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ABSTRACT
The use of acrodynamic prabes for measurements of Mach

number and direction within turbine simulation facilities is
proving (o be a powerful and robust technique. Recent work at
Ox ford has concentrated on the devising and construction of last
response aerody namic probes where semiconductor sensors are
directly mounted on the surface of the probe. This has cnabled
greater flexibility in (he design and construction of probes, and
has maximised the available bandwidth of mcasurements maxde.
Belore any probe may be utilised it must undergo extensive
calibration. Obviously the precision of these {wo processcs
aflcets the ultimate accuracy achicvable with the probe
measurements. as does the analytical method employed in
applying these calibmtions.

In this paper adedicated probe catibration facility is described
in which the yaw and pitch angles are sysicmatically varied
whilst Mach and Reynolds numbers are maintained constant.
This facility uses a lixed compressed air supply to drive a free jet
for short duration calibmtion runs and thereby avoids the large
overhead costs associated with a continuous [low lacility.

In the case of a three-dimensional aerodynamic probe,
confirmation of sensor measurement integrily results from the
building up of probe aerodynamic performance over a
considerable number of runs.

INTRODUCTION
Acrodynamic probes have been used for several decades in

turbomachinery related research in order to determine Huid flow
total and static pressures. Combination type probes cnable flow
Mach number and direction to be measured from the pressure
field around the prabe. To use this ty pe of instrumentation carcful
calibration of the probe is al first carried oul in some form of
calibration Tacility before the probe is intreduccd into the
experiment where measurements of flow quantities are required.
Advanees in semiconductor sensor technology have made it
possible 1o make unsteady acrodynamic measurcments with
these probes, whereas traditionally they have only been possible
with hot wire or optical techniques. The Ox{ord Rotor, Ainsworth
ctal [1988], is a ransicnt rotating turbine simulation facility and
will be used as an example of a flow field (o be investigated.

Collaboration with Kulite Semiconductor Inc. over recent
years has allowed Oxford 1o develop technigues for mounting
pressure sensors on turbine blades. Theses techniques have now
enabled (he fabrication of minjature semiconductor aerodynamic
probes, These have been found to penmit a more compact and
ftexible design of the probe, and since the pressure sensing
element is mounted on the probe surface, wide bandwidths are
possible.

The pressure transducers used (or this work have been tested
for bandwidth using shock tube techniques and lound to be in
excess of 100kHz even when protected by a silastomer coaling
Ainsworth and Allen[1990]. Elcctrical cafibration of each sensor
is necessary to establish pressure sensitivily, lemperature
sensilivity, and temporal stability. Compensation lechniques for
these effects using soltware can then be applied.

In the current work a pressurised (ransonic nozzle is used for
the acrodynamic calibration of these probes at combinations of
yaw, pitch and Mach number, where the Reynolds number for the
Rotor is also matched.

NOMENCLATURE

Cotach Mach coelfTicient

Cpich Pitch coefficiem

Craw Yaw coellicient

Cpy Tolal pressure coeflicient

Mn Mach number

Py Critical Pressure

Py Total Pressure

R Transducer bridge resistance

Re Reynolds number

T Temperalure

Ve Supply voltage

o Fractional change in
resistance with lemperature

8 Yawanglc

& Pitch angle

CALIBRATION FACILITY

Calibration facility layout is shown in Figure | and a
description of each component foflows. The [low enters the
tunnel from the fower right of the Figure [, passes througha series
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Figure | Calibration tunnet schemaitic

of control valves and then turned through 180 degrees before
entering the main working section and acceleration through the

nozzle.

Air control

The laboratory air supply consists of a main reservoir tank
compressed 10 28 bar, This provides the source of air which may
he hled off for short durations and can maintain a constant Mach
number in the Nozzle tfor up to 60 seconds.

Control of the rig air supply incorporates a number ot safety
features. An upstream hand operated gate valve allows isolation
of the rig from the main air supply. This valve also has a smaller
maximum diameter than the nozzle to ensure the latter does not
become choked.

Primary flow control is achieved by two parailel ball valves
in line downstream of the gate valves. The first is operated by a
double acting preumatic actuator with the air supply electrically
operated through control solenoids. This allows the valve to be
npened or closed in less than a second.

The second ball valve is operated through a spring return
pneumatic actuator. This valve allows the tunnei flow mte to be
set. The spring retum mechanism also has the safety feature that
should air supply fail the ball valve is automaltically closed.

Qver-pressure in the rig is prevented by an IMI Birkett full
lift safety valve with relense pressure set at 10 bar. Futhermore,
an electrical pressure safety switch is located on the pipe work
linked to the control box to close the two ball valves in the event
of wnnel over-pressure.

Settling chamber

Before the flow enters the nozzle itis expanded into a settling
chamber. The flow enters the settling chamber through an abrupt
expansion which. although causing o small loss of toal pressure,
does have the advantage of reducing the length required. The
flow is then directed through 2 module of flow straighteners.
dividing the flow and breaking up any large eddies into smaller
eddies moving in the correct direction.

A final set of gauzes breaks up any remaining eddies and
reduces any boundary layers at entry to the nozzle.
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Figure 2 Nozzle Mach number profile

Nozzle

The nozzle is required to reduce mean flow non uniformites.
turbulence and. by allowing a reduced upstream velogity all
screen losses are minimised. The nozzle profile was designed on
the principles outlined by Morel [1975] using two matched cubic
equations and machined from a single piece of Dural bar. The
nozzle has a diameter of 30mm and an area contraction ratio of
12.96:1.

A traverse of the nozzle profile. Figure 2. shows how the Mach
number varies in the radial direcion. The central core region
gives an ample region of uniform flow for calibradon. This
traverse was achieved using a fine needle static probe. the design
taken from Bryer and Pankhurst{1971]. The isentropic Mach
number was derived using the measured static and the upstream
total pressure.
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Figure 3 Comparison of sidewall and needle probe
measured pressure rafio

To verify that the Mach number measured during the run
comesponds with that experienced by the probe. a comparison of
the pressure mtio measured by the nozzle exit stalic tapping with
that of the needle probe was made. The comparison, plotted in
Figure 3. shows excellent agreement up lo the critical pressure
ratio but above Mach 1 the values no fonger agree. The Mach
number measurement from the side tapping may therefore be
applied with confidence up Mach 1.
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Worki f

The working scction consists of a large external pressure
vessel suspended from a supporting frame, The front flange of
the pressure vessel may be unbolled and rolled back on the
supporting frame for access into the working section. On the front
flange are mounled the nozzle and prohe positioning (raverse
mechanism.

By using a pressurised working section the nozzle exit static
pressure can be raised above atmospheric pressure permitting
probes Lo be tested over arange of Mach and Reynolds numbers.
The pressure rise is achieved by restricling the air flow at exit
using a hand control valve.

By closing the exit valve the whole rig may be pressurised for
static electrical cabibration of both rig and probe instrumentation
before probe calibration commences. A mechanical interfock
prevents upstream valves from opening with the exit valve
closed.

Traverse Mechanism

Probes are positioned one diameter downstream of the nozzle
using a stepper motor (raverse mechanism controlled by from a
PC. The mechanism was designed 10 yaw the probe up o £50
degrees and to #30 degrees in pilch. Using a circular track the
mechanism is designed to rotate about the front [ace of the prabe
whilst maintaining a constant position relative to the nozzle.

Bentham 23-301 stepper molor system and controlier arc uscd
to allow accurate positioning of the probe. Care with screening
is necessary and carthing is lo a single point to ensure minimum
noise from interference.

[nstrumentation

Instrumentation for the calibration facility is designed
primarify for antomated logging of readings by computer. The
instrumentation can be divided into two categorics. The first half
consists of all the rig diagnostics before and during calibration
and are monitored by a dedicated IBM compatible PC. This uses
a CIL Microsystems interface unit incorporating a 16 bit A/D and
aperating through an IEEE-488 inlerface. These readings enable
the first PC 1o display the Mach number, total pressure, probe
position and rig lemperatures during calibration.

A sccond separate FBM compalible PC with a high
specification 16 bit A/D board is used ta record the values from
the pressure transducers on the acrodynamic probe during
calibration. The data is recorded directly onto the A/D board’s
2Mb of memory and downloaded to the computer aficr the
experiment. This system is fast (400k Hz} and a large number of
data points may he recorded. To aveid noise pick up belween
signal and the A/D board the inilial signal is amplificd close to
the signal source. The ADS524 differenlial input instrumentation
amplificr was chosen for his application hecause ol its wide
handwidth (200 kIHz) and low noise.

The resulis rom cach traverse of a probe can be immedialely
processed using the commercially available MATLAB soltware
package.

MATLAB has been a particutarly uselul package for this
application since it combines a large range of in built maths
functions with the flexibility to incorporate in house software.
This has allowed a suite of dedicated programs lo be written
which can quickly process the data. Throughout calibration the
emphasis is on early diagnosis of problems with on linc

processing.

PROBE CALIBRATION

In order (o use an acrodynamic probe (o determine [fow
velocily {(Mach number and angle), it must first be calibrated in
a Mow at dimensionally similar conditions. For compressible
flows of interest here,the relevant non-dimensional paramelers
are Reynolds number and Mach number. One of the design
objectives of the three dimensional acrodynamic probes in
question, Ainsworth et al [1994]. was to produce a probe with
minimum sensitivity 1o Reynolds number, simplifying the
calibration procedure. For a probe insensitive to Reynolds
number, it would be sulficient to determine the probe’s
aerodynamic coefficients as functions of pitch and yaw angle,
and {low Mach number.
Using a spherical coordinate
system flow Mach number
and direclion may be
expressed as Mn, Band ¢.
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In addition o these three primary coefTicients. atolal pressure
coelTicient may be derived 1o allow tolal pressure measurement
{0 be made when the Flow Mach number and direction have been
found,

Cpy= (Py—-pA}

(PBApCpld )
- 3

The farm of the Mach coefTicient adopied here has been used
since it creates a calibration grid linear with Mach number. This
has the advantages for linear interpoiation used in the inversion
algorithm, Main et al [1994].

Examination of the primary non-dimensional groups used in
calibration will reveal that they are independent of the total
pressure. This means that small variations in total pressure can
be {olerated during calibration.

The calibration methed described uses a large reserveir of air,
but as the air lows out of the calibration tunnel the total pressure
in the main tank will drop. However the total pressure drop will
not affect the calibration provided the Mach number is
maintained.

Reynolds number dependency has been the subject of much
carlier work, for instance Dominy and Hodson [1990]. The
general consensus has been thal the prismalic geometries of the
Wedge and Pyramid probes are superior in this aspect and show
little Reynolds number dependence.The surface mounted
semiconductor probes also have the advantage of avoiding any

pA
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tapping in the probe surface which have been associatod with
certain Reynolds number features.

Calibration using a Iree jet has the advantage that the
geometry simulates the configuration when taking measurcments
at a turbomachine exit. The intrusive nature of the probe in the
jet is therefore matched by the probe when recording the
measuretments of interest,
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Figure 4 Calibration run data

Cali i

Bach probe needs to be cafibrated for combinations of Mach,
yaw and pitch angle. In this lacility the flow is mainiained at
constant Mach number whilst the probe is traversed in incidence.

The plot in Figure 4 shows the data obtained in one calibration
run in approximately 45 seconds. This data was recorded during
1he calibration of a three-dimensional probe based on the pyranid
geometry of Shepherd [1981], With the fow set to constant Mach
numiber, in this case Mach 0.7, the probe traverses through 17
pusitions in yaw for each of 5 positions in pitch. This makes a
total of 85 points per calibration run. For each point the
transducers arc sampled 1000 times so (hat any noisc and aliasing
can be remaved through averaging.

Throughout the calibration the rig conditions arc alse
monitored and for this calibration run arc plotied in Figure 5. The
first point to nole is the constancy of the Mach number with time
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Figure § Calibration run diagnostics

despite the slight drop in total pressure, satisfying our earlier
requirement. The Reynolds number, based on the probe head
pitch circle diameter, is also almost constant.

During catibration the temperature of the probe changes from
the cooling cffect of the air flow. The surface mounted
transducers are subject to this temperature change and its effects
must be considered. Any temperature influences on the
transducer output are readily accommodaled through clectrical
calibration and correetion, as detailed later in this paper.

With temperature elleets removed, the recorded pressurcs can
he converted into coelficients. These arc plotled in Figure 6. For
this data corresponding lo low pitch angle, the mach coelficient
and yaw coefTicient arc almost independent of pitch angle and
almost collapse onle one line. The total pressure cocflicient is
also plotted from which the total pressire may be found and static
pressurc derived onee the Mach number is known.
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Figure 6 Derived coefficients

The range of experimental flows 1o be encountered
determines how many of these calibration runs are required lor
a complete calibration map, Three calibration runs combined
will give a nominal range of 30 degrees in yaw and pitch at ane
Mach number. Repeating over a series of Mach
numbers.ty pically 0.3 to 0.9 in (.05 Mach intervals, a complelc
calibration space of Cagacn. Craw a0 Ciress against Mn. 8 and ¢
isbuilt up. In Figure 7, the calibration data has been inverted and
plotted for one value of Mach coclficient. From this plot
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Figure 7 Pitch and yaw angles plotted along lines of
constant pitch and yaw cogfficients
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experimental values of pitch and yaw can be found. This is
readily extended to Mach number when the Mach coclTicient is
also included.

The integrity of the probe and calibration method are
demonstrated by the ability to achicve reliable calibrations over
a scries of runs.

ELECTRICAL CALIBRATION

Introduction

The semiconductor strain gauge pressure transducer is a
highly robust linear pressure sensor. The transduccr consists ol a
silicon dinphragm which is bonded 1o a supporing pillar. The
underside of the dinphragm is micro clched creating an evacuated
cavily between it and the supporting pillar whilst & Wheatstone
resislor bridge is dilfused onto the upper side. When the
diaphragm dcftects under pressurc the strain in the resistors
causes them to change in value giving an bridge outpul voliage.
By carcful matching and positioning of the resistors, good
linearity with little hysteresis can be achicved. These have been
successully used in a variety of applications and, at Oxford in
particular, they have proved Lo be most svitable for wide
bandwidth pressure measurement.

Carc must be taken to aveid the elfects of changes of
resistance in the semiconductor due to anything other than
pressure since these which would clearly causc errors. In
practice, the main source of error is caused by the influence of
temperature on the resistance values, The ransducer designer
alempls o minimisc any temperature variation be careful
matching of the lemperature cocfficients of sesistance of the
biidge clements. Additional temperature compensation can be
applicd with external circuitry to the transducer bridge and in
commercial transducers this hardware temperature
compensation is included in the packaging of the transducer.

The simplest hardware compensation scheme starts with the
use of a resistorin series with the bridee, known as a span resistor,
to correct overall span variation of the transducer. This scheme
works only i the bridge output is decreasing with temperature.
Althe same time as any outpat drop with lemperature, the overall
hridge resistance willhe increasing. The voltage distribution with
ihe series resistor will therefore act {0 increase voltage across the
hridge. increasing the bridge oulput and therehy compensaling
ler the span variation, Careful selection of the value of the serics
resistor would minimise any temperalure variation.

Vspan Aspan

Figure 8 Temperature compensation circuit

For the work at Oxlord the standard packaging lor the chip.
incorporating any compensation hardware, has been removed in
order 10 minimise size. However by using an uncomplicated
circuit and external software correction, good temperature
rejection can be achieved.

Implementation of this technique is facilitated by considering
the transducer performance relative to a reference temperature,
usually taken to be 25C, and correcting the outpul voltage to the
value that would have been recorded il the transducer had
remained at this reference (emperature. With this correction
incorporated imo the voltage, the value of the cocfficients at the
reference temperature can be applied to find the measured
pressure.

In the circuit diagram shown in Figure 8, a span resistor
exiernal to the transducer is used and trimmed al the reference
temperature until bridge excitation is hall the supply vollage. V..
The bridge in seres with the span resislor acts as a potential
divider. As the bridge resistance varies, any small changes in the
bridpe resistance as a result of lemperature changes will he
accuralely measured by the change in Vg, This voltage
change, termed Vepnge. is ameasure of the transducer temperature,
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Figure 9 Variation of Vsense with temperatue

Derivation

The relationship between Vi and Temperature may be
ded ved il at first we assume a first order increase in resistance of
the bridge with temperature. After connecting the bridge, at the
relerence temperature 25C. the span resistor is trimmed until
bridge excitation is bail supply voltage, thereby sciting the span
resistor 1o lhe same resistance as the initial bridge resistance.
Incremental temperature changes can now be considered from
this relercnce point.

Initiaf values:

Ry Bridge resistance at 25 deg C

R, Span resistance

A1 25C set Ry = Rp, such that hridge excitation is Vo/2
Now consider an increase in temperature 7

R=Ry(1+0AT)
This giVCS riscloa Vit

Ry Ry |
Ry+-Rp{ 1 +0AT)  RetRpo
Rearranging for T using the relationship that Rypane=H{50 !

Viense = V.vprm - vxp(m,, = Vo I
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AT = 1 —4Viense
o 2ZVeense + Vo

Sinee Vierse << Vo for small tlemperature changes this may
e approximated as:

AT = |

The calibration of Vyense against temperatare shown in Figare
9 conlirms the irst order approximation originalty taken.

Calibration
The transducers are calibrated over a wide range ol pressures

and temperatures. A Druck DPISOL digital pressure ransducer,
linked o an envirommental chamber and controlled via the IEEE
bus interface by a dedicated computer. is wvsed to run the
transducer through a standardised cycle. The pressure sensing
clement or the DPISOL is a vibrating cylinder pressure
immsducer manufactured by Schlumberger. measuring to an
asccuracy of 0.007% full scale. Tn the calibration the transducer
is eycled from 200mB to 3500mB in five skeps, three times at
25C. 5C. 15C, 25C. 32C, 40C and {inally 25C again. Repeating
al cach temperature three times gives an indication of any
hysteresis and also by returning to 25C three times during the lest
gives the ovenall repealability. Allowing for generous seltling
time this whole test eycle lasts approximately F4 hours. Figure
10 shows ty pical resulls rom one of these calibration cycles.

The Kulile sensor is highly lincar and a fiest order modet of

its behaviowr is quite satislaclory. The measurcd pressure {8
lhcrcl'mt: given as [ollows:
- ‘Sl? \,IHII + Oﬂ
where S, sensor span at 25 deg C
), sensor offsctat 25 deg C

The inftuence of femperature on the fransducer oulpul is
acecommadated from the variation of the coclficients in equation
6 with temperature as found in the calibration cycle.

span sensitivity = d§ 4T

oflsel sensitivity =d0 /T
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Figure 10 Electrical calibration

PROBE APPLICATION

M I nis at t

The 45 degree pyramid probe with the calibration discussed
carlier was mounted downstream of the HP turbine of the Oxford
rotor Facility. The rotating assembly is un-hraked and the turbine
aceelerates during run time. Figure 11, and consequently the flow
incidence changes with time. Al the point af which the rotor
passes through design speed a [ast data acquisition system is
triggered (o record unsicady parameters.
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Figure {1 Rotor speed variation during run

The pyramid probe was used o monitor this incidence change
wille speed. Fhe probe was mounted at 19 degrees to the axtal
direction, with this being the indicated mean flow direction at
turbing exit in the absolute frame of reference from through-fow
analysis. tnthis experimental sl up the yaw axis comresponds o
circumferential Mow. whilst the pitch axis measures radial fow.
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Figure 12 Pyramid probe face pressures

Data was sampled at 400z throughout the 200 ms ren and
the raw pressures recorded from the probe during the run up are
plotied in Figure 12. Each of the pressures from the four faces,
A to D, oare plotted and an oscillation in the total pressure
associated with the isentropic piston which supplicd the driving
flow can be clearly scen. The pressure difference hetween laces

and C i5 a (unction of the yaw angle. As this pressure
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approaches zero the mean Now approaches the design paint flow
angle.

Applying the probe acrodynamic caiibrations yiclds the yaw,
piteh and Mach number as measured by the probe and is shown
inFigure 13. The yaw angle change with time is clearly illustrated
and the flow relative to the probe is near zero at design point,
confirming the prediction from flow through analysis. The flow
in the rotor is predominatcly axial and would therefore be
expected to have little pilch component and this is borne out by
the measurements.
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Fignre 13 Measured flow parameters
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CONCLUSIONS

Acrodynamic probes with surface mounted transducers arc a
powerful technique for measurements in turbomachinery
applications. Each probe requires thorough calibration belorc use
inanexperiment, This paper demonstrates how both the elecirical
and acrodynamic calibration may be underiaken for the surlace
mounted semiconductor [ast response probes manutactured at
Oxlord.

A dedicated acrodynamic probe calibration facility which
uses a frec jet in which the probe is traversed has been deseribed.
In this facility the probe incidence and Mach number are
systematically varied to generale aerodynamic calibrations.
Expanding air from a main reservoir tank into a flow nozzle has
been a viable method for probe calibration. An example of a
three-dimensional acrodynamic probe calibraled al engine
representative Mach and Reynolds numbers was prescnied. Flow
measurements with this kind of probe show the versatility of
these wide bandwidth acrodynamic probes.
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