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ABSTRACT

A constraint exists for probes in transonic flow which leads ® an insensitivity to Mach number
variations at Mach number unity. Nearby Mach number unity different types of probes are
affected more or less by the reduced sensitivity to Mach numdr. Probes aligned to flow direc-
tion exhibit the theoretically predicted behaviour of an insensitivity region centred at Ma=1.
For application in axial turbomachines probes have to be inerted radially and then the probe
shaft causes additional disturbances to the flow. In transac flow the combined disturbances
of probe head and shaft extend the insensitivity range up to &ach number of 1.3. A closer
look onto the pressure distribution of a blunt body reveals hat only the front part of a probe is
subject to the transonic constraint while base pressure isat affected. Therefore a new probe
was designed where a base pressure tapping was added to a cemtional probe with radial
shaft. It is shown that the relation of Mach number to the basepressure coefficient is strictly
monotonic and especially favourable in the transonic rangevhere the conventional probe co-
efficient failed.

NOMENCLATURE

Cua Mach number coefficient (equation 2) Ma  Mach number

Cua  Mach number coefficient (equation 3) p static pressure

Po total pressure pos  probe Pitot pressure
Psry Pst Probe angle pressures P Probe base pressure
« peripheral flow incidence angle o) peripheral probe angle
C. angle coefficient (equation 1) 16 radial flow angle

K ratio of specific heats

INTRODUCTION

Probes are still an indispensable tool to determine flowasin turbomachines. Especially total
pressure and temperature cannot be determined with saoffexteuracy by optical methods. If total
pressure has to be determined at supersonic flow conditiensitis additionally necessary to have
a knowledge of flow Mach number or static pressure as the Biéstsure measured by the probe has
to be corrected by a factor dependent on Mach number to gétubeotal pressure. Mach number
dependent calibration factors are also necessary to getidtal temperature or incidence angle.
Though, in spite of the fact that probes inevitably distimdflow and static pressure measurement is
notedly error-prone (Fransson et al., 1988), there is rimtuachine investigation without probes. In
many cases probes have to be inserted radially and thendhe phaft causes additional disturbances
to the flow. This is usually accepted, but in transonic flondisturbance by an intrusive probe makes
it impossible to determine the flow Mach number at all. It wiasaaly mentioned by Shapiro (1954)
that the pressure distribution on a body is independent athiMaumber near Ma=1. The effect
on probes was described by Hancock (1988) who showed thairinipe the sensitivity of any



intrusive probe to static pressure must be zero at Mach numbgy. It follows that the sensitivity
near Ma=1 must be low. This constraint is due to the detachedksstanding ahead of a body in
supersonic flow. When beginning from subsonic conditiomsfibw Mach number is increased, a
shock appears at Mach numbers slightly above unity starfdinghead of the body. Downstream
of the detached shock the flow is subsonic and therefore gmngs on the body sense subsonic
conditions. Increasing the Mach number leads to a moveni¢éné gshock closer to the body, but the
shock remains normal and therefore still subsonic flow doomb exist at the front of the body. At a
sharp-nosed body the shock finally attaches and becomedigunes$hock downstream of which the
flow is fully sensitive to upstream Mach number variationkir8 bodies always develop a detached
shock in front of the body, but the subsonic region at the ridsenishes in size with increasing
Mach number. It is therefore clear that different types aljgr shapes generate varying magnitudes
of insensitivity to static pressure (or Mach number) in ti@nity of Mach number unity.

PROBE CALIBRATION

The Probe Calibration Facility at DLR, Gottingen, was bialcalibrate probes in the Mach num-
ber range from 0.2 to 1.8 and in a total pressure range of 36kB@0 kPa. An independent variation
of the Mach and Reynolds number was achieved by designiikgialclosed loop wind tunnel. Sev-
eral nozzles of exit diameter 50 mm allow the calibrationmijes at subsonic and supersonic Mach
numbers. A specially designed slotted nozzle enables tifeat#on in the transonic range. The
probes are calibrated in the free jet just downstream of dzzle exit where a volume of constant
flow conditions was determined by extensive investigatiditee true Mach number of the calibra-
tion is determined from the pressure inside the chamber tohithe nozzle discharges. Because it
is crucial for the following discussion it is explicitly $&d here that at least for Ntel the true Mach
number in front of the probe head did not significantly dififem the Mach number calculated from
chamber pressure — in supersonic flow the Mach number couddithéionally calculated from the
ratio of probe Pitot pressure to inlet total pressure by mgkise of the total pressure loss produced
by a straight shock upstream of the probe Pitot tube. A datalkescription of the probe calibration
facility is available in Giel3 et al. (2000) or on the Web sitehe Turbine Department by starting
navigation from the Institute’s URLittp: //www.dlr.de/at/. A lot of different probes have been
calibrated and their behaviour has been compared. In tipisrghe sensitivity of probe coefficients
to flow angle and Mach number and the resulting errors in deteéng the flow values from the
probe coefficients are exemplified by the calibration resofifour probes.

Description of Probes

Probe name shaft orientation application | probe head angle

Wedge Probe aligned to flow 2D flow included angle: 30 deg

Pyramid Probe | aligned to flow 3D flow included angle: 60 deg
Cylindrical Probe| perpendicular to flow 3D flow position of angle holes at60 deg
Cobra Probe perpendicular to flow 2D flow angle of bevelled tubes: 45 deg

Table 1: Probe features

Probes Aligned to Flow Direction

Such probes are used in DLR'’s Straight Cascade Facilityevbeough space enables the inser-
tion of probes having a long shaft aligned to flow directiomly(he probe head differs according to
its task. One of the probes shown in Figure 1 is a probe withdge¢ype head used for exploring
two-dimensional flow. The other probe has a pyramid type hdadh allows measurements in 3D
flows.
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Figure 1:Wedge Probe head on the left; probe shaft on top; Pyramid Prob head on the right;

Probes with Shaft Perpendicular to Flow Direction

These probes can be inserted radially into an axial turbbimadhus providing access to loca-
tions between blade rows (Figure 2). The Cylindrical Probs 4 holes and enables the determi-
nation of circumferential and radial flow angle togetherhwital pressure and Mach number. The
Cobra Probe can only determine 2D flow values, but it has @da@ily a thermocouple and it is
possible to take measurements closer to the endwall cochpatbe Cylindrical Probe. With this
probe it is possible to determine the flow Mach number, totekgure, total temperature and cir-
cumferential flow angle. The probe head is composed by thuteestwhere the middle tube is used
for measuring the Pitot pressure and the two bevelled ouberstare used for determining the flow

angle.

Figure 2:Photos of Cylindrical Probe (left) and Cobra Probe (right)



Calibration Procedure

From the pressures at the probe head following differertgomefficients are calculated
(Main et al., 1994):

Pst — Psr o Dsi +psr

Angle coefficient: c, = —— where p,,, = Q)
DPos — Psm 2

Conventional Mach number coefficienti,;, = Ma (psm, pos) (2)

Mach number coefficient from base pressut8;,, = Ma (ppu; Pos) 3)

where the Mach number is calculated according to followorgiula:

Ma(p,po)Jfl [(p%)lj—ll (4)

INCIDENCE ANGLE VARIATION

The probe angle coefficient,Gs utilized to get the flow angle from a probe measurement. The
results of calibration of the four probes are shown in Figdirexemplarily for a Mach number of
1.0.

Ma =1.00
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Figure 3:Angle coefficient G, at Mach number 1.00

The sensitivity of the probe coefficient,@o flow angle is best for the Cobra Probe (the gradient
is the steepest). Furthermore, the probe coefficient isutinad according to the calibration in the
whole Mach number range, the probe coefficieptd® the Cobra Probe is nearly independent of
Mach number. The gradients of probe coefficieptd® the other probes are rather similar among
each other. The Pyramid Probe exhibits a linear probe caefficoo. The linear range of the probe
coefficient of the Wedge Probe is much narrower, due to théleniaclined angle at the probe head.
The gradient (sensitivity) of Cis dependent on the inclined angle at the probe head, the sifidipe
probe head and on the distance of the pressure tappings weetlge (or pyramid) apex. The large
inclined angle of 90 deg at the head of the Cobra probe cordpai@0 deg of the Wedge Probe leads
to a superior sensitivity and linearity, but the sensiiat the Pyramid Probe (60 deg inclined angle)
is not superior to the Wedge Probe. After all, the probe aoefit G, of the Cylindrical Probe is
nonlinear, due to the position of the angle holeg a0 deg, i.e. far from the central holg().



MACH NUMBER VARIATION AT ZERO INCIDENCE

In Figure 4 the Mach number coefficient,,,, plotted versus Mach number and its gradient
are shown for the four probes. One clearly observes thaCthgcurves display a flat part near
Mach number unity. The gradient of tli¢,,-curve determines the sensitivity of the probe to flow
Mach number variations. The gradients are calculated fiwendifference of measured points at
discrete Mach numbers therefore the calculated gradieatsad very exact but nevertheless give an
adequate impression. According to Figure 4 the Cylindifrrabe head is superior at Mach numbers
less than 0.8, but really bad near Mach number Ma=1.1. TheadBtobe which was superior in
angle sensitivity is the worst one regarding Mach numbegrdenhation. In case of the Cobra Probe
the gradient of th€”,,,-curve near Ma=1.1 is even slightly negative.

Probes aligned to flow direction like the Wedge and the PyddPnobe exhibit the theoretically
predicted behaviour of an insensitivity region centred at¥l. For probes that have to be inserted
radially like the Cylindrical and the Cobra Probe, the prebaft causes additional disturbances to the
flow. In transonic flow the combined disturbances of probelread shaft extend the insensitivity
range up to a Mach number of 1.3. Some probes even show a noatomic relation of probe
coefficient to Mach number as for example the Cobra Probe.

The practical implications of the low gradients in the tr@ms range is best seen in Figures 5 and
9 where the resulting probe error due to error propagatigarténg the Mach number is depicted.
These error curves of the Mach number are obtained by uigithe evaluation programs normally
applied at the wind tunnel. The measured probe pressurewafuhe calibration are used as input to
the evaluation program. Then in the ideal case the evaluptimgram will compute a Mach number
equal to the true Mach number at calibration. Subsequefftistizer computation with the evaluation
program will be conducted with a slightly changed probe guesas input. For example by changing
a probe pressure(; in the present case) by 0.1% the deviation of the newly obthMach number
from the original one denotes an error in Mach number and lsameously the sensitivity of the
evaluation to an ordinary pressure measurement error. @kepthe measurement scatter of the
calibration produces a scatter of the error values, too.

For Mach numbers Ma0.8 the Wedge Probe obviously has the lowest Mach number &ub
even for this probe the 0.1% error of the pressuyeis magnified by a factor of 20 to obtain an
absolute Mach number error of 0.02 near Ma=1. For the Pyr&rale the error propagation factor
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Figure 4:Mach number coefficient,C',,,, at zero incidence and its gradient
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Figure 5:Probe error due to error propagation

is 40. The difference between the Pyramid and the Wedge Fsahee to the larger included angle
of the Pyramid Probe at the probe tip. For the Cylindricalbderand similarly for the Cobra Probe
the error propagation factor is140. One may conclude that probe configurations with ansiveu
probe shaft which can be easily inserted in realistic axitddmachine geometries are inevitably
insensitive not only at Ma=1, but also in a Mach number rangenfl to 1.3.

The above statement is further supported by Figure 6 wherpréssure distribution at the probe
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Figure 6:Pressure distribution at cylindrical probe head



head of the Cylindrical Probe is shown. At the front side &f irobe head where the pressure
tappings are located the pressure distribution is neadhamged for Mach numbers from 0.9to 1.2.

On the other hand, from the same figure it is obvious that teequre at the rear side of the cylin-
drical probe head is very well reacting to a change of the Maghber. The location of separation at
the surface of the cylinder and the pressure in the separegezh (base pressure) are changing with
flow Mach number. This cannot be caused by a changed bouralayupstream of the separation
as the flow in the front part of the cylinder is still unchang@dghysical explanation has to take into
account that the wake downstream of the cylinder is subsorddhat on this path the static pressure
from the 'far field’ of the probe is influencing the base presstt is therefore possible to design a
probe for transonic flow by adding a base pressure tapping.

THE UTILIZATION OF BASE PRESSURE

When using base pressure as an additional probe pressueecaogrhas to be taken. A cylindrical
probe is not the appropriate candidate for a base presqpitgas it is known that the base pressure
of a cylinder reacts to Reynolds number and furthermoredautbulence level of the flow. Whereas
a Reynolds number effect can often be simulated duringredidn it is not possible to simulate the
very special turbulence field of a turbomachine during catibn.
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Figure 7:Cobra Probe with added base pressure tapping

Transonic Cobra Probe

It was decided to add the base pressure tapping to a conmeh@obra type probe (seg;,’ in
Figure 7). Conventional Cobra probes are worse comparedlitaddcal probes but they are easy
to manufacture and enable measurements close to endwaitheFmore all tubes of the Transonic
Cobra Probe shown here are sharp-edged and it is believethihéeads to certain insensitivity to
Reynolds number and turbulence variations as the sepadatiations are determined by the sharp
edges. The base pressure of the Cobra Probe is taken witldaioaal pressure tube at the back of
the original Cobra Probe stem. It is cut obliquely in ordeptoduce a separation at the sharp edge
in case a flow velocity appears at this location, e.g. if atp@sradial flow angle occurs.
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Figure 8:Mach number coefficient,C',., at zero incidence

A new Mach number coefficient)',;.;, is derived from the probe pressures by calculating a
Mach number from the ratio of the base pressurg)(to the central pressur@y). The calibration
of the new probe was conducted at several peripheral anglaad radial angleg], at two Reynolds
numbers and at 19 Mach numbers. In Figure 8 the Mach numbéicieset, C),.,, is shown for in-
cidence angle zero. The gradient of the new Mach number cieeitjC',.;, is especially favourable
in the transonic flow range where the conventional Mach nurobefficient fails.

The probe error due to error propagation regarding the Machber was calculated for the
conventional and the new Cobra Probe in the same way as fothleprobes (see Figure 5) and the
resulting probe errors are shown in Figure 9. The Mach nuratver of the conventional evaluation
amounts to considerable values whereas the new evaluaing the back pressure is much more
favourable for Mach numbers above 0.8. In a recent measumtszaspaign only by using the base
pressure tube reasonable results for the Mach number cewdtthined in the transonic regime.
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Figure 9:Comparison of probe errors for the Transonic Cobra Probe



Single-Sensor Kulite Probe

To measure the unsteady flow downstream of a rotor a SingieeB€Kulite) unsteady pressure
probe was designed and manufactured (see Figure 10). The pead comprises a steady Pitot
tube and below a differential Kulite sensor. The steadytipitessure is the reference pressure of the
Kulite sensor. The probe is inserted radially into the flowaadingly its shaft is disturbing the flow,
too. This probe was originally designed to determine theaauy total pressure in subsonic flow.
In order to obtain a frequency response as high as possibl€utite sensor is flush-mounted and
not recessed (Sieverding et al., 1995). This has the coesegquhat the probe is more sensitive to
incidence angle, which is not a desirable feature for a Prmbe. Accordingly probe measurements
had to be performed at several circumferential angles gbtble and it suggests itself to perform at
least three measurements at different angles to deriventptlte phase-resolved total pressure, but
yaw angle and Mach number, too (Kupferschmied et al., 2000).
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Figure 10:Head of the Single-Sensor Kulite Probe
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It is absolutely necessary that the three probe circumfialeangles have to include the real flow
angle, one probe incidence angle should be neany) to the instantaneous flow angle, the other
two should be at least30° away from it (Kost, 2005). Therefore you have to have an arprio
knowledge of the unsteady flow angle range. This is normailyfulfilled. Accordingly it turned
out to be necessary to measure at four probe circumferarigles in order to get a satisfactory
result. Even then the scatter of the phase-resolved flowtijiggrmay be rather large especially for
the Mach number (accuracy 5%) whereas total pressure (ialtbalute system) can be determined
rather well (accuracy 0.4%). The scatter of the resultistgintaneous flow angle is in-between. The
interpretation of the unsteady flow results is much eastéeiflow values can be converted from the
absolute to the relative system (rotor fix frame). But by tmaversion large errors in the absolute
Mach number cause large errors in all relative flow quarstitie

The large scatter of the unsteady Mach number became uhle#rkcally the absolute Mach
number exceeded 0.85 and it seemed advisable to add a fandesurement turning the Single-
Sensor Kulite Probe by 180 deg to measure a pressure trabe lmase region. First tests of such
a procedure yielded satisfactory results. The measurana¢iat 5th probe angle in the base region
of the Single-Sensor Probe diminished the scatter of thdtsesot only at Mach numbers0.8,
but also at lower Mach numbers. It is possible to average tneMach number derived from the
front pressures and the Mach number derived from the rati@aeé pressure to total pressure thereby
getting a more reliable result. Of course the procedurestakere time if the Single-Sensor Probe
measurement has to be carried out at more angles.

CONCLUSIONS
e A constraint exists for probes in transonic flow which leawan insensitivity to Mach number
changes at Mach number unity.
e Probes with an intrusive shaft (perpendicular to flow dimgtexhibit an insensitivity region
at Mach numbers 0.9 - 1.3 which causes very large errorsdeggthe determination of Mach
number nearly independent of the shape of the probe head.



e Probes aligned to flow direction exhibit the theoreticaliggicted behaviour of a small insen-
sitivity region centred at Ma=1. For such probes the errgarding Mach number determina-
tion increases with the included angle at the probe head.

e A closer look onto the pressure distribution of a blunt boelyeals that only the front part of
a probe is subject to the transonic constraint while basgspre is not affected.

e A new probe with radial shaft was designed where a base peetsoping was added to a
conventional Cobra type probe. The relation of Mach numbethé base pressure probe
coefficient is strictly monotonic and especially favousabi the transonic range where the
conventional probe coefficient fails. Regarding Mach nuneloeor the use of the base pressure
is favourable for Mach numbers above 0.8.

e The results for the new probe show exemplarily that a Colpa probe can be modified easily
to obtain a well-performing probe for the transonic reginibere are some doubts about the
application of the same procedure to a cylindrical probet, Bur a probe with an intrusive
shaft and a wedge type head the addition of a base presspiadgahould be advantageous,
too.

e When measuring with a Single-Sensor (Kulite) probe doveasir of a rotor the additional
measurement of base pressure improves the determinatiomstéady Mach number at sub-
sonic conditions, too.
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