynolds Number range 7.2 sRe <21. 8.
¥
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Large error in the flow direction occurs at very small

misalignment angles (1 to 4 degrees).

2,

The per cent error is not constant and depends upon the

direction of rotation.

3.

per cent error increases with Reynolds Number,
The conclusion drawn from these tests is that the X sensor should not
be misaligned in yaw at very small angle.

unavoidable, it would be better to misalign the sensor by say 8 to 10

For a given misalignment angle greater than 4 degrees, the

If the misalignment is

degrees! This remark is applicable particularly in the range 7.2 <

b 14 1

et bl i .1,

Re <£14,54.
Table 11
Rotation in Yaw (Potential Core)
(Reference Oricntation 48 deg)
Per Cent Error in Mean
Flow Direction
Misalignment Clockwise Counterclockwise

Re, No. Angle (Deg) Rotation Rotation

7.2 + 4 ~27.75% -14.7%
(100 ft/sec) + 10 +0.71% -10.59%
20 +12.55% -3,28%

+ 30 +17. 83% +7.5%
15. 54 + 4 +28. 7% +11,25%
(200 ft/sec) + 10 +19,78% +20.98%
+20 +16, 13% +15, 84%
130 +19.59% +14.54%

21.8 + 4 +16.77% +4, 0%

1300 ft/sec) +10 +21.73% +9.5%
+20 +24.7% +17.27%
+ 30 +20.99% +19.96%

4
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Rotation Tests in Pitch

In order to investigate the error involved due to misalignment of

the X sensor in pitch, the X sensor Model 1240 was pitched through + 10

degrees in the potential core of the free jet at the three values of the
Reynolds Mumbers of interest. The results of these tests are given in

2 " Appendix A and plotted in Figures 26 thru 28. A summary of the test

results is given in Table III. Following comments are applicable to
these test results:

1. The error due to misalignment in pitch depends upon the i
sense of rotation.

2. The error is a function of Reynolds Number, At small

Reynolds Numbers, the error is relatively large.
The relatively large error at small Reynolds Number is probably
caused by the fact that the frequency of the vortices being shed by the
sensor prongs is small at low speed but the fluctuations possess the .
tendency to spread laterally to a larger e;tent. This causes a rela-
tively greater reduction in the sensor sensitivity at low speed than

f when the sensor is operated at high speed. From the error analysis

! shown in Table 111, it can Ye concluded that the X sensor Model 1240 is
relatively insensitive to misalignment in pitch in the range of Reynold 3
Number 14,54 <Re<21.8., For + 10 degrees sensor misalignment in
pitch, the error may vary between 0.4 per cent to as high as 13 per

cent depending upon the sense of rotation,

v 58




= |

1272 = *ON “3Y) 4D LT JUIWUTI[US TN 01 an((

LoN2aI] MOl UL Ul Jox1F ‘97 *Bry

nQrol 03°¢L

009

0s‘e 00 ¢, 09°2- oo.m 3L~ eo.ow-

n

JAYNT 3ISNOLS3Y HILId

\

K=
o

‘- 002

0J°e-
(833V0I0} O/A NUI-NOTLITYIT KOVJ N IU

r

0o -

3403 WIIN340d

-
"

7

(SIU030) 3WNY WILL¢

0¥21

¥ ./..

BEY-LINEET-CEEE

61l X :406uag

59




(#G-"p1 = "ON *3n Yd11d Ut uwu sy 03 2N(] UONIDIIIT WAL BRI UT J0I1IF  TiT -81 3

[ss)) 094 aouw Ow“« Q0 C, 0u."...| oo.m. om.m- uu.om,
a2 1£33202C) 3T0NY KOl 4
e ==
\\l\l “ l/.-,!!.:l
\\\\-\- Ly 2 T
- a 2 /l
, a
s %
a 3
- x
x
<
le 3 0\
2 o ’
° a
o
W 021l :1PPON qo1d
3¥J3 IHIIN3LGd S°IL X fifsudg
JAYNI 3SNOJdS3Y HILId
R
- - - - ——— i - ) -
.\..: " il . N . b . K A : ,.. . 1 . z . . i ) -




T e LTI T ' _
il 3,13 1 Egdjgﬁggiﬁ %ééz ,%ggg%ééég,éggg;%gai%%%,gzﬁggé%;ﬂg,,%,,,ag,%4 T A A Y A it ik ARV TR ERIAL o et e i b R s DD Tl

{g 1z = "oN "]l ysitd ut JUUUTITE A ©) 40(] UoT P31l wOl ] UL\ u° Jolig °§7 W3

Q30 (o)1 3 oS J3°2 co° g, 032~ 02°9- [1,: cotoi-
—— = = +
-\n\\-\l.\._\ ° 3 1833280300 udz-:ﬂ:‘/
~ PR
<
E
o 2
e 2
2
3
| b
. l o =
a 3
, g
(]
Le 3 —
8 g Ne]
a
-
3 0¥Z1 -13poiY 360ad
3402 WIIN3L04 SIL X d0suds
JAYND 3SNJJS3Y HILId
3
J
:,,
,,
.
PO e e . —y - < o

i P " " b e e e s S -
| " _ R 0
i it e e et I P T SR e o S WPy 0 SR ¥
e it y U
e sy s . E




v wnm

T

Table II
Rotation in Pitch (Potential Core)
(Refierence Orientation 48 deg)

LS

E
‘ Mean Flow Direction {(Measured)
Deg,
Misalignment Clockwise Counterclockwise
: Re. No. Angle (Deg) Rotation Rotation
f .
v 7.2 (100 it/ + 4 -1,18 -2.34
sec) + 10 -1.57 -2.64
: 14.54 (200 ft/ +4 -, 656 - .537
E sec) + 10 -1.035 -1,30
21.8 (300 ft/ +4 -.210 -.034
sec) + 10 -0.434 ~-. 343

Rotation Tests With the X Sensor Model 1241

X sensor Model 124) having two sensors arranged at right angles
to each other with the sensor "X lying in a plane normal to the probe
axis was yawed and pitched through + 10 degrees in the potential core.
The sensor dimensions were identical to these of Model 1240 described

earlier. The results of the rotation tests in X are tabulated in Appen=-

T R s =

dix A. Figures 29 thru 34 show the variations of U and w with the yaw
angle ¢. A summary of these tests is given in Table IVa, From

' Table IVa, it can be observed that in the range of Reynolds Number

PO . A
-

7.2<Re<21.8:

1. The error due to misaligniment in yaw is not constant and

changes with the direction of rotation,
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Table IVa
Rotation in Yaw (Potential Core)
(Reference Orientation 48 deg)

Per Cent Error in
u w
Misalign- Clockwise | Counter Clockwise |Counter
ment Angle Rotation | Clockwise| Rotation [Clockwise
Re. No. (deg) Rotation Rotation
)
7.2 +4 -0.48% -1.2% +20. 9% +14.55%
(100 ft/ +10 -1.47% -3.4% +28.5% | +15.79%
sec)
14, 54 +4 -0,78% -0.49% +6.3% +18, 8%
(200 {t/ +10 +0.177% -1.79% +16, 3% +20. 4%
sec)
21.8 + 4 -0,45% -0.157% +21. 8% 4-35, 0%
(300 ft/ +10 -1.8% -1.25% +27.9% +34. 7%
sec)

2. The per cent error

is less than 3,5 per cent.

in U due to + 10 degrees misalignment in yaw

3. Large error occurs in w, particularly at high Reynolds Number,

Comparison with the X sensor Model 1240 (Table I) shows that for

misalignment angle of 10 degrees in yaw, both the X sensors behave in

somewhat similar manner,

In general, it can be r ...narked that the

mean velocity component U can be determined quite accurately with both

the X sensor arrangements in the range of Reynolds Number 7.2 € Re

<21.8.

However, very large error (up to 35 per cent) may occur in

the measurements of vV or w for the ¢ ame misalignment angle in the

same range of Reynolds Number.

Fipnures 35 through 37 show the

curves of the variations in the mean flow direction with the rotation in
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yaw for three values of the Reynolds Numbers of interest. A summary
of the error analysis is presented in Table IVb,
Table IVb

Rotation in Yaw (Potential Core)
(Reference Orientation 48 deg)

Per Cent Error in Mean Flow
Direction
Misalignment Clockwise Counterclockwise

Re. No. Angle (Deg) Rotation Rotation
7.2 (100 ft/ + 4 +15.55% +21.42%
sec) + 10 +18.31% +29.2%
14,54 (200 ft/ +4 +19.25% +5. 6%
sec) +10 +21.6% +16.2%
21.8 (300 ft/ +4 +35.17% +22.15%
sec) + 10 +35.16% +28. 9%

From these figures, it can be inferred that the performance of the X
sensor Model 1241 is again somewhat similar to that of the Model 1240.
Comparison of Tables II and IV indicates that the Model 1240 resulted
in an error of 5-20 per cent due to misalignment angle of + 10 degrees
in the range of 7.2 < Re< 21. 8, whereas the Model 1241 yields an error
which varies from 16-32 per cent approximately in the same range of
Reynolds Numbers, Thus it can be remarked that it is advantageous

te place the two wires out of the plane of the prongs. In other words,
the X sensor Model 1240 is relatively superior for mean flow direc-
tion measurements. This conclusion is further supported by the rota-
tion tests in pitch carried out with the Model 1241 in the potential core.
The results of these tests are tabulated in Appendix A. These tests

13
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revealed that the sensor Model 1241 was sensitive to the misalignments
‘angles in pitch at all the three values of Reynolds Numbers of interest.
From practical point uf view, this represents another objectionable
feature of the X sensor Model 1241.

Influence of the Air Temperature Variations
on the Linearized Response

The second objective of the present research was to investigate
experimentally the per cent error involved in the linearized bridge
voltage output of the constant temperature anemometer system aue
to small variations in the air temperature. The results of thesc tests
are tabulated in Appendix B and presented graphically in Figure 38,
The tests were conducted in the speed range 25 feet per second (7,62
mcter per second) to 300 fect per second (91,44 meter per second) in
the potential core of the free jet, The air temperature was increased
from 4°F to 20°F above the reference temperature (77°F), Table V
shows the error analysis, For a given temperature rise 4T, the per
cent error in the linearized bridge output is observed to remain approx-
imately constant at airspeeds above 100 feet per second (30.48 mete=-
per second). Below 100 feet per second, however, the per cent error
in the linearized bridge output is relatively high. This is probably due
to greater sensitivity of the sensor caused by rapid variations in the
thickness of the thermal boundary layer in the lower range of Reynolds
Number., The correction o the linearized bridge output obtained from
these tests was applied to the test data and was found to yield good
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results. In addition, a comparison of these test results was made with
similar tests performed by Bearman (Ref 2), and relatively large dis-
agreement was observed at higher values of 4T, Bearman, however,
used an overheat ratio of 1.8 and assumed the value of King's Law
exponent n equal to 0.465. Nevertheless, these tests have indicated a
very strong influence of the variations in the air temperature on the
linearized response of the constant temperature anemometer system
particularly when the temperature changes are higher than 4°F. At
low speeds (below 100 feet per second), error as high as 48 per cent in
the linearized bridge output might occur, and correction to the experi-

mental data assumes paramount importance.

Secondary Tests

The use of a constant temperature hot wire anemometer system
for measuring the mean (and fluctuating) components of any flow

requires high degree of precision and accuracy in the calibration tech-

nique. The importance of accurate calibration cannot be overemphasized

and is well recognized by many experimenters. In order to gain experi-

ence and achieve perfection, a number of hot wire sensors were cali-
brated in the early stages of this research. During these calibrations,
a number of secondary tests were conducted, These tests had signifi-
cant bearing on the actual research and contributed immensely in arriv-
ing at meaningful results, The {irst of these tests is depicted in Fio,

39 which shows a comparison of the linearized bridge voltage output of
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the X sensor No. 1 (outer) Model 1240 with and without the assumption

of ""cosine law. ' According to this law, the sensofr responds to the
velacity component normal to the sensor only and is independent of the
tangential velocity component., As shown by Champagne (Ref 4) and
many other investigators, this assumption is valid only for wire having
infinite aspect ratio. From a practical point of view, l/d ratio of 600
and above can be regarded to behave like a wire having infinite aspect
ratio. In the present investigation, all the sensors had 1/d ratio of
epproximately 333 and consequently tangential cooling effect can no
longer be ignored. The calibration test, however, indicated an error
of less than 1 per cent in the sensitivity of the sensor. Therefore, use
of cosine law is well founded unless a high degree of accuracy is
desired and one is willing to pay for it. In the seccnd test, the single
sensor Model 1210 was calibrated at three overheat ratios 1.2, 1.5
and 1.8 and its linear and non-linear calibration curves were compared,
Figure 40 shows that provided relevant linearizer coefficients are used
for each overheat ratio, all the data points fall on a single curve and no
correction to the slope of the linearized curve is needed. On the other
hand, if appropriate linearizer coefficients are not used, large error
in the sensor sensitivity and hence in the velocity {both mean and fluctu-
ating) measurement should be expected, The conclusion drawn ‘from
these tests is that it is essential to maintain the same overheat ratio
during calibration and actual tests as it has significant influence on the

sensor sensitivity, As the calibration data on a number of sensors was
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available, it was considered worthwhile to calculate the value of King's
Law exponent n and compare it with the published literature. Calibra-
tion of the different sensors at overheat ratio of 1.5 gave the following

results over the range of 7. 2< Reg 2.18.

Table VI
Value of King's Law Expunentn
Sensor Orientation QOverheat Ratio n
T1l.5 Model 1214 Normal 1.5 0. 245
T!.5 Model 1210 Normal 1.5 0.25
T1l.5 Model 1240 (No. 1) Normal 1.5 0.254
T1.5 Madel 1210 HMormal 1.2 0.404
T1.5 Model 1210 Normal 1.8 0.210
T1.5 Model 1240 (No. 1) 45 Ceg 1.5 0.288
T1.5 Model 1240 (No. 2) 45 Deg 1.5 0.285

This value of n differs considerably from that quoted by Collis
and Williams (Ref 3). In the range 0 <Re <44 Collis and Williams
obtained value of the King's Law exponent n equal to 0.45 for wires
having very large aspect ratios. More recently, Klatt (Ref 15) carried
out calibration of a large number of commercially available hot wire
sensor in the speed range 1-40 meter per second and suggested that the
value of n lies in the range 0,26-0,42. The value of n obtained from
the present investigation is seen to be in excellent agreement with the
results of similar tests conducted by Klatt, Table VI clearly indicates
that the King's Law exponent n is dependent upon the sensor orientation
and overheat ratio, in addition to the sensor aspect ratio and the range

of Reynolds Number. The dirt accumulation and aging effects may also
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change the value of n, Thus it is always advisable to determine the
value of n from the actual calibration data rather than relying on

empirical data if better accuracy of the test results is desired.

i e o i il ‘M;Www ol

Rotation Tests in Shear Flow Region

f""%‘-’"‘m—v,—un’

One of the secondary objectives of the present investigation was

to repeat the rotation tests in the shear flow region of the free jet. To

T

achieve this goal, the X sensor Model 1240 was located at the center

line and 25 centimeter away from the nozzle exit plane, The maximum

turbulence intensity at this location was measured to be 15.8 per cent.

o T
Rt =

Like the tests conducted in the potential core, the X sensor was yawed

through + 30 degrees and pitched through + 10 degrees at three values

- -

of Reynolds Numbers, namely 7.2, 14.54 and 21, 8 respectively, The

VL L w8

results of these rotations are tabulated in Appendix C and represented
graphically in Figures 41 thru 46. A summary of the error incurred
in the mean flow direction measurement due to sensor misalignment in ¥
yaw is presented in Table VII,
As before, the per cent error is not constant for a given mis-
alignment angle and strongly depends upon the direction of rotétion. }
i: In other words, the X sensor has a strong preference for the direction

of rotation in the shear flow region as well, The second feature which

iy

is common with the test results obtained in the potential core is that

relatively large error occurs at very small misalignment angles. The

i

‘ fundamental difference between the results of the rotation tests
£

ol Lo S o
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; Table VII
Rotation in Yaw (Shear Flow Region)
(Reference Orientation 48 Deg)

- Per Cent Error in the
Mean Flow Direction
, Misalignment Clockwise Counterclockwise
- Re, No. Angle (Deg) Rotation Rotation
. 7.2 4.0 -37.5% -12,7%
! 10.0 -29. 8% -16,23%
' 20.0 . -29.36% -20.29%
30.0 -28.9% -21.25%
14.54 4.0 -33.75% -28.1%
: 10.0 ~-14.08% -26.02%
; 20.0 ~17.93% -25,59%
H 30.0 -18.73% -26.15%
21.8 4,0 -13.35% ~23.4%
10.0 -16.6% ~21.89%
20.0 -17.77% <22.70%
30.0 -20.29% -23.76%

performed in the potential core and the shear flow regions is that the
per cent error practically remains constant at approximately 22 per

cent (on the average) in the range 14,54 < Re €21, 8 and at 25 per cent

LR TR
L bl

at Re equal to 7. 2. In other words, the interference effects of the

!

sensor prongs on the active portion of the downstream sensor are not
as severe. The large error encountered in the mean flow direction

measurements leads to the conclusion that the assumption of fluctuating

velocity components oeing negligible as compared to their respective

mean values i8 no longer valid, -

e s Lot s A

T T YY1 S———_— 7 s
., P

- g,




T T g

s

g e

B b T UL AT

SLIURIRE

Ry —,

Rotation Tests in Pitch

The X sensor Model 1240 was pitched through + 10 degrees in
the shear flow region at the location mentioned carlier. The results of
these rotation tests are tabulated in Appendix C and represented
graphically in Figures 44 thru 46. These tests rev.ealed that the Model
1240 sensor was insensitive to the misaiignment in pitch up to angles as

high as 30 degrees in the range 7.2 < Re £21.8.
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VII. Conclusions and Recommendations

Conclusions

The sensor rotation tests carried out witi: the two X wire
arrangements (TSI Model 1240 and TSI Model 1241) in the potential core
of the free jet have led to the following conclusions:

1. Both the X sensor arrangements possess a strong preferred
direction of mean motion resulting in errors which vary considerably
with rotation in one direction than the other. This tread existed
throughout the Reynolds Number range 7.2 <Re <21.8, This asym-
metry in the sensor response makes it difficult to quote a single value
for the per cent error due to misalighment in yaw or pitch and that only
the range of errors due to a certain misalignment can be specified,

2. The mean velocity component u can be measured within 4
per cent error approximately with both the sensor arrangements for
misalignment in yaw up to 10 degrees in the range of Reynolds Number
7.2<Re<21.8. However, for the same misalignment angle in yaw,
errors in v and w are quite large and vary between 2-35 percent depend-
ing upon the sense of rotation and Reynolds Number.

3. The X sensor Model 1240 resulted in 5-20 percent error
approximately in the mean flow direction due to 10 degrees misalign-

ment in yaw in the range of Reynolds Number 7.2 < Re<21.8, The X
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sensor Model 1241, on the other hand, resulted in 19-32 per cent error

ol U N L Ly

for the same misalignment angle in yaw in the same Reynolds Number

range. From these figures, it appears that the X wire arrangement

having sensors out of the probe plane is relatively superior.

4., At very small misalignment angles (1-4 degrees) in yaw,

1 1 e g LAY e AR

both the sensors displayed large error (up to 28 per cent approximately).
This leads to the conclusion that the very small misalignments in yaw
should be avoided.

5. The X sensor Model 1240 is less sensitive to misalignmant
in pitch as compared to Model 1241, With the Model 1240, misalign-
ment in pitch of + 10 degrees resulted in 0.3-10 per cent error in tne
range 14,54< Re<21.8. This proves another useful charact- r’: "¢ of
the X wire arrangement of Model 1240 as compared to Mode) o1,

Conclusions from the second part of the research are:

1., Large errors in the linearized response of the hot wire
sensor occur due to variations in the air temperature particularly if
the changes in the fluid temperature are in excess of 4°F.

2. At low speeds (below 100 feet per second), the error in the
linearized sensor response is considerably higher even at low values
of AT,

From the secondary tests conducted during this research, the
following conclusions are drawn:

1. The linearized response of a hot wire senscor is highly
dependent upon the precision and accuracy of calibration.
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2, For normal laboratory investigation, simple cosine cooling
law gives adequate accuracy,

3. The value of King's Law exponent n is not only a function of
Reynolds Number, sensor aspect ratio, dirt accumulation, aging effects
but it also depends upon the overheat ratio and the sensor orientation
relative to the mean flow direction.

4. Overheat ratio has significant effect on the sensor response,
both linear and non-linear. Care must, therefore, be exercised to
maintain the same overheat ratio during calitration and actual tests,

5. The tendency of the X sensor to have preference for the
direction of mean motion exists in the shear flow region to a larger
extent.

6. The per ceui error in the mean flow direction due to sensor
misalignment in yaw is much greate th=n that in the potential core for
the same yaw angle. However, spread in the data is considerably less
as compared to potential core,

7. At very small misalignm<nt angles, the performance of the
X sensor is identical to that in the potential core.

8. The X sensor Model 1240 is insensitive to the misalignment
in pitch up to pitch angle of 10 degrees in the shear flow region.

9. The assumption of negligible fluctuating velocity components
relative to their respective mean values is no longer valid in the shear

flow region.
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Recommendations

After investigating the performance of the X sensors in the
potential core and the shear flow regions of the free jet, the following
recommendations are made for further research:

1. A number of X sensors can be tested in the potential core of
the free jet and '"active' lengths of the two wires varied appropriately
in order to investigate if it results in improved sensor response as far
as asymmetry of the sensor response curves is concerned.

2., The sensor was assumed to operate in continuum flow and
slip flow effects were neglected. It would be illuminating to investigate
the X sensor performance in the potential core and in the shear flow
regions of the free jet when slip flow effects are taken into account.

3, The variac Model 50-B had the capacity of raising the air
temperature up to S0°F, it would be interesting to extend the range of
correction to the linearized bridge voltage output of the constant temp-
erature anemometer systern to variations in the air temperature of
50°F and above, both in the potential core and shear flow regions of the
free jet,

4, It would be desirable to improve uvon free jet facility settling
chamber pressure control system. A pressure regulating valve and a

needle valve if incorporated in the system would offer considerable time

saving and improve the accuracy.




R

5. The cathodometer and the sensor attachment systermn may be
improved upon so that the sensor can be aligned relative to the mean

flow direction with a high degree of precision.,
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Appendix B

Influence of Air Temperature Variations on
anpnercs L yeratlor s ——
Linearized Sensor Responsg

The energy balance between the power supplied to th

and heat gained by the air moving past it gives:

e heaters

E2  E3
;1' +’R: = my Cp,ip (TT, - TT)) (14)
Where TTl, Ty are the bulk fluid temperatures and Rl’ R, are the
rasistances of the heating elements.
In the present case,
E,=E;=E
R, = B.51
R, = 8.00
L g2 s Thyx 0.24 xATT X 104
9,481 x 0,24 26470588
o E?=32.29914542 Vi aT, (15)
Now rh, = ‘/7?‘: pr, e i (16)
= (1 + 5= ME, .Zi(ff:.ll)—
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10 sq cm

0.0098991618 Py _ M, (17)
3.0

3
[
[

—

T (1+&2M@

Te

For a given n’ma and AT, equation (14 ) gives the value of Voltage

setting required on the variac. The calculations are tabulated in

Table XXVI.
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AEgendix C

Calibration--Set Up

For the purposes of {llustration, the set up procedure for the

single sensor T1.5 Model 1214 is explained below:

P, =29.241 ins Hg = 2069,3630 P.S. F. O.

T, = 68°F = 528°R

L= P, _ 2069.363 = 0.0022835982 slug/it3
R’I‘a 53,3 x 528 x 32.2

V, = J'z'x 1.94 x 32.2 % ah
12 x 0.0022835982

v, = 67.52vah  ft per sec

P

or

where

ah is in inches of w- ‘er,

+ Ryolder = 5-74 t 0. 18 + 0.02 = 5.940

Rgensor * Rprobe

Rgensor * Rporobe t Ryolder measured = 6.330

R Sensor alone = 6,33 - 0.2 = 6,130

1.5

n

Overheat Ratio

.. Operating Resistance = 1. 5x 6,13 =0.195Q
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Temperature Correction

For small variations in fluid temperature, the temperature cor-
rection recommended by Ref 25 for non linear bridge output is given
by:

1/2
tg - tey

ts - tel

where tg is the sensor operating temperature, te1 and te2 are the

calibration temperature and new environment temperature respec-

tively.
T, = 528°R
Te., = 530°R

2
Ry = R, [1 + ogts - te)]
9.195 = 6.13 [1 + 0.0023 (tg - 528)]

- o
tg = 745.39°R

1/2
745.39 - 528
745.39 - 530

Temperature Correction = [

1t

1.0046320
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