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Abstract

When applying pneumatic probes within aerodynamic research there is a demand of
calibrating these probes. Especially at transonic velocities there is a general lack of
sensitivity resulting in big errors. To overcome this problem it is necessary to include
additional information — the pressure behind the probe — into the calibration process.

In this report the wind tunnel for probe calibration and the probe of interest are
described as well as the applied calibration process. Results are compared with and
without considering the back pressure in the probe’s wake.
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Notations:

Wind tunnels:

RGG
EGG
NGG

SEG

Ma
Re

=

oSy -HO=

Po
Pos
Psi
Psr
Pou
Psm

Cwma
CMab
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Windkanal fur Rotierende Gitter Goéttingen (rotating cascades)
Windkanal fur Ebene Gitter Gottingen (straight cascades)
Niedergeschwindigkeits-Gittermessstrecke Gottingen (straight
cascades and low velocity)

Sondeneichkanal Géttingen (probe calibration)

Mach number
Reynolds number

Incidence angle of the probe
Radial angle of the probe

Adiabatic index (y=1.4 for the air)
Heat capacity

Temperature

Specific gas constant

Flow velocity

Enthalpy

Total pressure

Stagnation pressure of the probe (middle hole)
Left tube pressure

Right tube pressure

Back tube pressure

Mean of pg and ps

Pressure coefficient relative to a
Mach number coefficient calculated from psm and pos
Mach number calculated from ppy and pos

-1V -
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[. Introduction

I.1. Presentation of DLR

DLR (Deutsches Zentrum fur Luft- und Raumfahrt) is the German center for
research in aeronautics and aerospace. It is involved in many research projects
national as well as international.

It was created in 1969 from the merge of three German centers of research:

= AVA (Aerodynamische Versuchsansalt Gottingen), experimental laboratory
of aerodynamics at Gottingen, founded in 1907 by Ludwig Prandtl;

= DVL (Deutsche Versuchsanstalt fur Luftfahrt), German experimental
laboratory of aeronautics, created in 1912 ;

= DFL (Deutsche Forschungsanstalt fur Luftfahrt), German laboratory of
research in aeronautics, founded in 1936.

Today, DLR employs nearly 5000 people at several sites in Germany and in the
World: KéIn-Porz, Berlin-Adlershof, Bonn-Oberkassel, Braunschweig, Géttingen,
Lampoldshausen, Oberpfaffenhoffen, Stuttgart, Bruxelles, Paris and Washington.
DLR also established partnerships with other research centers like EREA
(Etablissements de Recherche Européens en Aéronautique), NASA, NASDA (Japan)
and the Russian research.

The different programs studied at the DLR cover a large spectrum of disciplines,
such as:

fluid mechanics

flight mechanics

energetics

materials

mechatronics and robotics
telecommunications and high-level electronics
optics

biophysics

404800003070
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The site of Gottingen is one of the most famous aerospace research centers in
Germany. Research here is focused on aerodynamics, aeroelasticity, turbines and
acoustics.

| completed my training course in the turbine department, specialized in the study of
turbine blades. This department owns four wind tunnels to study different kinds of
flows:
*SEG (Sondeneichkanal Goéttingen) to calibrate probes.
*RGG (Windkanal fur Rotierende Gitter Géttingen), for the study of turbine
stages.
* EGG (Windkanal fur Ebene Gitter Gottingen) for the study of straight
cascades.
*NGG (Niedergeschwindigkeits-Gittermessstrecke Gottingen) has the same
function as EGG but allows for larger models at lower flow velocities.
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I.2. Subject of the training course

In order to study turbine cascades, the department « Antriebstechnik-
Turbine » needs pressure probes. However, before using these probes, they have to
be calibrated. That's why DLR designed a wind tunnel specifically intended for probe
calibration.

The main task of my training course was to calibrate a four-hole probe at the SEG for
use in other wind tunnels, like the RGG.

This task can be divided into three steps: firstly, we will determine the coefficients
which will be used along our study. Secondly, we will proceed to several
measurements with our probe in the SEG by changing independently the Mach
number and the Reynolds number. Thirdly, we will study all the data acquired and we
will try to set up equations describing the behaviour of our probe.
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[I. SEG wind tunnel

Figure 2: SEG wind tunnel

I1.1. Description of the wind tunnel

The wind tunnel is a closed circuit where dried air is blown. In order to reduce
operating expenses, SEG shares with RGG two compressors of 90kW. Used
independently or in parallel, their compression ratio is 3 and they provide an air flow
of 43 m?s.

Cooling units are located downstream of the compressors, allowing to maintain the
fluid at a desired temperature between 22°C and 42°C.

A compressed air reserve as well as a vacuum pump respectively located upstream
and downstream of the test section allows obtaining a total pressure between 30 kPa
and 290 kPa.
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Figure 3: Diagram of the SEG circuit
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The test section is located in a large chamber where probes up to 700 mm long can
be installed. Motorized systems controlled by a computer allow setting the probe at
different positions. The air passes first filters and a grid to be homogenized, then an
exchangeable nozzle before arriving at the probe. This system of exchangeable
nozzles provides a good flexibility to the SEG and allows choosing precisely the

desired Mach number.

exchangeaoble nozzle

et e

i
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.H_._._.
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probe holder
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Figure 4: Test chamber of SEG
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By choosing the right pressure and the right nozzle, this wind tunnel, gives us the
ability to set a Mach number independently from the Reynolds number. Indeed, the
Mach number is a function of the ratio between the total pressure, po, and the
pressure in the test chamber, p, according to the following equation:

for an adiabatic flow and a perfect diatomic gas. We will develop this formula later in
this report.

SEG opegates at Mach numbers between 0.2 and 1.8 and Reynolds number from 10°
to 2.1*10".
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Figure 5: Range of operation
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I1.2. Operation of the wind tunnel

Two computers allow the control of the SEG.

The first one runs the SIMATIC software (Siemens) which controls in real time the
Mach number, the temperature and the desired pressures.

Figure 6: Screenshot of the wind tunnel control software (SIMATIC main window)
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The second one runs the LabVIEW software which collects all the data from the
measurements applying the DatSEG program. It enables also to control the
positioning of the probe during the calibration process.

| Pyramidensonde

P925_020.04T

Figure 7: Screenshot of the probe control software (LabVIEW)
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lll. The probe

I11.1. General information about pressure probes

The design of a probe must obey several criteria. Indeed, due to the intrusive
nature of this type of measurements the influence of the probe on the flow
characteristics has to be limited as well as the accuracy of the measurements kept.
As a result we have to take in account these following criteria:

= 1- Mechanical criterion: the probe has to resist its conditions of use from
the mechanical point of view.

= 2- Criterion of adaptability: the probe should be applicable for different
test campaigns.

= 3- Aerodynamic criterion: the probe inevitably modifies the behaviour of
the flow around it. It will thus be necessary to reduce the disturbances to the
minimum and, accordingly, to optimize the shape.

= 4- Criterion of manufacture: the probe has to be machined, in spite of,
generally, its small dimensions.

Moreover, the user of the probe has to limit the measurement errors, which are static
or dynamic. This can be carried out during a trial run:

= by minimizing the number of measurements with the probe;

= by choosing the coefficients of calibration adequately.



IB 225 - 2008 A 05

I11.2. Description of the probe

The probe, which was built here at DLR Gottingen, will be called RRT6 probe.
It is made of three tubes one-millimetre in diameter welded side by side and folded at
90° at their end. This particular shape (« cobra » probe) allows introducing the probe
in very narrow spaces, such as between a stator and a rotor of a turbine. Although
this configuration isn’t perfect (the stem of the probe affects the flow), this kind of
probe is very easy to manufacture at low cost. The left and right tubes are bevelled to
45° at their end. There is also a thermocouple in the front of the probe and a fourth
tube at the back of the probe, which is not folded like the others one, but bevelled
backwards 45° at its end.

A
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Gesamilinge |- 30 - 25—
ea. 700 mm
Kunststoffrohr
7

L. ..

Sehnitt A—B Sehnitt C-D Lingsschnitt
Sendenkopf 0.5 mm

Kunststaffrohr

5 Rihrchen
guen 1,0 mm =
Innen 0.8 mm

| Mitta
———————————— 7 Sondenschaft

——————— m|

i Thermeslerm ent

1 men Réhrchen zusommaengeldtet,
hohe Festigkelt nitig,
Temperatur bla 130°C

3 mm—

- & mm =l
2.5 mm—

(maghchat <2,5 mm)

Figure 8: Sketch of the RRT6 probe

-10 -
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Therefore, we have 4 pressure tappings that were named as follows:

=> psl: left tube (when we look directly face to the probe))
=>» psr: right tube

=>» pOs: center tube (Pitot pressure)

=>» pbu: back tube

pbu
Figure 9: Photograph of the probe

-11 -
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V. Theoretical study

IV. 1. Basic equations

Calibrating a probe means to study how the probe reacts to a flow the
characteristics of which are known. Then we are going to establish the equations of
the behaviour of the probe in order to use it for its initial purpose: find the
characteristics of the flow from the pressures given by the probe.

Nevertheless, before doing this we have to define dimensionless coefficients from the
raw data acquired by the probe.

If we have: psm = w
We define: Cu= _psl = psr. (2)
pOs— psm

Cwva = Ma(psm, p0s) (2)

Cwab = Ma(pbu, p0s) (3)

where the Mach number is obtained from the following formula:

1y

2 p |7
Ma(p,po) = |[—||—| -1 4
a(p,po) H[pJ (4)

with y = 1.4 for air.

-12 -
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IV. 2. Calculation of Mach number in SEG

Let’s derive the formula which gives the Mach number from the total pressure
po and from the pressure in the test chamber p. We will consider air as a perfect gas
and the flow in the SEG as steady and adiabatic.

2
u
h + — = const.
2
u2
which can also be written: CpT + o = CpTO = const.
T 2
LI .
T 2C ol
applying: Cp = % (Mayer formula)

We find:

Ma="=_"
C JRT
2
To _q, y-1)Ma
T 2

-13 -
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Finally, if we consider the flow as isentropic, we can use the Laplace law:

7
Po _(To
p \T

SO: &=(1+7/—_1Ma2)y_1

And we get the Mach number according to the following formula:

-14 -
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V. Probe calibration

V.1. General procedure

We are going to do several measurements with our probe in the SEG, at
different Mach numbers and different Reynolds numbers. We then plot the results
applying the software TECPLOT. We have to find the best interpolation of our plots
in order to be able to get the flow values from the pressure coefficients.

V.2. Measurement program and positioning of the probe

To calibrate the probe, we have to record the pressures given by the four
tapping points of the probe at different angle values. The probe can be rotated
according to two angles:

= the incidence angle a (from -30° to 30°)

= the radial angle p (from -10° to 10°)

Figure 10: Angles of rotation of the probe

- 15 -
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For each measurement point, the probe stops moving for half a second, which is
sufficient for the flow to become steady again around the probe. The total pressure
in the inlet will be set either to 100kPa or 30kPa in order to have different Reynolds
numbers for the future use of the probe in the RGG. The temperature will be around
22°C.

The calibration of the probe covers a wide range of Mach numbers, beginning at
Ma=0.2 and ending at Ma=1.8. We thus obtain measurements for 18 different Mach
numbers. To achieve these velocities, we utilize in the SEG a subsonic nozzle (Ma =
0.2 - 0.9), a transonic nozzle (Ma = 0.95 - 1.3) and three supersonic (Laval) nozzles
(Ma=14,1.6,1.8).

Before staring the probe needs to be aerodynamically centered, because its

« geometrical zero » according to o can differ from its « aerodynamic zero ».
Therefore the probe is positioned in the SEG face to the flow, and then when the air
runs at a fixed Mach number, the probe rotates according to a from -30° to +30°.
Finally, the LabVIEW software acquires and saves all the pressure data, we only
have to check the incidence angle which is associated with psl = psr. This angle will
be the « aerodynamic zero » of our probe and all the further measurements will be
referred to this angle.

The raw data from the LabVIEW software aren’t easily processable, so an existing
program written in FORTRAN will rearrange the data in order to be able to use them
directly in TECPLOT.

s237_080.dat
* Makm  pkmean  Tomean 3 RRTé-Sonde ZB9A7
#* 68.5682 B.0545 ZZ.5@
# alpha  beta Mar Mad piEl phs psl psr pbu  calfa cma Tel  qTes[%] TE1-TB= rTHs  cmab
ZOME T="MaB.3@", I=23, 1= 5

-38.8 -18.8 B.5020 B.5965 160.8875 @.8956 6.6167 B.9795 B.E548 -3.6897 @.4151 ZZ.48 1.1226  3.32 B.9815 6.5669
-Zh.A  -18.8 B.7954 A.587 99.5413 0.9245 B.0401 B.9783 A.EB46 -Z2.70990 B.4424 22,43 1.8997  3.26 B.9827 B.5850
-2A.8  -18.8 B.7999 A.0BE 99.8738 0.9459 B.7EEE B.9558 B.B516 -Z.1R45 B.4412 22,48 1.B883  3.22 B.9841 B.9128
-16.8 -18.8 B.5AB7 A.085 99.5491 B.9593 B.7365 B.9398 A.B514 -1.6666 B.44553 22.43 1.8861 3.21 B.9845 B.59:258
-14.8  -10.8 ©.3084 ©.503 90.3144 ©.96BD A0.7497 ©.9200 @.BEOl -1.4264 B.4B80 22,40 1.8799  3.19 B.9840 A8.9334
-12.8  -18.8 B.7995 @567 99.7787 0.9696 B.7035 B.91587 A.BRAL -1.7807 B.45RE 22.43 1.8728  3.17 B.98R4 B.9370
-1A.8 -18.8 B.5ABZ A.089 99.7493 A.9736 B.7796 B.9A55 B.EEAS -RA.9951 A.4563 22.43 1.87V23 3.17 B.9855 B.5481
§.8  -16.8 B.5886 A.369 99.7374 B.9769 A.79531 B.5974 A.5EE9 -B.7923 B.4895 Z2.43 1.8622 5.14 B.986E  B.9429
-6.80  -18.8 B.0815 @0.518 99.7365 ©.9792 0.0004 ©.0552 A.BE0B -0.5918 B.4622 Z2.40 1.8865  3.1Z B.9673 6.9404
-+.8  -18.8 B.7982 BA.798 99.5423 A.9512 B.5231 B.87408 B.50BE -B.3335 B.46682 22,47 1.8572  3.13 B.9848 B8.9322
-2.8  -18.8 B.7961 A.585 99.6773 A.9516 B.5553 B.0688 A.ERT -A.1842 B.4625 22.43 1.8585  3.13 B.9859 B.9378
8.8 -16.8 B.7968 B.384 99.7263 0.9514 A6.5456 ©.5467 B.5586 B.8139 0.4623 Z2.45 1.8894 3.153 B.96853 B.9346
Z.8  -18.8 B.5812 A.5A9 99.7998 0.95A7 A0.5682 B.5307 A.BER9 B.2182 0.40h4 E2.49 1.8662 5315 B.9864 0.93583
4.8 -18.8 B.7994 B.383 99.70BE B.9796 A.8729 B.5160 A.BEG9 B.4235 B.4668 22.45 1.8VA4 G316 B.986E  B.9357
6.8 -18.8 B.5AEE A.589 99.5B@9 B.977H A.0543 B.7991 A.BEY1 B.6271 B.4673 22.45 1.8763  3.18 B.9862 B.9335
§.8  -16.8 B.5829 B.812 99.5457 B.9746 @.5951 B.781Z B.B561 B.83B0 8.4691 Z2.45 1.8518 3.28 B.9854 B.9323
a8  -18.8 B.5013 A.5168 99.5944 A.97858 0.9954 B.7637 A.EETI 1.A396 B.4699 22,43 1.8585 3.19 B.9851 @.927@
128 -18.8 B.5819 A.G18 99.7197 A.9667 B.9145 B.7453 BA.EBVY 1.2483 B.4Y17 22,47 1.8821 3.28 B.96858 B.9221
14.8 -18.8 B.5A54 A.515 99.7231 A.9614 B.9229 B.7232 A.EB2Y  1.4427 B.4¥eb 22.47 1.8861  3.21 B.9855  B.9:254
6.6 -168.8 9,7996 A.799 00,6033 B.0B6E 0.9330 ©.7857 A.B6ET 1.6B28 B.4726 22.47 1.89B1  3.24 B.9834 A@.5097
2R -18.8 B.7990 A.GEE 99.6973 A.9421 B.9450 B.0013 A.ERVR Z.AG0A B.4088 22,47 1.1842  3.20 B.9826 B.5993
Zh.8 -18.8 B.5RA27 A.512 99.7944 A.9184 B.9028 B.6A97 BA.EB2E 2.6695 B.4YT1 22.47 l.1266  3.33 B.9813 B.5833
a8 -18.8 B.5832 B@.817 99.9171 @.8395 B.9715 B.5669 BA.B4TT 3.3641 B.4684 ZZ.48 1.1416 3.35 B.96812 B.5621
-38.8 5.8 B.5659 @.513 99.729% B.9661 @.0817 A.95YE A.B477 -3.4914 B.4384 2246 11231 3.32 B.9EES  B.57E6B
-26.8 -5.8 B.0883 B.589 99.6869 B.9324 B.0495 B.97Y5 B.B44E -2.7591 B.4468 22047 11867 3.27 B.9EES B.9121
-28.8 -5.8 B.0881 BA.587 99.6695 B.9562 B.6957 B.%:23 B.5364 -2.1152 B.4514 22.47 1.889%  3.22 B.9848 B.9466
-16.8 -5.8 B.3863 B.587 99,7319 B.969% B.734Z B8.9468 B.B337 -1.63658 B.4BTL Z2.48 1.8879  3.22 B.9843 B.9643

Figure 11: Example of a data file for use with TECPLOT

-16 -
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During the calibration, we encountered a problem: we could not come down to
30kPa total pressure with supersonic flows. The inlet pressure of the compressor 2
was below 15 kPa which prompted the automatic control system of the SEG to stop
the compressor. We had to choose the lowest total pressures that we could reach,
which were:

- po = 35 kPa at Ma= 1.4
- po = 40 kPa at Ma= 1.6
- po = 51 kPa at Ma= 1.8

Nevertheless, it will not be a problem for the future use of the probe. Indeed, once
positioned between a stator and a rotor of a turbine, where the flow is supersonic,
the total pressure is about 100 kPa.

V.3. Characteristics of the probe in a three-dimensional flow field

As we obtained numerous data (almost 150 plots with TECPLOT) it will be
impossible to detail all the results. That's why we will study results for only specific
Mach numbers, other results will be shown in the annex.

After importing raw data in TECPLOT, we plotted the evolution of C, and pos
against o and B in order to study the three-dimensional behaviour of the probe. Here
are the results:

-17 -
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=>» Subsonic flow:

po= 30 kPa:

Po=30 kPa
Ma=08

C

o
|5 [ N N N N N B |

-3.274 2,816 -2.359 1902 1445 0988 -0.531 0074 0383 0.840 1.297 1755 2.212 2.669 3126

230 -20 -10 0 10 20 30
Gl

Figure 12: Evolution of C, against « and g at Ma=0.6 and po=30kPa

Po=30 kPa
Ma=0Hhk

Pos
T [ [ [T T T T [ T [ e

0.931 0.935 0.940 0.944 0.949 0.954 0.953 0.963 0.967 0.972 0.977 0.981 0.936 0.990 0.995

10

_1q30 -20 -10 0 10 20 30

ol

Figure 13: Evolution of pos against « and gat Ma=0.6 and p,=30kPa

-18 -
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po= 100 kPa:

Po=100 kPa
Ma= 0.5

COL
([N N N [ N I A N M——

-3.273 -2.825 2377 1.928 1.480 1.031 -0.583 -0.135 0314 0.762 1.211 1.659 2108 2.556 3.004

T oap -20 -10 0 10
G

Figure 14: Evolution of C, against « and g at Ma=0.6 and p,=100kPa

Fo= 100 kPa
Ma=05

Pos
B [ [ T [ T T [ T [ oo

0.930 0.935 0.939 0.944 0.948 0.953 0.957 0.962 0.967 0971 0.976 0.930 0.985 0.959 0.994

_1q30 -20 -10 0 10 20 30

ol

Figure 15: Evolution of pps against « and g at Ma=0.6 and po=100kPa

-19 -
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=>» Transonic flow:

po= 30 kPa:

Po=30 kPa
Ma=1,15

C

o
B 7 T 7 T T 7 T [ T [T

-2.915 2,498 -2.081 1665 -1.248 -0.831 -0.414 0.002 0.9 0836 1.252 1.669 2.086 2502 2919

10

1035 -20 -10 0 10

o

Figure 16: Evolution of C, against « and g at Ma=1.15 and po=30kPa

Po=30 kPa
Ma=115

Pos
Y [T T T T T T 7T 7 e

0.871 0.479 0.888 0.896 0.904 0.912 0.921 0.929 0.937 0.946 0.954 0.962 0.971 0.979 0.987

_1q30 -20 -10 ] 10 20 30

e

Figure 17: Evolution of pps against « and g at Ma=1.15 and po=30kPa
-20 -
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po= 100 kPa:

Fo=100 kPa
Ma=115

Co
[ [N I [ N N N

-2.923 -2.514 2105 1696 -1.287 -0.879 -0.470 -0.061 0.348 0.757 1.166 1.575 1.984 2.393 23401

T oap -20 -10 0 10
G

Figure 18: Evolution of C, against « and g at Ma=1.15 and po=100kPa

Po=100 kPa
fa= 1,15

Pos
7 [ [ [ [T T [ [ [ T TN

0.8667 0.875 0.884 0.892 0.901 0.909 0.918 0.926 0.935 0.943 0.952 0960 0.969 0.977 0.986

=30 -20 -10 0 10 20 a0
oL

Figure 19: Evolution of pos against « and g at Ma=1.15 and p,=100kPa

-21 -



IB 225 — 2008 A 05
=» Supersonic flow:

po= 40 kPa:
Po=40kPa
Ma= 15
C(I
BT [ 7 T T T 7T T T [T [ T

-2.868 -2.454 -2.0M 1627 1.214 -0.800 -0.387 0.027 0440 0854 1.267 1.681 2.094 2.508 2.921

-30 -20 -10 0 10
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Figure 20: Evolution of C, against « and g at Ma=1.6 and p,=40kPa
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Figure 21: Evolution of pps against « and g at Ma=1.6 and po=40kPa
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po= 100 kPa:

Po=100 kPa
Ma=158

CO\C

2887 -2.476 -2.066 1.656 -1.246 -0.836 -0.426 -0.015 0.395 0.805 1.215 1.625 2035 2445 2.856

Figure 22: Evolution of C, against ¢ and g at Ma=1.6 and p,=100kPa

Po=100 kPa
Ma=1p

Pos
T [ [ T T T 1T 7T [ 1T [

0.775 0.783 0.791 0.798 0.8306 0.814 0.321 0.529 0.837 0.845 0.852 0.860 0.563 0876 0.383

Figure 23: Evolution of pos against « and g at Ma=1.6 and po=100kPa
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We can notice that for all Mach numbers and all total pressures, the pressure
coefficient C, is independent of the radial angle  with the exception of high
incidence angles (|¢| > 20°). This will be useful to determine the incidence angle a.

On the other hand, the stagnation pressure, pos, measured by the probe is
dependent on both, incidence angle and radial angle.

This behaviour is similar for all Mach numbers and all the Reynolds numbers of the
calibration.

V.4. Incidence angle effects

V.4.a. Determination of « from C,

If we plot the evolution of the pressure coefficient, C,, against the incidence
angle a, we notice that, for all Mach numbers, we obtain a linear relation. This
relation is visualized by a linear fit for incidence angles between -16° and +16°.
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=>» Subsonic flow:
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Figure 24: Evolution of C, against « for subsonic flow and p0O=30kPa
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Figure 25: Evolution of C, against « for subsonic flow and po =100kPa
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=>» Transonic flow:
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Figure 26: Evolution of C, against « for transonic flow and po =30kPa
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Figure 27: Evolution of C, against « for transonic flow and po =100kPa
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=» Supersonic flow (only for po = 100kPa):

_| RRTS, Po= 100 kPa |

o)
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Figure 28: Evolution of C, against « for supersonic flow and pp, =100kPa

Once again, these results remain valid for all Mach numbers and all Reynolds
numbers.
The linear behaviour of the pressure coefficient allows to write:

Co=a;-a+ag
We observed that ao could be neglected (values around 10 and 107), so the final
equation is:

Co=a;r a (5)
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The different a; coefficients for -16°< o < +16° are listed below:

=>» Subsonic flow:

po= 30kPa
Ma ai
0.2 0.1092
0.3 0.1040
0.4 0.1039
0.5 0.1030
0.6 0.1026
0.7 0.1026
0.8 0.1026
0.9 0.1027

po= 100kPa
Ma a
0.2 0.1027
0.3 0.1010
0.4 0.1001
0.5 0.1015
0.6 0.1019
0.7 0.1023
0.8 0.1025
0.9 0.1024

=>» Transonic flow:

po= 30kPa
Ma a
0.95 0.1029
1.00 0.1026
1.05 0.1021
1.10 0.1017
1.15 0.1017
1.20 0.1017
1.25 0.1015
1.30 0.1014
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po= 100kPa

Ma a

0.95 0.1023
1.00 0.1021
1.05 0.1019
1.10 0.1019
1.15 0.1016
1.20 0.1015
1.25 0.1015
1.30 0.1016

=>» Supersonic flow:

Only for pp= 100kPa because of the limitations of the compressor.

Ma ai

1.4 0.1013
1.6 0.1010
1.8 0.09812

Thus, we get a mean value of the coefficient a; =0.10215 + 0.54 E-3

We can now easily determine the incidence of the air flow on the probe by
calculating the pressure coefficient C, thanks to equation (1) and to obtain o from
the equation (5). Besides, this method will allows us to find the « aerodynamic zero »
very quickly.
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V.4.b. Study of the probe at zero incidence

The figures 29, 30 and 31 show the evolution of the coefficient Cy, against
Mach number for the total pressure pp = 100 kPa with o= 0 and 3 = 0.

2

0.5 /
Probe RRT6 /

045 Po=100 kPa -

04 /,/
0.35 /

03 // o
0.25 // =

0.2 /

Cma

015- 1 L 1 1 1 L 1 L 1 1 1 L 1 1 1 1 L 1 L 1 1 1 1 1 1 1 L 1
0.2 03 0.4 05 06 0.7 0.8 0.9
Mach number

Figure 29: Evolution of Cy, against Ma for subsonic flow and po= 100 kPa
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Figure 30: Evolution of Cy, against Ma for transonic flow and po= 100 kPa
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067

066

Probhe RRT6
Po= 100 kPa

065
064

063
062

0.61
06

Cma

059

yd

058

057

056
055

.
=

16
Mach number

17

1.8

Figure 31: Evolution of Cy, against Ma for supersonic flow and pp = 100 kPa

Once the probe is calibrated, we are able, thanks to these plots, to find the velocity
of the flow from the coefficient Cy,. Subsonic and supersonic speeds allow finding
Ma from Cy, easily. But for the transonic speeds, we can see on the Figure 30 that
the curve has locally a negative gradient. This phenomenon is due to a shock wave
in front of the probe which causes subsonic conditions at the pressure tappings; this
wave is getting closer to the probe when the Mach number increases, but the
conditions at the pressure tappings remain subsonic. As a result, there is a lack of
information at transonic speeds.

This transonic « zero gradient » phenomenon affects the determination of the Mach
number and creates errors because a small variation of Cy, covers a wide range of

Mach numbers.

-31 -



IB 225 — 2008 A 05

Here is a schlieren picture of the probe during the
calibration process at Mach 1.4. Schlieren pictures
allow highlighting areas where the gas density
suddenly changes thanks to the deviation of the
light. The larger the density gradient, the more the
light is deviated. On this picture we can see the
shock wave in front of the probe and the separation
of the flow at the back of the probe.

Figure 32: Schlieren picture of the probe
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We can observe this problem on the figures 33 and 34 which represent now the
evolution of the Mach number against Cya.

# 30 to 51 kPa, Probe RRT6
M Fit

o
o
i
o
N

0,3 0,4 0,5 0,6 0,7 0,8
Cma

Figure 33: Evolution of Ma against Cy, for pp=30 to 51kPa

¢ 100 kPa , Probe RRT6
B Fit

0 0,1 0,2

0,3 0,4 0,5 0,6 0,7 0,8
Cma

Figure 34: Evolution of Ma against Cy, for po= 100 kPa

We will talk about these fits further in this report.
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V.4.c._The transonic problem for the determination of the Mach number

To get rid of this problem, we will take advantage of the fourth pressure
tapping at the back of the probe measuring the pressure py,. This tube is located in
an area where the flow velocity is still subsonic (downstream of the shock wave and
in the wake of the probe), so the probe will be far more sensitive to a pressure
variation. If we consider equation (3), and if we plot the evolution of the Mach
number against Cuap, the « zero gradient » disappears for transonic flows, and the
determination of the Mach number is more precise.

¢ to51 kPa, Probe RRT6 30
m fit

0 0.5 1 1.5 2 25
Cmab

Figure 35: Evolution of Ma against Cyap for po= 30 to 51 kPa

© 100 kPa , Probe RRT6
W fit

Cmab

Figure 36: Evolution of Ma against Cyap for po= 100 kPa
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These curves were fitted by the following functions:

C,,. —0.527 C,,. —0.527
|\/|a=b0+b1>< ( Ma 0)5 2X ( Ma 0)7
ICya —0.527] ICya —0.527]"
Where:

Probe RRT6 30 a 51 kPa 100 kPa
Coefficient bg 1.124711223017 1.15510659458
Coefficient by 1.443185445788 1.4861884779
Coefficient b, 0.0222934922878 0.040941033949

Polynomial function of Cyap:

Ma=g,+ g x(Cyp)+ 0, x (CMab)2 +0; X (CMab)3 +0, X (CMab)4 +0s X (CMab)5 + Qg X (CMab)G +0; % (CMab)7

where:

Probe RRT6

30 a 51 kPa

100 kPa

Coefficient go

-0.3225466461649

-0.373381399514

Coefficient g;

3.869297067202

3.940303837422

Coefficient gz

-10.47696194858

-9.37331497695

Coefficient g3

16.27384862194

12.08893627133

Coefficient g4

-12.33385166483

-6.504600173734

Coefficient gs

4.418654255879

0.5919247647549

Coefficient ge

-0.5982357629218

0.5915794349819

Coefficient gz

-0.1410152394165

Thanks to these coefficients and these fit functions, we are now able to get with a

quite good precision the flow velocity from the pressures given by the probe.
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V.5. Error sensitivity

We wanted to know how an error on the stagnation pressure pos could affect
our calculation of the Mach number. So we added to our values of pos an error of
0.1%, which spread in our calculations: new pos, new Cwa coefficient which, once
injected in our fit function, gives a new Mach number.
The final error is described as:

error =old Mach number — new Mach number

Results obtained for ppo = 30 to 51 kPa:

Ma Error computed from Error computed from
CMa CMab
0.2 0.006279612 0.004475113
0.3 0.01260087 0.009600603
0.4 0.018604019 0.010916716
0.5 0.019198992 0.011753944
0.6 0.016031805 0.003648256
0.7 0.006758402 0.02462669
0.8 0.004710999 0.002833135
0.9 0.012600779 0.012657851
0.95 0.016711748 0.006116905
1 0.007109954 0.007990864
1.05 0.013231746 0.005839854
1.1 0.048200076 0.021081748
1.15 0.004920327 0.006969407
1.2 0.000413756 0.008051434
1.25 0.021793126 0.005304657
1.3 0.018508777 0.000219402
1.4 0.029352356 0.011559107
1.6 0.045011247 0.01304997
1.8 0.030635246 0.006049075
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This was plotted against the Mach number:

Po=30to 51 kPa

0.05

0.04

error
o
o
[

0.01

Ma

—e— Computed from Cma
—=&— Computed from Cmab

Figure 37: Evolution of the error against Ma for pp= 30 to 51 kPa

When the Mach number is computed from Cwa (blue curve), we can see that the
error on pos begins to have a significant impact on the calculation of the Mach
number for transonic and supersonic flows. On the other hand, when the Mach
number is computed from Cyab (pink curve), an error is still present but less

important (between 0.0002 and 0.025).
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Same procedure, for pp = 100 kPa:

The results were plotted:
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Ma Error computed from Error computed from
CMa CMab
0.2 0.003455555 0.006042992
0.3 0.011615299 0.009367573
0.4 0.014035767 0.005198751
0.5 0.01483303 0.013579558
0.6 0.010583185 0.004838935
0.7 0.003831044 0.018673784
0.8 0.001984011 0.010519003
0.9 0.007903073 0.00845876
0.95 0.016304456 0.003397662
1 0.020683636 0.008141015
1.05 0.041661297 0.006994561
1.1 0.002013759 0.003790201
1.15 0.07850483 0.018174007
1.2 0.115074279 0.002895968
1.25 0.138908574 0.002683272
1.3 0.046023817 0.011165046
1.4 0.05066408 0.033129569
1.6 0.034662282 0.019333817
1.8 0.008390101 0.008844278

error

Po= 100 kPa

—e— Computed from Cma
—=— Computed from Cmab

A

VAN

i NEC 1V,

N

0.2 0.4

0.6

0.8

1 1.2
Ma

16

18 2

Figure 38: Evolution of the error against Ma for po=100kPa
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We can see as before that for transonic and supersonic flows the error on pos
seriously affects the determination of the Mach number when it is computed from
Cwma, Whereas the calculation from Cya, remains relatively stable.

Once more the shock wave ahead of the probe is responsible for this error sensitivity

in transonic and supersonic flows. The fourth pressure tapping works very effective
in such cases to reduce the error.

VI. Conclusion

All the data acquired thanks to the SEG allowed us to understand the
behaviour of our probe. We have defined coefficients useful for the calibration of the
probe and fit functions which will give us the Mach number of the flow. We
encountered a technical problem which prevented us to maintain a 30kPa total
pressure for supersonic flows during the calibration process. Nevertheless, in the
future and for supersonic flows, the probe will be used with a 100 kPa total pressure
only, a domain which was successfully calibrated.

What this training course highlighted, is the good effectiveness of the fourth tube
located at the back of the probe. On one hand this pressure tapping is less sensitive
to an error due to a shock, and on the other hand it avoids the transonic « zero
gradient » problem and provides a more precise Mach number for transonic speeds.
But, as every intrusive measurement system, this probe will always have an impact
on the flow and will always modify it, which will bring errors. But the use of non-
intrusive optical measurement systems (thanks to lasers) is still too expensive and
too complicated compared with the use of this probe. DLR has now a calibrated
probe at low cost, which is relatively effective and which can be used for a wide
range of flow speeds.
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Subsonic, po= 30kPa

Co
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Figure 39: Evolution of C, against « and g at Ma=0.3
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Figure 81: Evolution of Cy, against g at Ma=1.4
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Figure 88: Evolution of Cy, against g at Ma=1.6

-79 -




IB 225 — 2008 A 05

22
: Prohe RR%E /
- Po=40 kPa
Po=40kPa 215 Ma=1.6
Ma= 18 B o= 0°
21}
Cmab i
WY 1 [ T 7 [ [ T [ [T g r
1.919 1.942 1.964 1.997 2.010 2.033 2.055 2.076 2.101 2.123 2146 2.169 2192 2.214 2.237 LE) 205 B
N
105f e
a0 -5 0 G 10
B
Figure 89: Evolution of Cyap against « Figure 90: Evolution of Cyap against g
and g at Ma=1.6 at Ma=1.6
0.2 F B
Po=40kPa r
Ma=15 r
088 F /’,
0878 f
Pos - / Probe RRT6
0.876 Po=40 kPa
* [ / Ma=1.6
0.769 0.777 0.784 0.792 0.799 0.807 0.814 0.822 0.829 0.837 0.845 0.852 0.860 0.867 0.875 Q r = 07
B 574 /
0872 | /
0a7F
0868
T30 -20 -10 0 10 20 30 e -5 o 5 10
o B

Figure 91: Evolution of pgs against «
and g at Ma=1.6

-80 -

Figure 92: Evolution of pgs against S
at Ma=1.6




IB 225 — 2008 A 05

Supersonic, po= 51kPa

Po=51kPa
Ma=18

Cc

04

-2.865 -2.47% -2.072 1.665 -1.259 -0.853 -0.446 0040 0.367 0.773 1.180 1586 1.992 2399 2.305

Fo=51kPa
Ma=10

Cma

0.586 0.597 0.608 0.619 0.630 0.641 0.652 0.663 0.674 0.685 0.696 0.707 0.718 0.729 0.740

10 10
5 5
(==} [cel
0 0
5 5
3 -20 -10 0 10 20 30 g -20 -10 0 10 20 30
[+4 oL
Figure 93: Evolution of C, against « Figure 94: Evolution of Cy, against «
and gat Ma=1.8 and gat Ma=1.8
0.7F e
[ 069
2 __ RRTE,PD= a1 kPaI ,/, F
i e ;,/
067 F
1} i /
- 0.58 E / Probe RRTE
B F Po=51 kPa
s [ g "O°F Ma=1.8
o f £ oasf / .
[5) g / c= 0
i 063 F
-1 [ ; ,G
[ —— Ma=18 0.52F
- 061
-2 F
- 06
i 059 F
-30 -20 -10 0 10 20 30 -10 5 0 5 10

B

Figure 95: Evolution of C, against
at Ma=1.8

-81-

Figure 96: Evolution of Cy, against g
at Ma=1.8




IB 225 — 2008 A 05

and gat Ma=1.8

at Ma=1.8

2as | : N
o Probe RRT6E
Po=51kPa - Po=31kPa
Ma=18 - Ma=1.8
23 a=0°
Cmab i
BT [ [ [ T [ T [ [ g225
2.066 2.090 2114 2139 2163 2.187 2.212 2.236 2.260 2.285 2.309 2.333 2.358 2.382 2.406 E B
o [
10 2.2 I
5 L
- I
D I
215
5 ; /
o - . . L
-30 -20 =10 0 10 20 30 -10 -5 0 5 10
o B
Figure 97: Evolution of Cyap against « Figure 98: Evolution of Cyap against g

Fo=51kFa
Ma=10

Pos
W T T T T 77 7T 7T 7T T e

0.71 0.718 0.725 0.732 0.739 0.746 0.753 0.761 0.768 0.775 0.762 0.789 0.796 0.503 0.510

Pos

0816 |

0.81%

0.814

0.813

0.812

081

u / Probe RRTG
I Po=51kPa
r Ma= 1.8

N o= 0"

10 -5 0 5

p

Figure 99: Evolution of pos against «

and gat Ma=1.8

-82 -

Figure 100: Evolution of pos against j

at Ma=1.8




IB 225 — 2008 A 05

Supersonic, po= 100kPa

Fo=100 kPa Po=100 kPa
Ma=14 Ma=16

coc COL

-2.871 -2.464 -2.058 1.651 -1.244 -0.837 -0.430 -0.024 0.383 0.790 1.197 1604 2.010 2.7 2.824 -2.867 -2.476 -2.066 1.656 -1.246 -0.836 -0.426 -0.015 0.395 0.605 1.215 1.6256 2035 2445 2.856

Po=100 kPa
Ma=178

C

o
(| [ I Y NN N B |

-2.921 2,614 2407 A.700 1.293 -0.886 -0.479 -0.072 0.335 0.742 1.149 1.556 1.963 2370 2777

10

5
=R

0

-5

-10 :
-30 -20 -10 0 10 20 30

o

Figure 101: Evolution of C, against « and g at Ma=1.4
1.6
1.8

-83-




IB 225 — 2008 A 05

Fo=100 kPa

Ma=14 Po=100 kPa
Ma= 15

Cma Cma
HE T [ T 7T 7 7 T T T T [ 0 I O N N N M |

0.524 0.532 0.539 0.547 0.554 0.561 0.569 0.576 0.533 0.591 0.593 0.605 0.613 0.620 0.627

0.547 0.557 0.566 0.576 0.585 0.595 0.605 0.614 0.624 0.633 0.643 0.653 0.662 0.672 0.681

Po=100 kPa
Ma=18

Cma

0.560 0.592 0.603 0.615 0.627 0.63% 0.650 0.662 0.673 0.685 0.697 0.708 0.720 0.732 0.743

I

-30 -20 -10 0 10 20 30

Figure 102: Evolution of Cy, against « and gat Ma=1.4
1.6
1.8

-84 -




IB 225 - 2008 A 05

0.65F i
F Probe RRT6
064 | Po=100 kPa
Probe RRT6 E Ma=1.6
esr [ Po- 100 kPa 063 F ’
r =07
Ma=14 I
o= 0P 0.62F
0ser 061
] ] r
= £ 06F
(8] (8] r /
0s&s 059F
/ 055k
054 e 057k
[ / 056 F
053k / ‘ 0.55 2o
- -5 0 5 10 -10 -5 0 10
B p
C y—'—'———_{)
0.7 1 :
- Prohe RRT6
0 69 ] Po=100 kPa
r Ma=1.8
068 -l a=0° /q,
067 F /
066 F /
® 065F
E F /
O ob4F /
063F
062 F /
061 F /
06 F /
059F
-10 -5 0 5 10
i
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Figure 105: Evolution of Cya, against g at Ma=1.4
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