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Abstract

A description is given of the procedures empioyed at
the Energetics Department of Genoa University to calibrate
aerodynamic probes for variations in Mach number and pitch
angle, putting into evidence the difficulties arising in
particular during the operation in the transonic range. The
problem of the automatic data reduction is also considered
and a simplé technique is developed, suitable for the appii-
cation on minicomputer, that allows to deduce the - actual.
values of Mach number and flow angle of the cascade under
investigation from the measured probe pressure values, with-
out the need for 1iteration. This is done through the
introduction of non dimensional probe coefficients whose
correspondence with the actual flow parameters is numerical-
ly and graphically analyzed. Some results obtained by means
of the proposed method are compared with those given by the
more traditional iterative approach.

1. Introduction

The experimental investigation on the performances of

two-dimensional cascades, oriented toward the assessment of
both cascade flow properties and losses at nominal and off
design conditions, reguires the careful survey of the ca-

scade exit region by means of aerodynamic probes, whose
calibration characteristics have to be known with a high
degree of accuracy. The choice of the probes and of their
calibration procedures depends largely on the flow parame-
ters and flow regime to be investigated. 1In case of plane
turbine or compressor cascades, the downstream distribution
of the flow Mach number, angle and total pressure can be
obtained by means of a single combined two-dimensional
probe, Two different probes of this kind, suitable for the
operation in a wide range of Mach numbers (from Ma = .5 up
to Ma =« ¢.) have been manufactured at the Energetics Depart-
ment of Genoa University. For a description of the probes
and of the technological procedures involved in their con-
struction, the reader is referred to [1l], where the authors
give also a complete presentation of the variable gecmetry
transcnic tunnel .used for probe calibration and of the
methods employed to minimize the blockage effect.

In the present paper, which can be regarded as comple-
mentary to the one cited above, the problem of the correct
interpretation of the probe readings obtained during down-



stream cascade traverses, 1is taken into consideration. To
this aim it is required, 'on the one hand, to evaluate the
probe  response - during its calibration in a flow of known
characteristics, and, on the other hand, to set up a data
reduction procedure suitable to reach the correct values  of
the flow under investigation from the probe readings. :

in the paper, after a brief description of the adopted
instrumentation, especially as far as data acquisition and

elaboration techniques are concerned, the data reduction
problem is considered in detail and a newly developed: non
iterative method is presented, that, in -authors’ opinion,

can offer some advantage when compared with other_ existing
approaches. : ; .

2. Instrumentation

- The apparatus.usedvté calibrate.the probe is schematic-
ally. shown in-fig. 1, together with the instrumentation
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adopted to .obtain an automatic data acquisition' and data

elaboration for the five pressure values measured during the
calibration : - : o

Per D, {Piest — Driant) : (probe preséuré réadings)
Pa.res, p;"r ;; : (tunnel pressure readlngs),

All pressureS‘are-converted Lo voltages by callbrated
Schaewitz transducers .of different measuring range, for
which the reference pressure is atmospheric. o

" The - data -~ acquisition .- system - consists of . the
input/output. device which performs . sampling, multiplexing
and analog/digital conversions; and the computer, which is
used both to control the acquisition unit and to perform the
data processing. The processed data can then be stored or
displayed in graphical or numerical form .and £finally sent
to - the computer  .peripherals (printer and-plotter).- ~The
system 1is based on the HP 3497A data acquisition/control
unit, whose main features are its 60 multiplexer <channels
capability, its 16 digital inputs and 16 actuator outpuls, a
5% digit, 1 microvolt sensitive DC voltmeter, @ measurement
speed of 300 readings per second.

The «control unit is the HP model 9816 computer. which
has a 9 inch monochrome CRT display, a detached keyboard, a
512 KB memory and two floppy disks. The controller -is inter-

connected with the data acguisition unit and with:the peri-

pherals by means of the HP-IB 1nterface pus, as sketched in
the scheme. : .

The tunnel 1natrumentat10n comprlses also tWo multlman—
ometers connected with the matrix of 9x9 static tappings
described in {1], located on the perspex window in corres-
pondence of the probe head, and a flow-visualizdtion appa-



144

ratus, a single pass schlieren system of the Toepler Lype,
already  discussed in.{1,2}, which alilows to perform both
black and white and coloured schlieren visualizations and is
egquipped . with videocamera and monitor enabling a continuous
inspection and -control of the test section during probe
calibration, :

3. ProBe'Calibration

The - calibration of a combined probe, . such as . those
presented and discussed in [1,3] (a needle static probe and
a wedge probe), by means of the variable geometry transonic
tunnel of Genca University, requires the following sequence
of operatiohs:

- lmposition of the nozzle geometry corresponding to ‘the
desired Mach number by requlating the screw_ jacks of the

- flexible walls with the help of the jigs described in {l];

- insertion and alignement of the probe in the test section;

- after the tunnel is started, verification of the flow
situation in the test sectiocon by means both of the optical
system and of the multimanometer connected -to the 9x9
static tappings;

- relief of the blockage effect, if present, by locally
operating on the nozzle walls as explained in [1];

-~ step by step variation of the pitch angle by means of the
suitable rotating rim linked-to the probe holder;

- acquisition, for every pitch angle, of the five pressure
values. indicated in the scheme of fig. 1.

The above operations. nave to be repeated £for each
calibration Mach number. When all the pitch angles and Mach
numpers have been experimented, -a simpie elaboration proced-
ure ailows to represent the following non dimensional coef-
ficients : - . : ‘

Pe.rer = Pe.prabpe . . Lo .. : : :
Kor' = — - - “total pressure coefficient
( Pt — Da ) ref : . ’ .
. pwarnf - p-n—prnb«.- . ) . .
Kou = . static pressure coefficient
( pt - ps ) ref
( Piere —- prxght')prnn. ; .
Kﬁ = . - directional coefficient

( Pe - ps}rtf‘

compuited for every tested situation, Dboth in a4 Two-dllGen-
sionai and in a three-dimensionai graphical Lorw.

For the needie-static probe, the calibration curves ftor
Ket,  "Rpa, Ky are reported regpectively 1n fig. 2,3,4. Tie
tigs. 5, 6, '7 -show the same coelficients piotted as three
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Jilensiendl surfaces in a spatial reference frame.

Suriig the calibration, a continuous inspection of the
fiow situdtion around the probe py means of the optical
visUailization system has contributed to reach confidence
wilhi  thls type ol tesis 1ncreasing the reliability of the
resuLts. A3 an examp.e, figs. &, 9 show photo visualizations
of  the Llow freid around respectively the needle probe and
“ie wedde probe. The first picture shows the small disturb-
dinces  due Lo the needle probe head and the presence, 1in
Chis el tilcuhiar situation, of a channel normal shock wave
in  the test section, the second picture evidentiates the
typicai disturbances generated by the wedge probe in super-
sonic Lliow.

4. Data Reduction Procedures

As far as the data reduction probiem 1s concerned, Two
different methods have been developed at the Energetics De-
pdartment, University of Genca. 1In both cases a calculation
procedure is defined, based on a manipulation of the calibr-
ation data tLtoward their utilization during automatic tra-
verse dalta interpretation.

The first procedure, represented in block diagram form
in fig. 10, is based on the traditional iterative approach
usually employed for data reduction in transonic range. It
can be summarized in the following main points :

1 ~ choice of tentative values for the reference total and
statbic pressuress; ‘

2 - calculation of the correspondent tentative value for the
Mach number;

3 - calculation of the flow angle by interpolation from the
directional coefficient calibration map;

4 - interpolation from the total and static pressure coef-
ficient calibration maps; '

5 - caiculation of corrected values for the total and static
pressure;

6 - itteration up to Convergence.

The major inconvenience of this indirect procedure,
alonough widely and successfuily used, is the difficulty, in
some  sSituations, especially near Mach = 1., to reach the
convergenve. fFor this reason, a new Jdirect method has been
developed, suitabie aiso for application on mini computer,
that Ls able to produce the actual values of Mach number and
Liow  aigie - of the ftested cascade by means of a solution
dlgorithm  appiied Lo Lthe probe piessure readings, without
Pite sieed Ltwr Lieral ool

Thie provedare roiiows the polaots listed bei%w.
i Matiposation of Liae Calibration maps ol Kee, Kes, K in

wlder to o get o fiivier distribution of the caiibration
cueffouients. Tils s done by means of a two-dimensional
e poaabion  Suwrodtine  that uwtilizes bicubic spline

-
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interpolation to approximate the function values at the

non-mesh points. In this way new calibration maps with
finer grid are obtained.
2 - . Introduction of alternative non- dlmen51ona1 coefflclents

dependlng only on the probe pressure readings:

S L S

¥-1 X
Pu.probe
for ¥ = ——mm™ >.528
Pt.probe ’

B = Al + X* (A2 + X* (A3 + X* (A4 + X* (AD + X¥*
(A6 + X* (A7 + X* (A8 + X* (A9 + X* (AlO0 +
+ X))

ps-prahl .
‘ for X = —mm— . {.528

pt Probre
where Al; AZ,....AlO are constants determined through
the inversion of the Rayley formuia

1 .=Ij(’a'+l)2.r'3= } —3’1-7 1- % +29B*

X 49 B*-2(9 -1)- A+ 1
(plcft - privht}probl
by o = —
: Pt.probe ~ p-.prnbn
Pt .erobe
o E. Do
pt.rm“.

3 - The introduced coefficients @, b , g are calculated for
each mesh point of the calibration maps. It can be
argued from their definition and it can be seen_in
the results that f is sensitive to the Mach number, & to
the pitch angle, and & to the total pressure..The figs.
11, 12, 13 show the variations of f, & , £ with the
flow angle, taking the Mach number as parameter. - In
fig.14 a three dimensional representation of the Mach
number surface in function of B and ® is presented. The
saime representation for the flow angle surface is shown

in £ig.l1l5. _ ,
4 - Representation of the iso-Mach lines and of the 1iso-
angle lines in the plane R, 9 . As can be seen: from fig.

16, the iso-Mach and iso-angle lines cross eacnn other to



form a gquadrilateral grid. _

5 - Search of the quadrilateral mesh containing the input
values %, 3 % corresponding to the probe pressure read-
ings obtained during cascade traverses. This is done by
means of a fast logical subroutine, which computes the
area sign for the triangles formed among the consi-
dered point and the wvertices of the quadrilateral
meshes.

6 - Caiculation of the Mach number and flow angle with the
least squared method applied to_the vertices of- the

- gquadriiateral mesh containing A¥*, * .

7 - Calculation of perer from the previously determirned
calibration map of § in function ¢f Mach number and
flow angle. : _ '

In the outlined procedure, among the points listed
above, the point 3, relative to the graphical representation
of the correspondences between the introduced non dimensio-
nal probe coefficients and the actual flow parameters, can
be obviously by-passed in normal applications, sc allowing a
further reduction of the computer time. Nevertheless the
advantage of this new direct method of data reductiocn, as
compared with the iterative one, rather than to the shorter
time required, is due to its ability to attain the solution
without problems of convergence. This is shown, although for
a limited number of cases, in fig. 17, where the values of
Mach number and flow angle obtained by using the new direct
technique are compared with those given by the iterative
procedure in correspondence of 6 different flow situations.
In the figure, the dotted lines evidentiate the intervals of
non convergence for the iterative procedure in three flow
situations, whilst in all the examined cases the solutions
are univocally determined by the new direct procedure.

5 - Conclusions

The discussion carried out allows some conclusions
to be drawn

~ the wvariable geometry transonic tunnel of the Genoa Uni-
versity and the correlated instrumentation are suitable to
perform semi automatic probe calibration with a high de-
gree of reliability;

- the calibration procedures adopted for combined <cascade
exit survey probes are to be considered satisfactory in
the whoie range of Mach numbers of interest, including the
transonic range; '

- the newly developed, non iterative data reduction proced-
ure presented in the paper has the advantage, if compared
withh other methods, to give the desired cascade £flow
values both by reducing the computer time and by avoiding
problems ¢f convergence.
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A iterative method

O new direct method
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