Chapter 4

Hot Wire Anemometry

4.1 Introduction

It was shown in Chapters 1 and 2 that there is a need for a better understanding of the unsteady loss
mechanisms found in the high pressure turbine stage and that thisis best achieved by making detailed
experimental measurements of entropy at engine-representative conditions. Chapter 3 described the
facility that has been used to smulate these conditions, whilst this Chapter and the next outline the
necessary experimental techniques, which are based on the use of hot wire anemometry.

Hot wire anemometry has two main advantages over other measurement techniques that are relevant
here. It is used in the aspirating probe, which is shown in Chapter 5 to be the only current means of
measuring entropy accurately, and it can also be used to measure flow parameters very close to any
end wall. Entropy was shown in Chapter 2 to be the only rational means of measuring loss, whilst
near end wall measurements are vital in understanding the flow field in regions where the aspirating
probe cannot be used due to its size. Hot wire anemometry is also a well-established, accurate and
reliable technique with a high frequency response. This Chapter details the calibrations performed on
the relevant hot wire probes as well as examining the general frequency response. This will alow the
measurement accuracy to be estimated at any frequency, which is vita when andysing the

experimental measurements presented in later Chapters.

4.2 Theory of operation

Fundamentally, a hot wire makes use of the principle of heat transfer from a heated surface being
dependent upon the flow conditions passing over it. The self-explanatory mode of operation used here
is Constant Temperature Anemometry (CTA), since it is widely available, is smple to use, and has a
high frequency response, Johnson, 1998. To maintain the wire at a constant temperature a feedback
circuit is used, Figure 4.2.1. The hot wire, shown between C and D, forms part of a Wheatstone
bridge, such that the wire resistance is kept constant over the bandwidth of the feedback loop. Since
the hot wire voltage is a simple potential division of the output voltage, the output voltage is normally

measured for convenience.

Since the circuit response is heavily dependent upon the individual hot wire the feedback circuit must

be tuned for each hot wire, Dantec, 1986. Although strictly it is necessary to test the hot wire with
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velocity perturbations to optimise the frequency response, a much simpler electronic test has been
developed that injects a small voltage square wave into the Wheatstone bridge. It has been shown by
Freymuth, 1977, that the optimum circuit performance is found when the output response is
approximately that shown in Figure 4.2.2. This alows the bandwidth to be estimated, although it has
been shown by Moss, 1992, that any contamination of the wire reduces the frequency response
without any apparent effect on the pulse response.

l
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Figure4.2.1 Schematic of a constant temperature anemometer, Sheldrake, 1995
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Figure 4.2.2 Optimum square-wave test response, Bruun, 1995

4.2.1 General hot wire equation

To examine the behaviour of the hot wire, the general hot wire equation must first be derived. This
equation will be used to examine both the steady state response of the hot wire, discussed here, and its
frequency response, discussed later. By considering a small circular element of the hot wire, Figure
4.2.3, an energy balance can be performed, assuming a uniform temperature over its cross-section:
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This can be simplified, Hgjstrup et al., 1976, to give the general hot wire equation:
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if radiation is neglected. The constants are given by:
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Figure 4.2.3 Heat balance for an incremental el ement, Bruun, 1995

The two main assumptions made in deriving equation 4.2.2 are that the radial variaions in wire
temperature and the radiation heat transfer are negligible: both of these will be justified briefly. The
radiation term in equation 4.2.1 can be compared with any other term to assess its relative importance:
the term chosen hereis the fourth term in equation 4.2.1, giving aratio:
Ratio= % (14 -72). 427
hT,

Typica flow conditions over atypical hot wire give aratio of 0.048 %.

The effects of radial variations are dightly more complex, but a simple case can be developed
whereby the temperature is assumed to vary only in the radial direction. Performing a heat balance on

the wire gives:

2
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If the change in resigtivity with temperature is neglected, this yields the solution:
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where the congtant is found from an energy balance at the surface. The maximum change across the
wire as aratio of the difference in temperature driving the heat transfer is then:

Ratio = EL Nu. 4210
4k

w
For typical conditions at stage exit, the ratio is 0.022 %. Since these two effects are clearly negligible,
equation 4.2.2 can be used as the general hot wire equation.

4.2.2 Steady state solution

The general steady state solution to Equation 4.2.2, assuming that ,El >0, is found by applying the

boundary condition and defining the mean wire temperature:

T, =T, a x=4#l, 4211
14—
T, = o [T,Ox. 4.2.12
=l

The non-dimensional steady state wire temperature distribution is then:

4.2.13

whichis only afunction of the Biot number, ,/Ell , Figure 4.2.4.

A heat balance can then be performed over the whole wire, assuming that the flow conditions are
uniform over the wire:

IR, =H . +Hn- 4.2.14
The two heat transfer components can be found from the flow conditions and the wire temperature
distribution:

H,,, = 2mh(T, -T,), 4.2.15
Hopg = 2kWAFTW : 4.2.16
ox|

to give a steady state heat transfer equation:
I?R, = 27h,dI(T, -T,), 4.2.17

where the corrected heat transfer coefficient is given by:
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If the Biot number is larger than approximately 3, asis usuadly the case, in terms of Nusselt humber
this approximates to, Bradshaw, 1971

=y

4.2.18

Nu, = Nu +%|E k—lzvx/ Nu, 4.2.19

giving the steady state calibration equation:

E2 = 27kIR,Nu (T, -T,). 4.2.20
where the wire resistance is set by adjusting the Wheatstone bridge and is related to the mean wire
temperature by means of the temperature coefficient of resistance. To reduce the proportion of heat
transfer by conduction for given flow conditions the wire length to diameter ratio must thus be
increased. Although the conduction end effect can be compensated out using equation 4.2.19, thisis
normally done automatically in the calibration. Equation 4.2.20 shows that the variations in the wire
voltage are only dependent upon fluctuations in the Nusselt number and the temperature difference
between the hot wire and the flow: both of these will now be examined.
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Figure 4.2.4 Steady state temperature distribution, Freymuth, 1979

4.2.3 Nusselt number dependence

Due to the general engineering importance of heat transfer from a heated cylinder, the dependence of
the Nusselt number on the flow conditions has been the subject of much research. However, only
results that are relevant to the flow field in which the measurements are to be made are given here.
Sincethisflow field is at approximately Mach 0.45, the flow field is subsonic but compressible.
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In compressible flow regimes there are a considerable number of dependent parameters, each of

which must be examined. The most genera relationship is, Bruun, 1995:

Nu = Nu(Re, Pr,Kn,M,7,1/d), 4221
where the temperature recovery factor, Kovasznay, 1950, is defined as:
T, =T,
r= WT—”" , 42.22

(0]

and the recovery factor, 7, is defined as the ratio of the recovery temperature to the total temperature.
The Knudsne number is defined as the ratio of the gas mean free path to the wire diameter. The
influence of the length/diameter ratio is due to the conduction end effects. Equation 4.2.21 can be

simplified, however, for agiven wire at agiven overheat ratio in a given fluid to:
Nu = Nu(Re,M ), 4223
since the Prandtl number is nearly constant for gases over a wide range of temperatures and pressures

and the other parameters are set by the wire dimensions and temperature. The influence of the

Knudsen number is neglected here sinceit is only significant in low-density flows.

The most exhaustive correlation of experimenta results in the form of equation 4.2.23 has been
performed by Dewey, 1965, in the ranges 0.02 < Re< 1000 and M > 0.2:

Nu, (Re,,M ) = Nu, (Re,,o)®(Re,,M); 4.2.24
where:
0.2302Re>™ 0.01569 15
Nu,(Re,,) = Re;| 0.1400 + ° + , 4.2.25
o(Re =) { (15.44 + Reg'm“] (0.3077 +Re)™™ | 15+ Re]
1 Re0.6713
n=1-= 9 , 4.2.26
2(2.571+ Rey®™
1.109
o(Re,, M) =1+ A(M ) 1834 =034RE& 1111, ( 3000080} Re& 11,55,
2.765+ Re-'® M ) 4+Re,
and:
1.569
_ 0.6039 M 1222

Although this correlation is complicated to use analytically, it can easily be stored numerically and is
thus used in this form throughout this thesis.

4.2.4 Temperature dependence

The measured wire voltage is aso dependent upon the temperature difference between the wire and
the flow. Unless this temperature difference is measured or already known a measurement error will
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result, although this error can be minimised for small temperature fluctuations by operating the wire at
a high temperature and calibrating the wire at the mean flow temperature. A means of compensation
will otherwise be required: there are two main practical ways, Bruun, 1995:

1. Automatic compensation: Use atemperature sensor in the Wheatstone bridge.

2. Analytical correction: Measure the flow temperature separately and compensate using the

heat transfer equation.

Since automatic compensation has a bandwidth of approximately 100 Hz, analytical correction is the
only means of compensation at most experimental frequencies.

4.3 Frequency response

The steady state solution has shown that there are two dominant heat transfer mechanisms, but that the
steady state heat transfer by conduction is normally automatically compensated for in the calibration.
However, if the two heat transfer mechanisms behave differently with frequency, a steady state
calibration will become inaccurate at any frequency. The frequency response of ahot wire will thus be

examined in detail, examining previous attempts before devel oping a complete theoretical solution.

4.3.1 Previous research

Hgjstrup et al., 1976, examined the effects of fluctuations in the flow temperature on the wire
temperature distribution. However, no fluctuations in heat transfer coefficient or current were
considered, and the overall wire resistance was not kept constant. Freymuth, 1979, defined a
fluctuation ratio as the ratio of heat transfer at high frequencies, when the conduction fluctuations
drop to zero, to that at steady state conditions. Although the mean wire temperature was kept constant,
the results are only applicable for low overheat ratios and no general solution is given, although two
distinct break frequencies were found. Parantheon et al., 1983, performed a more detailed analysis,
which was confirmed well by experimenta results up to the maximum experimental frequency of
800 Hz. In this case, as with Freymuth, 1979, the dependent parameters are not clearly expressed, nor
isthe physical background clear.

The most recent attempt to compensate for high frequency effects experimentally, Brouckaert, 1998,
used a step change in flow temperature. A series of first order differential equations was devel oped
and used to compensate for conduction effects at all frequencies. This has the advantages of being
experimentally derived and applicable to any hot wire: however, neither the derivation nor the
application of this procedure is described clearly. A complete theoretical analysis of the frequency
response of a hot wire isthus performed here for the first time. This provides compensation factors for
any hot wire at any frequency, clearly outlining the physical basis for the solution.
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4.3.2 Complete theoretical solution

The complete solution requires the variation of all the parameters that depend upon the flow field: the
current, heat transfer coefficient, flow temperature and wire temperature distribution. The general hot
wire equation, equation 4.2.2, is separated into two equations, representing the steady state and the
fluctuating components, assuming small fluctuations:

0°T, = o — =
v aT' aT’ nT! T w T T [

where the steady state solution is given in equation 4.2.13. To solve equation 4.3.2 each component is
assumed to vary sinusoidally:

T, =2,e", 433
T, =Z,eM, 434
h'=2z.e", 435
I'=2Z7,e", 436

Substitution of these into equation 4.3.2 gives:

2afl_loref -IT _ 2|_10ref
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W
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This can then be solved in a similar way to the steady state solution, given that the steady state wire
temperature distribution is dependent on x. If we collect terms on the right hand side as constants and

functions of x, and define a new parameter, equation 4.3.7 reduces to:

_ 0%z —
BuZ, — a—zw =Y Y, cosh(,/ B x) : 4.3.8
X
where Y; and Y, are found from substituting equation 4.2.13 into equation 4.3.7 and:
B =B+ jaKy, 439

The solution to equation 4.3.8 is of the form:

z,=C,+C, cosh(,/ B x)+ C, cosh( an), 4.3.10
where the constants can be found from substitution into equation 4.3.7 and by using the boundary

condition and the general frequency response of the wire supports, F(j c):

x=l
[z,dx=0, 4311

x=-I
z,(x=4)=F(jw)z,. 43.12
The relationship between the variations in wire current, heat transfer coefficient and flow temperature

can then be expressed in the form:
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Z Z Z
LG, 22 +G, . 4313
I T, h
To simplify the solution, a non-dimensional frequency and two other parameters are used:
. K
W= jw=, 4314
1
& =Bl cothl/1), 4315
&1 =Bl cothl Bt ). 4316

Three dlightly different definitions of overheat ratio are also used, where the overheat ratio is a non-

dimensional measure of the rise in temperature of the hot wire:

g =0T T ), 4317
a, =alr, -T,). 4.3.18

Equation 4.3.7 can then be reduced to a non-dimensional form, after considerable algebra:

(6 -1 | Fl+ w)iva, —aa){“ﬂ‘l]((el fira, -a)+éa)

N _i ) {1__1 .
Ga(w)_ 2r Ell.(l'l_w')aa({l _{11)"'6‘)'({11 _1)|.(51_1)(1+ s _aa)+51aa“ |
4.3.20
G, (CU') 1 l(él _1)(1+ Ay ~ aa)+ qtlan[(fl B fll) taly (é _1)] 7. 4321

) Efl (1+a)')aa(£l _511)"'5‘)'(@(11 _1) (51 _1)(1"' Qe ~ aa)+£lan_

Some simplifications can be made if it is again assumed that the Biot number is larger than
approximately 3. &; can be found from the overhest ratio if the ratio of heat transfer by conduction to

heat transfer by convection is known. Thisratio is defined as.

X (51‘1)(1+aref —aa)+£laa ’

=4 | K 4.3.22
Y=oV -
from equation 4.2.19. Thisyields arelationship:
-1 11+a -a )
& = 1\/ 1 Ut A~ ) 4323

which alows & to be found iteratively once the overheat and heat transfer ratios are known.
Equation 4.3.16 can a so be simplified for large Biot numbers to give:
En =&+ W 4.3.24
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There are thus only six dependent parameters. three forms of the overheat ratio (7, a., @), the
frequency response of the supports (F(ja)), the ratio of heat transfer terms (x) and the non-
dimensional frequency («w). The parameter used to non-dimensionalise the frequency represents the

attenuation frequency of the heat waves along the wire, and can be thought of as the time constant of
the wire, M,

v =Ko pelt
R

The advantage of Constant Temperature Anemometry is shown here in the reduction of the time

4.3.25

constant and the resulting increase in the bandwidth of the hot wire by a factor 512 from the value

without feedback. This time constant is aso given in Freymuth, 1979, but without the factor 512: an
extra factor is used to approximate for this effect, given as approximately 0.1 for the attenuation
frequency. This is an encouraging agreement with equation 4.3.25 since the factor {12 is generally

large. The only parameter that needs further investigation before examining the solutions to equations
4.3.20 and 4.3.21 is the frequency response of the wire supports.

4.3.3 Frequency response of wire supports

The earliest model, Hgjstrup et al., 1976, was a simple first-order low-passfilter.
z,(x=4) 1

= - . 4.3.26
Z 1+ jaM

a

A similar model was used by Freymuth, 1979, treating the supports as solid bodies of uniform

temperature to give afirst order differential equation with time constant:
— IOSVSCS

S h&

where Vs and A are the volume and surface area of the support. The same result is quoted by

M 4.3.27

Parantheon et al., 1983. Although there is general agreement on the form of equation 4.3.26, there is
little information on the calculation of the time constant, as even equation 4.3.27 is difficult to use in
practice, although a value of 1 second seems to be the most common value. This value has thus been
adopted throughout this analysis: its precise value is relatively unimportant, since the corresponding
break frequency is much lower than most experimental measurements.

4.3.4 Steady state response

Before examining the general frequency response of the hot wire, the steady state response is derived,
since this determines the reference behaviour with which the genera frequency response must be
compared and it can also be compared with experimental calibration results. By letting the frequency
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tend to zero in equations 4.3.20 and 4.3.21, the steady state values can be found for large Biot

numbers:

(51—]_)2 ) (1+aref) ‘
T lZ(fl —1)2(1+ Qe aa)+ &a, (251 _ 3)J v 4.3.28
) - (e-tara, -a)reafen -3
Ve oo(g -1 (e, —a, )+ &a, (26, -3)

These can be compared with the ideal behaviour, i.e. for no conduction or an infinitely long wire, by

(Ga)ss ="

4.3.29

alowing x totend to zero, and hence £, to tend to infinity:

(G.)eig = o 4330
(Gh)s i = > 4331
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Figure 4.3.1 Variation in sensitivity coefficients with overheat ratio (a) and heat transfer ratio (), chi)

The ratio of the actual values to the idea values gives a measure of the errors introduced by the

conduction effects. To simplify the equations sightly, it is assumed that the reference and mean flow

temperatures are the same:
Ga)e _.  2A&-2(+a) | 4332
(Ga)sisen (206, -1)° + &a(2¢, - 3)
(Gh)ss _ (& -1+ &a)(24 -3) _ 4.3.33
(e )ss,ideal 26 -1* +&al28, - 3)

Since & can be found using the overheat and heat transfer ratios from equation 4.3.23, equations
4.3.32 and 4.3.33 can be plotted against these ratios, Figure 4.3.1. Although the temperature
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sengitivity is roughly proportional to both ratios, the heat transfer coefficient sensitivity is largely
independent of the overheat ratio. Thereisasignificant effect on both if the heat transfer ratio islarge.

4.3.5 General frequency response

Since the steady state heat transfer by conduction is automatically compensated for in the calibration,
only the divergence of the hot wire from the steady state behaviour is of interest. Equations 4.3.20 and
4.3.21 can thus be plotted as ratios of the steady state solution in equations 4.3.28 and 4.3.29 against
frequency for typical flow conditions and varying overheat ratio, Figure 4.3.2. This is because the
flow field in which measurements are to be taken isfixed and it is only the properties and overheat of
the wire that can be chosen. The flow parameters used here are a total pressure of 3.25 bar, total
temperature of 297 K, Mach number of 0.45 and wire diameter and length of 5 um and 1.2 mm.

Unless otherwise stated, these values are used throughout.
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Figure 4.3.2 Variation of sensitivity coefficients with frequency (f) and overheat ratio (a)

There are two break frequencies, one due to the attenuation of heat transfer to the supports, and the
other due to the attenuation of heat waves along the wire. The first only affects the sensitivity to
temperature fluctuations and occurs at approximately 1 Hz, but the second affects both sensitivities.
Although it starts to occur at approximately 10 kHz, its effects last until approximately 1IMHz. The

phase errors are negligible.
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Since most experimental frequencies lie between the two break frequencies, the plateau level in this
region is of greatest interest. Although the heat transfer sensitivity coefficient remains unchanged, the

temperature sensitivity coefficient can be found by setting F(j ¢J to zero but assuming that w<<1.:

(Ga)mf ((Ctl _1)(1+ ?-ref - a§)+ flaa)

= , 4.3.34
(Ga )$ qtl (1 + aref )
which can be simplified if the reference and mean flow temperatures are equal:
(GJ“:J5@+@_Q. 4335

G.)  &lt+a)
This is aimost independent of the overheat ratio, Figure 4.3.3, and the difference between this value
and the ideal valueis approximately equal to the heat transfer ratio, ) . For given flow conditions this

difference can only be reduced by an increase in the length/diameter ratio. Since this reduces the

spatial resolution, some compromise isinevitable.
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Figure 4.3.3 Variation in temperature sensitivity between the two break frequencies

with overheat ratio (a) and heat transfer ratio (), chi)

4.3.6 Summary

A complete theoretical analysis of the frequency response of a hot wire has been developed here for
the first time. This has shown that a correction is needed for experimental results at any frequency
above approximately 1 Hz, without which significant errors will result. This correction is due to the
presence of heat transfer by conduction. Above this frequency up to approximately 10 kHz, the
sengitivity to heat transfer coefficient remains unchanged but the sensitivity to temperature drops to a
constant value with negligible phase shift. A compensation factor has thus been derived for any hot
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wire that is solely dependent upon the overheat and heat transfer ratios. This will be examined further

in Chapter 5, when other high frequency effects are considered and experimental validations are used.

4.4 Calibration

The genera behaviour of hot wire anemometry has been examined in some detail, particularly the
frequency response. The specific hot wire probes used in this thesis are now aso examined in detail,
particularly their calibrations. This enables the measurement capabilities of these hot wire probes to
be determined, their measurement accuracy assessed and the steady state senstivities to be
determined. Since the heat transfer from a hot wire is dependent upon the flow yaw and pitch angles,
as well as the Reynolds number, the Mach number and the total temperature, the hot wire probes must
be calibrated over al five flow parameters.

STEPPER MOTOR
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[:IOONmOLLERS E— PORT DOWNSTREAM
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Figure 4.4.1 Schematic of calibration wind tunnel, Slater, 1993

All the hot wire probes are calibrated in the dedicated calibration facility, Figure 4.4.1, Slater, 1993.
By means of two throttle valves, upstream and downstream of the nozzle, the Reynolds and Mach
numbers can be set independently before the hot wire probe is traversed over a range of flow angles
by a special yaw and pitch mechanism. The facility is then operated at as many different conditions as
required. The only dependent flow parameter that cannot be set independently isthe total temperature:
however, this can be compensated for using equation 4.2.20.

57



Three different double hot wire probes have been calibrated here. They are al standard commercial
probes, Figure 4.4.2, although the wire diameter has been increased from 5 pm to 9 um to increase the
wire strength. The increase in strength was found to be necessary as the original 5 um diameter wire
was insufficiently strong to withstand the highly loaded and highly unsteady flow field in the ORF.
The original welding technique used was also found to be too weak. The wires were thus welded and
soldered to the prongs: together with the increase in wire diameter, this enabled the wires to last
amost indefinitely in the ORF. The strength was largely dependent upon the quality of the soldering
and considerable practice was required to achieve suitably strong joints. The prong surface had to be
thoroughly cleaned, removing any previous traces of solder, before welding could be performed
successfully. A reasonably large amount of solder was then required to cover the end of the wire
completely. The wires then tended to fail either immediately or to last dmost indefinitely, allowing
the strength of the joint in the ORF to be assessed rapidly.

The details of the probes and their cdibrations are given in Table 4.4.1. Probes B and C are relatively
insensitive to pitch angle, since the mean flow pitch angle is approximately zero, in agreement with
Slater, 1993. Probe A, however, is sendtive to both pitch and yaw angle. Probes A and B were
calibrated twice to assess the calibration drift errors, whilst probe C was re-calibrated following the
breakage of the first set of hot wires.

VAN

=4 8.4
Zoa” =

55P61 X-array probe, sensor plane 55P63 X-array probe, 90°, sensor
parallel to probe axis plane parallel to probe axis

~- 8.5

55P62 X-array probe, sensor plane 55P64 X-array probe, 90°, sensor plane
perpendicular to probe axis perpendicular to probe axis

Figure 4.4.2 Hot wire probes, Dantec, 1996

Probe Probe name Cdlibration 1 Calibration 2
A 55P61 410 420
B 55P62 400 430
C 55P64 270 280

Table4.4.1 Cdlibration details
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Since many calibration equations have been proposed for the various flow parameters, especially for
variations in flow angle, it was decided to examine the dependence on each of these separately.
Similarly to Slater, 1993, the wire temperatures were set at 500 K to optimise the frequency response
and temperature sengitivity. Since the hot wires are at 90° to each other, yaw angle fluctuations of
approximately + 45° can be resolved: hence a range of + 54° was chosen to cover the complete yaw
angle range. A range of pitch angle of -24.4° to +30.6° was chosen: this was asymmetrical due to the

non-zero expected mean pitch angle in the ORF.

The Dewey correlation, equations 4.2.24 to 4.2.28, was used to convert the Reynolds and Mach
numbers to a Nusselt number, which was then used in the general calibration equation, equation
4.2.20, in the form:

E? = (ANu+ BYNu T, -7T,). 441
A best fit was found for the calibration coefficients A and B for every combination of yaw and pitch
angle. Since the calibration fit is reduced to one variable, the Nusselt number, only a relatively small
number of operating conditions were required to obtain the values of A and B. Equation 4.4.1 gave a
consistent variation in A and B over yaw and pitch angle and encouragingly low errors over the entire
calibration, Table 4.4.2. Although different forms of equation 4.4.1 could be found that reduced the
rms error slightly, the calibration coefficients were much more random, giving a much less physically

reasonable solution.

Probe calibration Hot wire 1 rms voltage error | Hot wire 2 rms voltage error
C (270) 0.254 % 0.226 %
C (280) 0.218 % 0.227 %
B (400) 0.355 % 0.264 %
A (410) 0.276 % 0.328 %
A (420) 0.248 % 0.493 %
B (430) 0.526 % 0.385 %

Table 4.4.2 Percentage rms voltage errors for each calibration

However, since only arelatively poor fit was found to any form of angle correlation, probably due to
the very wide range of flow angle, the calibration was stored as a set of values for A and B for each
combination of yaw and pitch angle. Although this gives the greatest accuracy, it is somewhat
complicated, since the complete heat transfer relationship involves the use of equation 4.4.1 together
with alookup table for yaw and pitch angle.
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To quantify the errors involved in fitting the data to the calibration equation for Nusselt number, the
measured voltages can be used in the calibration to solve for Nusselt number and yaw angle, assuming
that the pitch angle is correct. The rms errors give a measure of the accuracy of using the calibration
equation in terms of flow properties. The valid measurement range of yaw angle for each probe can

also be found, since the calibrations turn back on themselves at extreme yaw angles.

The predicted and measured values of yaw angle are shown in Figures 4.4.3 and the rms errorsin both
yaw angle and Nusselt number against yaw angle in Figure 4.4.4, both for calibration 400. The
agreement is very good for yaw angle apart from the two highest values of yaw angle, where the
calibration turns back on itself. The valid angle range for this calibration is thus -43.2° to +21.6°. In
this range the average errors in yaw angle and Nusselt number, using every data point, are very low.
The calibrations are not quite symmetrical, since the probes are not exactly symmetrical and the
prongs for one wire affect the flow field of the other. This effect also varies with the pitch angle,

resulting in non-symmetrical calibrations, which must have their angle ranges examined carefully.
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Figure 4.4.3 Comparison of predicted yaw angle against actual yaw angle, calibration 400
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Figure4.4.4 rmserrorsin yaw angle and Nusselt number, against yaw angle, calibration 400
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Frobe | Calibration Useful yaw anglerange | Yaw angle | Nusselt number
Minimum | Maximum | rmserror rms error
C 270 -28.8° 28.8° 0.98° 0.73%
C 280 -36.0° 28.8° 0.70° 0.42 %
B 400 -43.2° 21.6° 0.79° 0.43 %
B 430 -32.4° 32.4° 1.45° 0.61 %
A 410 -43.2° -10.8° 1.07° 0.61 %
A 420 -32.4° -10.8° 4.19° 1.64 %

Table 4.4.3 Ranges and errors of hot wire calibrations

The same analysis has been performed for all the calibrations for probes B and C, with a similar

approach for probe A, but solving for the pitch angle whilst keeping the yaw angle constant, Figure

4.45. The fit is particularly good towards the right hand side, where the yaw angle is large and

negative. Although there are other values of yaw angle where the errors are small, these are harder to

identify. The valid ranges of yaw angle and the rms errors are given in Table 4.4.3. For al the hot

wire prabes, the calibration errors are encouragingly small over large ranges of yaw angle. This gives

ahigh level of confidence in the accuracy of any results obtained using these probes.
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Figure 4.4.5 Comparison of predicted pitch angle against actual pitch angle, calibration 410

Since the hot wire probes were not calibrated immediately before use, the drift in the calibrations must

also be checked. This was done for probe B by inserting the voltages calculated using the first

calibration (400) into the second calibration (430). The wire temperatures were found to have dropped
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dightly: since the probe had been used in the ORF six times between the two calibrations, this was
probably due to dlight oil burn on the hot wires. Once this had been compensated for and the small
yaw angle offset removed, the errors over the intersection of the two useful calibration ranges were

small: 1.72° in yaw angle and 1.47 % in Nusselt number.

Thus far dl the calibrations are completely general and can be used to measure any combination of
Reynolds number, Mach number, total temperature and flow angle with a high degree of accuracy.
However, unless five hot wires are used, not al of these can be measured and some simplifications
must be made. The usua assumption is that the effects of Mach number and total temperature are
negligible in comparison with those of Reynolds number and flow angle, for example Slater, 1993.
The accuracy of this assumption can be examined by means of a small-signal perturbation analysis.

For agiven yaw and pitch angle, equation 4.4.1 gives:
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Some sensitivities, such as the sensitivity of Nusselt number to overheat ratio and the sensitivity of the
recovery factor to Reynolds number and Mach number have been neglected, since these were al
shown to be negligible, Sheldrake, 1995.

The Dewey correlation is then used to rdate fluctuations in Nusselt number to fluctuations in
Reynolds number and Mach number to give a relationship between voltage fluctuations and Reynolds
number, Mach number and total temperature fluctuations:
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The typical flow conditions can be used to calculate typical sensitivity coefficients for probes similar
to those in Figure 4.4.2 where B/A is found from equation 4.2.19:
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Although the sensitivity to Mach number is much less than the sensitivity to Reynolds number, as

expected, it is not negligible. There is also a large sensitivity to total temperature, even at this high
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overheat ratio, which has previoudy been ignored. If the Mach number is replaced by total pressure,

to examine the effects of constant total properties, different sensitivity coefficients are found:

E 01317 10101 07171 . 447
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Different assumptions about the flow field thus give very different sensitivity coefficients and large
errors will result from ignoring non-negligible fluctuations in flow parameters, even though the
sengitivity to total temperature fluctuationsis reduced at high frequencies.

Without a detailed knowledge of the flow field, it is difficult to calculate the errors due to different
assumptions. However, to estimate the difference in Reynolds number when different assumptions are
made, one experimental measurement made in the ORF was solved for Reynolds humber using two
sets of assumptions. The first was constant Mach number and total temperature and the second was
constant total pressure and total temperature. There was zero difference in yaw angle, since the
Nusselt number conversion is independent of yaw angle and constant total temperature was assumed
for both solutions. However, the Reynolds number fluctuations were smaller for the first solution than
for the second, as expected from equations 4.4.6 and 4.4.7. The difference was within approximately
+ 7 %. Although the assumption of constant total pressure and total temperature seems more
physically reasonable, and is used here, there will be quite a large unknown error in the measured
Reynolds number due to assumptions about the flow field. Further work could usefully be carried out

to improve this measurement accuracy, perhaps optimising the assumptions for different flow fields.

4.5 Measurement accuracy

To estimate the overall measurement accuracy of the hot wire probes used here, al the different
sources of error must be considered. These are:
1. Calibration measurement errors. Errors in measuring the calibration flow parameters and hot
wire voltages.
2. Calibration equation errors. Errors due to the fitting of a calibration equation, as well as
solution of the calibration equation and lookup table.
3. Calibration drift errors. Errors caused by variations in calibration over time and over
switching on and off of the feedback circuitry, as well as by probe contamination.
4. Approximation errors: Errors caused by assumptions about the flow field that are used to
solve the calibration equations.
High frequency errors: Errors caused by the change in hot wire behaviour at high frequency.
Spatial resolution errors: Errors caused by spatial averaging of the flow field.
Disturbance errors: Errors caused by the probe interfering with the flow field.
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The calibration measurement errors are found from a combination of the various sources of error. The
error due to analogue to digital conversion is 60 pV, which is negligible in comparison with the noise
on the data acquisition channels, and the error in probe angle is = 0.1°, Sater, 1993. Since the static
pressure transducer calibration drifts over time, five consecutive calibrations were performed, giving a
rms error of 0.0624 %. The total temperature rms error is 0.0726 % from Chapter 3, giving errorsin
Reynolds and Mach numbers of 2.19 % and 2.81 % respectively for a mean Mach number of 0.45.
Therelatively large errorsin Reynolds and Mach numbers are due to the small difference between the
total and static pressure. The Dewey sensitivity coefficients then give a rms error in Nusselt number
of approximately 2.2 %.

The calibration equation errors have already been quantified and are approximately 1° in yaw angle
and 0.6 % in Nusselt number. The Nusselt number gives errorsin either Reynolds number of 1.2 % or
Mach number of 3.6 %. For the purposes of this analysis, the errors in Nussalt number are split half
into Reynolds number and half into Mach number. The rms errors due to calibration drift have also

already been calculated as 1.7° in yaw angle and 1.5 % in Nusselt number.

The largest source of error is the use of approximations in the assumptions about the flow field that
are required to give a solution. Since the flow parameters are unknown, this error cannot be quantified
accurately, although atypical value of 7 % error in Reynolds number was found earlier. The errorsin
flow angle measurement are small if al the hot wires are operated at very similar overheat ratios,
since al the wire voltages are affected in the same way. These errors are reduced by the high

frequency effects outlined earlier.

One of the main advantages of a hot wire probe is its excellent spatia resolution in comparison with
other measurement techniques. However, if the flow field across the probe is not completely uniform,
asislikely to be the case, there will be errors due to the difference in flow properties across the length
of the hot wires and between the two hot wires. Results for a single hot wire showed that a reduction
in the length to diameter ratio reduced this error, Bruun, 1995. Although the spatial resolution error
cannot be calculated, comparison of the hot wire probe and flow field considered here with existing
results shows that the errors are likely to be very small. The length of the wire should also be small in
comparison with the wavelength of the flow phenomena passing along it: for hot wires placed
perpendicular to the rotor blade trailing edge, the length of the wire should thus be smaller than
approximately 25 mm. Thisis easily satisfied for the hot wire probes used here. The effects of probe
disturbance are aso unknown and will depend heavily on the given flow field in which the probe is
placed. Again, one of the advantages of hot wire anemometry is that the small size of the probe
reduces the probe blockage in comparison with similar measurement techniques.



Nusselt number | Reynolds number Mach number Flow angle
Error source
% rms error % rms error % rms error rmserror
Calibration
22% 2.2% 2.8% 0.1°
measurement errors
Cadlibration
_ 0.6% 0.6 % 1.8% 1.0°
equation errors
Calibration
_ 15% 15% 42 % 1.7°
drift errors
Approximation
Unknown Unknown Unknown Small
errors
Spatial resolution
Small Small Small Small
errors
Disturbance errors Small Small Small Small
Total error 2.7% 2.7% 54 % 20°

Table 4.5.1 Typica measurement errorsfor asingle crossed hot wire at rotor exit

These measurement errors are summarised in Table 4.5.1, where the total rms errors are calculated
from the sum of the variances. Since the approximation errors are likely to be large only for Reynolds
and Mach numbers, the error in flow angle is shown here to be small. The other sources of error for
Reynolds and Mach numbers are also small, showing that hot wire anemometry is a highly accurate

and reliable technique, its accuracy only compromised by assumptions about the flow figld.

To keep the measurement accuracy as high as possible, it is also important that as little error as
possible isintroduced by the analysis techniques used. Since these are presented in considerable detail
elsewhere, Miller, 1998, only a brief summary is presented here, mainly describing the particular

techniques used to abtain the experimental results presented in Chapters 6-8.

To prevent any distortion of the signal due to differences in the bandwidth of different hot wires, the
wire voltages must be filtered down to the same bandwidth. By autocorrelating each rotor passing
with the average, a phase shift can be found and removed from the voltage signals relative to the
operating point time: the same phase shift is used for al the voltages to prevent any signal distortion.
This phase shift arises from the rotor acceleration and the oscillation of the flow field. The small
oscillations in the flow field must also be removed, using alow pass filter. Each recorded point is then
converted to the relevant flow parameters over one complete revolution of the rotor disc either side of
the operating point time to remove the effects of individual blades. Each point is converted
individually since the calibrations are non-linear and a large error would result if the following
analysis was performed on the voltage signals rather than on the flow parameters.
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y=1 r=0 v=0 r=1

Figure4.5.1 Vane and rotor co-ordinate systems, Miller, 1998

If the probe has remained stationary, the flow parameters can simply be ensemble averaged, thus
requiring little filtering. If the probe has been traversed across the two vanes the position of the probe
is calculated relative to both the upstream vanes and the rotor blades. The co-ordinate system used is
the same as that from Miller, 1998, Figure 4.5.1, where the v and r co-ordinates are both measured
from the relevant pressure surface to suction surface. The movement of the probe must be
compensated for: the procedure is detailed in Miller, 1998, where the difference between the probe

relative and the absol ute Mach numbersis shown to be small.

The flow parameters can then be interpolated onto regular points in both vane and rotor co-ordinates.
This must be done carefully, to preserve the bandwidth of the signal, and a cubic spline interpolation
is thus used. Since the flow in the ORF is highly unsteady, considerable filtering is required to reduce
the signals to their basic structure, as detailed in Miller, 1998. This gives a single 100-by-100 phase-
phase matrix for each flow parameter in vane and rotor co-ordinates: this forms the basis for the vane-
rotor interaction diagrams used later. The complete flow field is found by traversing the probe at a
series of radial heights from hub to tip.

4.6 Summary and conclusions

Hot wire anemometry has been comprehensively reviewed in this Chapter as it provides the
underlying technique behind all of the experimental measurements presented in this Thesis. Details
have been given of the calibrations of the relevant hot wire probes, together with the first complete
theoretical analysis of the frequency response of a hot wire. These have enabled the measurement
accuracy to be experimentally determined and a completely general compensation factor to be

devel oped to compensate experimental results for variations in hot wire behaviour at any frequency.
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Cdlibration of these probes has enabled the dependence on Reynolds number, Mach number, total
temperature, yaw angle and pitch angle to be determined. The optimum calibration fit uses an
equation in Nusselt number, which is calculated from the Reynolds and Mach numbers using the
Dewey correation, and total temperature with calibration coefficients that are measured for every
combination of flow angle. The calibration accuracy and repeatability are both good, yielding errors
in flow parameters of approximately 2.7 % in Reynolds number, 5.4 % in Mach number and 2° in
yaw angle. However, if not all the flow parameters are measured, there are significant extra errorsin
the Reynolds and Mach numbers due to necessary approximations about the flow field.

A complete theoretical analysis of the frequency response of a hot wire has shown that a correction is
needed for experimental results at any frequency above approximately 1 Hz, without which
significant errors will result. This correction is due to the presence of heat transfer by conduction.
Above this frequency up to approximately 10 kHz, the sensitivity to heat transfer coefficient remains
unchanged but the sensitivity to temperature drops to a constant value with negligible phase shift. A
compensation factor has thus been derived for any hot wire that is solely dependent upon the overheat
and heat transfer ratios.
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