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R4sum4, L'andmomdtrie h film chaud dans
un

dcoulement instationnaire fortement hdtAro-

glue est une
technique de mesure assez complexe. La vitesse est dAterminAe h partir de la mesure

d'un flux de chaleur. La partie du signal concernant la vitesse doit Atre sdparde de celle relative I

la tempdrature et Aventuellement la pression de l'dcoulement. Aprbs avoir rappeld le principe de

l'andmomdtrie I fil chaud et les diffdrents modbles d'dchanges de chaleur entre un fil et un
dcoule-

ment, on
prdsente

une formulation du flux de chaleur dtablie expdrimentalement. Ce travail
a

did

rdalisd
en vue de

mesurer
les champs de vitesse instantande entre les rangdes d'aubages fixes et

mobiles d'un compresseur axial Lasse vitesse
au moyen d'une sonde I deux films chauds croisAs.

Dans
une

telle machine, l'dcoulement est fortement tridimensionnel et instationnaire. Bien que

la vitesse de rotation du compresseur soit relativement faible (4500 tr/mm), les fluctuations spa-

tiales et temporelles de la tempdrature de l'dcoulement
ne sont pas ndgligeables. La connaissance

de la tempdrature est donc
un

objectif important en elle mime d'une part, et par son
influence

sur la mesure de la vitesse d'autre part. La mesure
simultande de

ces deux parambtres serait

donc une solution assez intAressante. A cet effet, un dispositif original utilisant un andmomAtre

I tempArature constante d'un modAle standard, permettant cependant la commutation de la

tempdrature de surchauffe de la sonde,
a

did mis en ceuvre.
Son principal avantage est de ne

ndcessiter que l'ajout d'un boitier externe. Les limites d'utilisation du systbme,
en

frdquence

notamment, out iii mises
en

Avidence. Cette mAthode de mesure a
iii utilisAe pour explorer

l'dcoulement entre les rangdes d'aubages dons
un

dtage du compresseur. Le mode d'opdration et

les rdsultats obtenus sont prAsentds dans cet article.

Abstract. The hot film anemometry in a
highly heterogeneous unsteady flow is

a
quite

complex measurement technique. The velocity is determined from the heat flux measurement.

The part of the signal related to velocity must be kept apart from one related to temperature

and to pressure of flow. After
a

brief return to the principle of hot wire anemometry and the

different heat transfer models between hot wire and flow, an
experimentally established heat flux

expression is presented. This study was
achieved in view to measure the instantaneous velocity

fields between blade rows of a low speed axial compressor by
means

of
a

crossed hot film probe.

In such
a

turbomachine, the flow is highly tri-dimensional and unsteady. Although compressor

rotating speed is relatively low (4500 rpm), the spatio-temporal fluctuations of flow temperature

are not negligible. Knowledge of temperature is then
an important objective, for itself

on
the one

hand, and by its influence
on

the measurement of velocity on the other hand. The simultaneous

measurement of these t~vo parameters would then be
a

quite interesting solution. For this
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purpose, an
original apparatus including

a
standard model constant temperature anemometer

has been set out. Its main advantage is to require only the
use

of
an

external small cabinet which

commutes the probe overheat temperature. System utilisation limits, especially in frequency,
have been brought to the fore. The operating method and achieved results obtained in the

compressor are
presented in this paper.

Nomenclature

A, B, C, D coefficients of Nusselt number

a, b, c, d calibration coefficients of the hot film

Cax axial chord

d hot film diameter

dRs resistance variation of the probe
F~ frequency of temperature commutation

Gr Grashof number

Is current through the film

Kn Knudsen number

I hot film length
Me Mach number

Nil Nusselt number

Pr Prandtl number

Pm static pressure

R bridge resistances

Rad additionnal resistance

R~ cable resistance

Re Reynolds number (based
on the hot film diameter)

RG gas constant

R~p operational resistance

Rs resistance of the film

Tr reference temperature
Ts probe temperature (°C)

T~x> flow static temperature (°C)
VA VB difference of the voltage in the output of the bridge
VBN velocity component bi-normal to the film

Ve~ cooling velocity

VN velocity component normal to the film

VT velocity component tangential to the film

I~ velocity radial component
Vu velocity tangential component

Vz velocity axial component

Vp measured voltage
Vs probe voltage

V~x>
local velocity

a pitch angle or flow direction (10)
fl yaw angle
ATS temperature variation of the probe

~ hot film resistivity



N°10 HOT WIRE FOR VELOCITY AND TEMPERATURE MEASUREMENTS 1515

~ coefficient of thermal conductivity of the gas

~tr dynamic viscosity of the flow at Tr

~t~x>
dynamic viscosity of the flow at T~x>

pm flow density
9 overheat ratio (Ts /T~x>)
is heat flux dissipated in the flow

11, 42 angles of velocity vector relative to the probe axis

1. Introduction

The measurement of unsteady velocities between the blades rows in an axial flow compressor

is quite critical, particularly when the axial spacing between these rows is low: the interactions

between stationary and rotating flow fields lead to important fluctuations of velocity, tem-

perature and pressure. Thus, hot film anemometry is quite an economical solution. However

this measurement technique has two disadvantages. First, the presence of the probe induces

perturbations in the flow. Secondly, the voltage supplied by the film is a function of both the

velocity and the temperature of the flow. The last property can be considered as an advantage:
other techniques of measurement, the laser Doppler velocimeter, for example, are not able to

provide informations on the thermodynamic properties of the flow. Furthermore, with hot

film anemometry, the frequency of measurement is independent of the density of a seeding:
this property greatly simplifies the data analysis. However, if the hot film is convenient for

measurements in turbomachines, an accurate knowledge of the response of the film is necessary

to separate the respective influence of velocity, temperature and pressure of the flow.

The application reported in the present paper has been conducted in a low speed axial

compressor. In this machine, the pressure fluctuations are low and then, have a negligible
influence on the cooling of the hot film (see Ref. [7]). However, the temperature of the flow

exerts a significant influence on the response of the probe even if the temperature of the film

is kept high.

The experimental apparatus used in the present work include a standard constant tem-

perature anemometer, adapted to measurements in a flow characterized by strong and rapid
fluctuations of velocity. In a first part of the paper, the behaviour of the anemometer in the

conditions of the tests in the compressor is analysed. In a second part, results of measure-

ments of velocity and temperature, performed between the blades rows in the first stage of the

compressor, are presented.

2. Basis of the Hot Film Anemometry

Hot wire anemometry uses very thin wires (G3 5 ~tm), electrically heated. However, such a wire

is not sufficiently strong to endure collisions with particles or sprays currently convected by

the flow in turbomachines.

So, for applications requiring a durable sensor, hot films obtained by deposition of a thin

platinum film at the surface of a quartz rod (E£ 50 ~tm) are generally used. The overall

sensitivity and the cutting frequency of the hot films is quite high (200 kHz). The working

modes of the hot wires and of the hot films are practically identical.

The electrical power supplied to the film is equal to the heat flux is dissipated in the flow:

ja
=

RSI) ii
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Fig. I. Constant Temperature Anemometer C-T-A-

Then, taking into account the voltage I§ between the pins of the probe:

ir2
~ s j~)

~ Rs

Apparently, a simple relation exists between the voltage ii and the heat flux is. However, the

resistance Rs of the film depends on its temperature Ts. Then to obtain is as a function of

I§, it is necessary to impose one of the parameters involved in equations (1) and (2).
With the Constant Current Anemometer (CCA), the current Is through the film is imposed.

The heat flux is then proportional to the resistance Rs. This type of anemometer is suitable

to velocity and particularly temperature measurements. However, the temperature Ts is not

controlled and the film can be overheated and destroyed, if the flow velocity shows large
fluctuations with time.

With the Constant Temperature Anemometer (CTA),
an electronical device continuously

adjust the voltage Vs, so the temperature Ts is kept constant in time. The heat flux is then

proportional to the square of the voltage Vs. This type of anemometer is reliable so far as the

integrity of the probes is considered, but not well adapted to flow temperature measurements.

For the first reason, the CTA has been chosen for velocity measurements in turbomachines

where the flow is strongly unsteady, despite the problems occurring from the interactions

between velocity and temperature fluctuations.

3. The Constant Temperature Anemometer (CTA)

The probe is incorporated in a Wheastone bridge balanced by a differential amplifier. This

device continuously adjusts the bridge voltage as a function of the unbalance VA VB (Fig. 1).

When balanced, the bridge is symmetrical:

Rc + Ra
=

R~p (3)

Then, the measured voltage Vp is proportional to the probe voltage I§ as:

Vp=~~(~~~Vs (4)
s
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The heat flux is is then:

i~
=

R~Ij
=

~~

~
VI IS)

ill + R~ + Rs)

4. Relation Between the Heat Flux and the Characteristics of the Flow

The convected heat flux i~ through the wall of a cylinder with a diameter d and length I,
heated to the temperature Ts is represented using the Nusselt number Nil:

i~
=

~rldNiJ'
(T~ T~x>) (6)

The coefficient of thermal conductivity I of the gas (air) is evaluated using a temperature Tf,

average of T~ and T~x>, Tf
=

(T~ + T~x>)/2:

1
=

1(Tf)
=

0.0242
~~ ~ ~~)

(7)
273

~ ~~~

When Ts m T~x>, I depends mainly on T~.

Taking equations (5), (6), (7), into account, Nil is written as a function of the measured

voltage I§:
v2

~~ ~
(Ts iT~x>) ~~~

where:
~~

~~
l~rl R + R~p)~

~~~

In general, the Nusselt number depends on seven parameters:

Nil
=

F(Re, &Ie, Pr, Kn, Gr, 9, a) (10)

It will be supposed later that:

The Reynolds number is high enough to cancel the natural convection effect, represented
by Gr.

The flow is incompressible (lzle < 0.2).

The Prandtl number is constant.

The thermal inertia of the hot film is low.

Then, the Nusselt number depends on
three parameters only:

Nil
=

F(Re, 9, a) (11)

4.I. INFLUENCES OF THE REYNOLDS NUMBER AND OF THE OVERHEAT RATIO. Several

authors studied the influence of these three parameters on the Nusselt number (Fig. 2). The

formulas established by references [2] to [6] are given in Table of Figure 2.

The comparison of the previous formulas demonstrates the linear variation of the Nusselt
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ADAMS [5] 0.I<Re<1000

Nu
=

0.32 + 0.43 Re°'~

~~~ Nu=(A+BRe")6°"

Re<44 A#0.24 B#0.56 n@.45

Re>44 AM B#0.48 n#0.51

Fig. 2. Comparison of the formulas of NV in function of /$ established in bibliography.

number with the square root of the Reynolds number (King's law):

Nil
=

A +
B/$ (12)

These different formulas, are valid for airflows where pressure is constant or changes slightly.
Otherwise~ the coefficients A and B have to be corrected f~llowing the pressure changes [7].

In the first stage of the compressor, the spatial and temporal variations of pressure are below

3$lo of the atmospheric pressure. So, as indicated above, this influence of the pressure has been

neglected in our work.
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Fig. 3. Velocity vector component's.

4.2. INFLUENCE OF THE DIRECTION OF THE FLOW WITH RESPECT TO THE HOT FILM

The approach used by the majority of the authors [8-11j consists to adapt the formula (12)
as a function of the flow direction. A cooling velocity I~~ is defined, depending on the local

velocity
V~x>

and the angles ii and 12 of the velocity vector relative to the probe axis (Fig. 3):

KR
"

vco j iii, 421 (13j

Then, the Nusselt number is defined, using the relations corresponding to tfie case where

the velocity vector is orthogonal to the wire (V
=

VN) where the effective Reynolds number is

defined as:

Re (Ii, <21
"

Re(0, 0) Jill, <2) i14)

4.3. CoNcLusIoN. From this short literature analysis, the following conclusions can be

deduced:

The heat flux is a linear function of the difference of the temperature between the flow

and the hot film: Ts T~x>.

If the Reynolds number Re is high enough, the effects of the natural convection can be

neglected. Then the Nusselt number is a function of the square root of the Reynolds
number. ~

NV depends obviously on the velocity vector direction with respect to the probe.

However, it is clear that the basic formulations proposed in references [2j to [6] are not

accurately representative of the behaviour of the heat flux emitted by a hot wire or a hot

film. More, thermal characteristics of this sensor installed in a probe, depends on several other

components characteristics (pins, welding, electrical connections).
So, an experimental investigation is necessary to identify and then quantify the influence of

the main parameters like Reynolds number, temperature of the sensor, direction of the flow.

5. Experimental Investigation of the Dependence of the Nusselt Number

Relatively to the Reynolds Number, the Overheat Ratio and the Flow Direction

This investigation has been conducted in the calibration rig of L.E.M.F.I. The constant tem-

perature anemometer was a TSI IFA-100. The probes used were standard "X" probes TSI

1240-20. The length and the diameter of the two sensors were mm and 50.8 ~tm respectively.
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Fig. 4. Probe localisation in the calibration rig.

In the calibration rig, the probe is fixed in the absolute reference frame. A movable nozzle

gives a
flow with variable incidence la) and yaw (fl) with respect to the probe (Fig. 4).

The influence of the following parameters on the twins sensors of the probe, has been tested:

Probe temperature Ts (I.e. overheat ratio 9).

Velocity of the flow ii-e- Reynolds number Re).

Direction of the flow relatively to the probe (I.e. a, pi.

In all these tests, the temperature of the flow
T~x>

has been controlled and maintained equal

to 23 °C. The influence of the overheat ratio and the Reynolds number has been surveyed for

a constant direction of the flow la
=

fl
=

0).

5.I. INFLUENCE OF THE TEMPERATURE OF THE HOT FILM (FIG. 5). For temperature

such as 23 °C < T~ < 120 °C, the Nusselt number is a decreasing function of Ts. The relative

derivatives of Nil with respect to Ts and T~x> are equal and of opposite sign. For Ts > 120 ° C,

NV becomes a quasi,linear function of Ts. A zoom performed on this part of the graph makes

it appear that the slope of Nu(Ts) is a
sInooth decreasing function of the Reynolds number

(Fig. 6). In this range of Ts, the Nusselt number is practically independent of the temperature

of the flow if
T~x> remain lower than 40 ° C.

5.2. INFLUENCE OF THE REYNOLDS NUMBER (FIG. 7). The Nusselt number varies linearly

with /$ for all values of Ts above 120 °C. As example for Ts
=

250 ° C:

NV
=

0.94 + 0.32@ (15)
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Fig. 7. Variation of NV in function of /$.

Heat flux measurements has been realised for Re
=

0. The corresponding results are shown

in Figure 7. It can be observed that these points verify the relations obtained for Re # 0.

Then, these relations can be extended down to the origin.

Figure 8 presents a comparison between the formulations of the Nusselt number found in

references [2] to [6] for several sensors and probes types and the formulation represented in

relation 14 for our probes. The Curves confirms that the variation of NV with /$ is practically
linear.

5.3. INFLUENCE OF THE DIRECTION oF THE FLOW (FIG. 9.). A first series of tests has

been realised to investigate the influence of the angle fl, the dominant parameter on the angular
sensibility of the probe. The results of measurements, presented in Figure 9, prove that the

linearity of the Nusselt number uersiJs
/$ is conserved in the domain -45° < fl < 45°.

5.4. CoNcLusIoNs. The conclusions of this experimental investigation are given as: for the

probes experimented and in the following test conditions, T~ > 120 °C, T~x> < 40 °C, Re > 50,

the Nusselt number can be formulated as:

Nil= A+BTS + (C(fl,a)+D(fl,a)Ts), /$ (16)

1 2

(typical values are A
=

0.48, B
=

0.00084/°C). As for the group of terms (2), C(a, fl), D(ct, pi

are drawn in Figure 10, first in function of fl, then in function of
a.
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6. Velocity Measurement in
a

Tri-Dimensional Unsteady Flow

The constant temperature anemometer measures the heat flux (or the Nusselt number) relative

to the hot film. Then, it is necessary to determine the local velocity
V~x>

from the Nusselt

number.

Relation (16) indicates that Nil is a bilinear function of /$ and Ts. The coefficients A, B,
C, D are obtained from calibration. From equations (10) and (16), the output voltage of the

anemometer, for each sensor, is written as:

VI
= (a + bTs + (c(fl, a) + dip, a)Ts /$j

(Ts T~x> (17)

Four unknown quantities are present in equation (17): Re, a, fl, T~x>. So, the knowledge of the

three unsteady components of the velocity would require four independent sensors I.e. a probe
incorporating four hot films. Unfortunately the volume of such probes is not compatible with

measurements in narrowly spaced compressor blades. For this reason, we used two films probes
in the present study, to obtain two components of the velocity vector. However, hypothesis are

to be made about the influence of the temperature and the sensibility of the probes relatively
to the third direction of the flow.

6.I. INFLUENCE oF THE STATIC TEMPERATURE oF THE FLOW. A rough solution to the

problem of velocity measurement is to suppose a constant temperature in the whole flow field.

This hypothesis
can be quite correct for very low speed machines. By differentiation of equa-

tions (6) and (15), it can be demonstrated that the relative uncertainty on the value of
V~x>

is of

the order of1% /°C However, in a axial compressor with a rotational speed higher than 4000

rpm, the temperature changes through one stage are not negligible. Furthermore, the unsteady
fluctuations of T~x> have been estimated between 5 °C and 10 ° C in operating conditions close
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to the surge line (see Ref. [12]). In these circumstances, neglecting the temperature influence

can lead to an uncertainty close to 10%
on velocity measurement.

Temperature must then be estimated simultaneously with velocity. A classical solution lies in

the use of thermocouples; unfortunately it corresponds to an increase in the probe size. lviore,
the response in time of a thermocouple is low. An alternative solution is proposed below.

6.2. INFLUENCE oF FLOW DIRECTION WITH RESPECT To THE PROBE. An additional

hypothesis is to be made relatively to the flow direction: the probe is not sensitive to the angle
of incidence a, in others words the coefficients t7 and D are not depending of

a.
It can be

observed in Figure 10 that such a property is quite well respected if the yaw angle fl is in the

range: -10° < fl < 10°. Then, if the probe is conveniently oriented in the flow, so as to equate
the mean voltage of the two sensors, the probe can be supposed to be insensitive to a. The

measured voltage (17) can then be written as:

VI
= (a + bT~ + (c(fl) + d(fl)T~) /$j

(T~ T~ (18)

6.3. A SOLUTION IN VIEW OF SIMULTANEOUS MEASUREMENTS OF VELOCITY AND TEM-

PERATURE. Use of a periodic current or voltage for temperature and velocity measurements

has already be implemented [13,14]. However, the experimental devices included anemometer

specially designed for this purpose.

In the present work, we followed a quite different approach: first, our main aim was to use

a standard C-T- anemometer and secondly, we ~vished to limit the adjunction of additional

devices.

Consider, first, a single hot film in a steady flow. The output voltage is represented by

equation (18). Without any modification of the orientation of the film with respect to the flow,

we introduce instantaneously a resistance Rad serially with the film. This sudden increase of
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the resistance is seen from the anemometer as in an increase of the temperature Ts of the

sensor. Then, the anemometer reduces the current to equilibrate the bridge again. As the

operational resistance R~p is unchanged, the new values of the resistance and temperature of

the sensor are:

R~
=

R~ Rad (19)

Ts
=

Ts
~~~

(20)
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The measured voltages are then:

VI
= (a + bT~ + (c + dTs) /$j

(T~ T~x> (21)

(previously to the introduction of Rad)

Vj2 = (a + bT( + (c + dT() /$j (T( T~x> (22)

(after Rad has been introduced)

If Re and fl are independent of time, then the static temperature T~x> of the flow is obtain from:

X~-MX+N=0 (23)
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where:

X
=

~ ~) (24)

VI (c + dT]) Vj~ (c + dTs
M

=
1 +

~
(25)

(bc ad) (Ts T])

N
=

~ ~~ ~ ~~~
~

(26)
(bc ad) (T~ T])

Then from equation (24) to equation (26):

T~x> =
Ts (Ts T() X (Vp, Vj, Ts, T], fl) (27)

So the static temperature T~x> is known from two successive measurements of the voltage
delivered by a single sensor as a function of the flow angle relative to the probe fl. Obviously,

it is necessary to introduce the second sensor of the probe to obtain the velocity vector (I.e.
Re and fl). The set of equations is then:

vj
=

(al + biTsi + (Cl (fl) + di (fl)Tsi /fi) (TSI T°~

T~x> =
Tsi (Tsi T(i X (Vvl, ~$i, TSI T~i, fl) ~~~~

V/~ = (a2 + b2Ta2 + iC2ifl) + d21fl)Ts2) /&) ln2 ~")

"1" and "2" corresponding to each crossed sensor of the probe.
A standard numerical iterative method is used to solve this system of three non linear

equations with respect to the unknowns Re, T~x>, fl. Then, the components of the flow velocity

can be deduced:

V~x> =

~~ ~" (29)
Pm df

Vz
= V~x> cos (fl) (30)

Vu
=

Vm sinjp) j31)

where:

~" R~~x> ~~~~

T~x>
°'~~

l~" l~~ I (33)

(/t~ =
15 x

10~~ kg/m Is and Tr
=

273 K)

A number of tests have been performed in the calibration rig in view to validate the method.

The experimental conditions are listed below:

V~x> =
30 m

Is
-30° § fl § 30°

-30° § a § 30°

T~x> =
23 °C

Results are given in Figure 11. It is clear that, as long as the flow is steady, velocities and

temperatures deduced from measurements are very close to their exact values. The ranges of

error can be estimated as given below:

+0.5 °C (4%) for temperature (T~x>)

+0.5 m/s (3%) for velocity (V~x>)

+0.5 ° for velocity direction lpi
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Fig. 11. Comparison of Tco, fl, et Vco values measured by the probe and those given by calibration

rig.

6.4. APPLiCATiON To UNSTEADY FLOW. The previous procedure of temperature mea-

surement is convenient if the flow remain steady. In unsteady periodic flow, the interval of

time needed by the commutation of temperature of the sensor must be, at least, much lower

than the fundamental period of the aerodynamic phenomena. Then, the set-up of a system
suitable for velocity and temperature measurement require two main steps:

Realisation of a device to commute the temperature of the hot film with a high frequency.

Analysis of the dynamic response of the anemometer to rapid changes of the electrical

resistance of the film.



N°10 HOT WIRE FOR VELOCITY AND TEMPERATURE MEASUREMENTS 1529

to the probe
Probe cabl
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Fig. 12. Device for commutation of the temperature of the hot film.
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Fig. 13. Frequency of temperature commutation Fc in function of T~ and Vco.

6.4.1. Device for Commutation of the Temperature of the Hot Film. The sketch of the

circuitry is given in Figure 12. A relay driven by a T.T.L. voltage (0/5 V) has been used.

This input T.T.L. voltage is supplied by a small computer at a variable frequency. So the

impedance of the circuit is periodically equal to 0 or Rad. The critical frequency of the relay
is close to 1 kHz.

6.4.2. Dynamic Behaviour of the Anemometer to Rapid Changes of the Resistance of the

Sensor. For a given sensor, the frequency response of the anemometer must be optimised by
the user. A square voltage with adjustable level and frequency is provided to the sensor. The

cutting frequency for hot films, defined in reference [14], depends on both the mean velocity
and the amplitude of the velocity fluctuations. For example, for probes like those used in the

present work, the cutting frequency is equal to 30 kHz in a flow of air with a mean velocity
of 40 m

Is and velocity fluctuations of 20 m
Is. When the amplifier can no longer control the

temperature of the sensor, the anemometer stop to feed it (automatic protection). From the

anemometer, the introduction of Rad is equivalent to a velocity or temperature fluctuation.

Then it is necessary to analyse the transient behaviour of the bridge when the resistance Rad
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Fig. 14. Compressor global performance.

is introduced in the circuit. These tests has been realised using a sensor with the following
characteristics:

resistance (0 °C): 6.21 Q

resistivity: 0.0148 Q/°C

cable resistance: 0.492 Q

sensor temperature: 250 °C

The results of the tests are represented in Figure 13.

The resistance Rad is represented by the temperature variation ATS of the sensor due to

the introduction of Rad. The curves indicate, for several velocities of the flow, the maximum

frequency of commutation which can be obtained as a function of ATS.
For example, if the flow velocity is equal to 40 m

Is and ATS to 30 ° C, the maximum frequency
of commutation is limited to 500 Hz.

6.4.3. Use of the Method for Measurements of Velocity and Temperature in an Axial Com-

pressor. The axial flow four stages compressor CMEI is described in references [1,16]. The

pressure ratio uersiJs mass flow rate chart for this compressor is illustrated Figure 14. Three

axial locations of measurement are available in the first stage of the machine (Fig. 15):

upstream of the rotor (1)

downstream of the rotor (2)

downstream of the stator (3)
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hub

rotor2 stator I rotor ~

caner

Pl~ne 3 Plane 2 plane

Hub Tip
Distance in % of Cax X(2,3) Y(1,2,3) X(2,3) Y(1,2,3)

Plane 7 % 21 %

Plane 2 5 % 21 % 32 % 16 %

Plane 3 18 % 11 % 18 % 26 %

Fig. 15. Axial locations of the probe.

The axial position of these locations with respect to the blades are represented in Figure 15.

The results presented in the present paper have been obtained in the following conditions:

Rotational speed: 3000 rpm

mass flow rate: 4A kg/s

axial location of the probe: 2

The rotor of the first stage of this compressor has 17 blades. For a rotational speed of

4000 rpm, the frequency of the blades motion is close to kHz. In view to obtain a quite

accurate representation of the unsteady phenomena, a sampling frequency of10 kHz has been

used. Due, first, to the dynamic behaviour of the anemometer, this frequency is higher than the

maximum possible frequency of commutation of the temperature of the sensor (500 kHz). So,
when using directly the system described above~ simultaneous measurement of flow velocity and

temperature cannot be achieved. Then an alternative mode of operation has been implemented.
The start of the acquisition is triggered by a transducer fitted in the casing of the compressor,

delivering a T-T-L- pulse in response to the passing of a given blade. In a first step, a data

acquisition of 4096 samples is performed with a temperature of the sensor equal to Ts. In a

second step, 4096 samples are recorded with a temperature of the probe equal to T( (4096
samples correspond approximately to 25 revolutions of the rotor). Each homologous values in

these two successive records correspond to the same position of the moving blades with respect

to the probe. Using a F-F-T-, the signals are reduced to their periodic components, leading to

two series of data. It is assumed here that these two series of filtered data correspond to the

same flow seen by the same probe, first at the temperature Ts, then at the temperature T(.
The relations (29) are then applied to the corresponding samples.



1532 JOURNAL DE PHYSIQUE III N°10

~~i
o~

/~j

~

a
~~

~ ~O

~ ~
@~

$O f
~z

~~
~

~

~ ~ ~

~
~

~u~ ~

Fig. 16. Axial velocities.

~j@I

i

~ub Z

Fig. 17. Tangential velocities.

6.4.4. Analysis of Results Downstream the Rotor. Results of velocity and temperature

measurements are represented in Figures 16 to 18.

The main phenomena can be observed clearly in the Figures: the wakes of the blades,
the boundary layer along the casing whose thickness is close to 15 mm. In comparison, the

boundary layer along the hub appear to be thin. Such a difference between the external and

the internal boundary layers exists in the inlet plane of the compressor and so, is not mainly
due to leakage effect or separation across the rotor blades.

Out of the wall regions and outside the wake regions, velocities and temperature are rather

uniform. Axial velocities are contained between 26 m/s and 30 m/s, tangential velocities

between 36 m/s and 40 m/s, temperature between 28 °C and 32 °C. The averaged temperature
(30 °C) is close to the temperature measured with resistive platinum thermometer located at

the same position that the hot film probe.

In the wake region, the axial velocities varies with radius as the axial distance of the probe

to the trailing edge due to the twist angle of the blades. They are between 14 m/s at 30% of

the blades height and 22m/s at the blade tip. Close to the hub, secondary flow phenomena
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Fig. 19. Comparison of axial velocities from cobra and hot films probes.

lead to higher axial velocity levels, up to 20 m/s. Tangential velocities increase in the wake

are about 20 ms (Vu Gt 57 m Is) close to the hub, 10 m
Is (Vu Gt 45 m

Is), in the outer regions.

Temperatures show an increase of about 8 °C. Such a value is of the same order that those

measured in reference [12j.

The averaged velocities deduced from these measurements have been compared to the ve-

locities obtained with a five holes pressure probe "cobra probe" located in the same position
with respect to st~tor blades. Results are plotted in Figures 19 and 20. A quite satisfying
agreement is observed between axial

as like tangential velocities measurements.
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Fig. 20. Comparison of tangential velocities from cobra and hot films probes.

7. Conclusion

A method to measure velocity and temperature in unsteady flow with hot film anemometry

has been studied, and then tested, in a low speed axial compressor. The apparatus includes

a standard constant temperature anemometer. An external device is used to commute the

temperature of the probe at a given frequency and directly connected to this one.

Problems has been encountered to perform simultaneous measurements of velocity and tem-

perature. The difficulties are mainly due to the anemometer which include a system protecting
the probes from overheat. So, it is difficult to reach high frequencies of commutation of the

temperature of the hot films unless to limit to a low level,-the step of temperature imposed
by the additional resistance. However, such a way is quite critical to use in strongly turbulent

flows currently encountered in turbomachines: it is then not easy to differentiate the signals
corresponding to the two successive temperatures of the film.

In the present study, the difficulty has been overcomed using the periodicity of the flow with

respect to time. Obviously, such an approach is not compatible with measurements of the

turbulent fluctuations of the temperature.

However averaged values of velocity and temperature deduced from these measurements are

in satisfying agreement with steady measurements realised with pressure probe or resistive

platinum thermometer.
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