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Abstract The development of a three-hole pressure probe
with back-flushing combined with a conductivity probe,
used for measuring simultaneously the magnitude and
direction of the velocity vector in complex air-water flows,
is described in this paper. The air—water flows envisaged in
the current work are typically those occurring around the
rotors of impulse hydraulic turbines (like the Pelton and
Cross-Flow turbines), where the flow direction is not
known prior to the data acquisition. The calibration of both
the conductivity and three-hole pressure components of the
combined probe in a rig built for the purpose, where the
probe was placed in a position similar to that adopted for
the flow measurements, will be reported. After concluding
the calibration procedure, the probe was utilized in the
outside region of a Cross-Flow turbine rotor. The experi-
mental results obtained in the present study illustrate the
satisfactory performance of the combined probe, and are

J. E. Borges (D<)

Department of Mechanical Engineering, IDMEC,

Instituto Superior Técnico, Technical University of Lisbon,
Lisbon, Portugal

e-mail: tborges@hidrol.ist.utl.pt

N. H. C. Pereira

Department of Mechanical Engineering, EST Setibal,
Polytechnic Institute of Setibal, Setibal, Portugal
e-mail: npereira@est.ips.pt

J. Matos

Department of Civil Engineering and Architecture,
Instituto Superior Técnico, Technical University of Lisbon,
Lisbon, Portugal

e-mail: jm@civil.ist.utl.pt

K. H. Frizell
U.S. Bureau of Reclamation, Denver, CO 80225, USA
e-mail: khfrizell@usbr.gov

encouraging toward its use for characterizing the velocity
field of other complex air—water flows.

List of symbols

Nozzle exit area (m2)

Air concentration or void fraction

Air concentration indicated by conductivity probe
Head applied to turbine (m)

Coefficient relative to the ith pressure taping
Air mass flow rate (kg/s)

Air gauge pressure (Pa)

Jet dynamic pressure (Pa)

Pressure at the ith pressure taping (Pa)
Mixture gauge pressure (Pa)

Pressure at standard conditions (p, = 101,325 Pa)
Static pressure (Pa)

Air volume flow rate (m’/s)

Air volume flow rate at standard conditions
(T, = 273.15 K and p, = 101325 Pa) (m%/s)
Total volume flow rate of mixture (m3/s)
Water volume flow rate (m3/s)

Nozzle exit radius (m)

Ideal gas constant [R = 287 J/(kg K)]

Air temperature (°C)

Mixture temperature (°C)

Temperature at standard conditions

(Th = 21315 K)

Rotor tip velocity (m/s)

Blade-jet velocity ratio

Local velocity (m/s)

Velocity of calibrating jet (m/s)

Jet velocity given as: Vo = /2gH(m/s)
Non-dimensional absolute velocity (m/s)
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Greek symbols

o Absolute velocity angle (degrees)
B Relative velocity angle (degrees)
Y Probe rotation angle (degrees)

0 Rotor peripheral angle (degrees)

Pair Air density (kg/m>)

Pairmix  Air density in the air-water jet (kg/m>)
Pmix Mixture density (kg/m3)

Pw Water density (kg/m”)

Subscripts
air  Relative to the air part of the mixture
dyn Dynamic

ex Exit

i General pressure taping

j Jet

mix Relative to the air-water mixture
n Standard

pr Probe

s Static

tot  Total

A Water

1 Introduction

The study of highly turbulent air—water flows is a complex
problem whose solution is often required for the analysis
of hydraulic structures, such as spillways and energy dis-
sipators, as well as in some hydraulic turbines like the
Pelton and the Cross-Flow. The analytical and numerical
approaches are still not a viable option in most cases,
leaving as the only alternative the characterization of the
desired flow using experimental techniques, namely for the
measurement of the air concentration and velocity. A
review of some methods traditionally used for performing
this task can be found in Jones and Delhaye (1975),
Bachalo (1994), Nagash (1994), Ceccio and George
(1996), Matos et al. (2002) and Chanson (1997, 2002,
2004). The reviews presented therein demonstrate that this
has been an area of significant progress, and among some
recent experimental techniques for velocity measurement
one can mention the use of particle image velocimetry
(PIV), acoustic Doppler velocimetry (ADV), hot-film
anemometry, double-tip conductivity probes, double-tip
fiber-optical probes and back-flushing Pitot tubes in con-
junction with conductivity probes.

In spite of all the progress reported, these methods were
found to have their drawbacks. For example, PIV and ADV
are limited to applications where the air concentration
is less than 5-10% (Amador 2005; Frizell 2000). The use
of hot-film anemometry was found to raise difficult ques-
tions related with the calibration and interpretation of the
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measured signals (Cartellier and Achard 1991; Nagash
1994). The double-tip conductivity probes and the double-
tip fiber-optical probes may be used for the measurement of
the magnitude of the velocity vector, provided that its
direction is known beforehand, allowing a previous orien-
tation of the probe with the flow direction (Chanson 1997,
Boes and Hager 1998; Matos et al. 2002). Another option
that could be employed in similar situations where the
velocity direction is known beforehand is the use of back-
flushing Pitot tubes in conjunction with conductivity
probes. Indeed, the flushing system avoids the presence of
air bubbles in the system, whereas the local air concen-
tration provides an estimate of the density of the air—water
flow in the vicinity of the stagnation pressure at the
upstream end of the tube. This allows the determination of
the local velocity. Nevertheless, the velocity data becomes
unreliable if the velocity direction departs too much from
the assumed direction, or in the case of air concentrations
larger than typically 70-80% (Frizell et al. 1994; Chamani
and Rajaratnam 1999; Matos et al. 2000).

However, there are situations where the direction of the
velocity vector is not known prior to the measurements and
varies significantly from point to point in space, such as the
flow inside and around the rotor of a Cross-Flow turbine
(e.g., Haimerl 1960; Pereira and Borges 1996). Situations
analogous to these but with homogeneous flows (one
phase) can be treated using one of the experimental tech-
niques reviewed and described in detail in Ower and
Pankhurst (1965) and Bryer and Pankhurst (1971). All
these methods rely on the use of intrusive pressure probes
that take advantage of the pressure distribution that is
imparted to the probe surface when it is exposed to a
moving fluid. The value of this pressure distribution at
discrete locations can be measured using a suitable number
of pressure tapings, and the pressure values obtained in this
way may provide enough information for the determination
of the magnitude and direction of the velocity vectors,
provided an appropriate calibration is carried out before-
hand. If the flow may be considered two-dimensional, the
simultaneous measurement of the magnitude and direction
of the velocity vector only requires the pressure values in
three tapings or sensing holes, while for measuring three-
dimensional flows the probes must have four sensing holes,
or preferably, more in order to introduce some redundancy
in the technique. The measurement of flow direction can be
carried out using two different strategies, namely, the
“null-reading” or “fixed-direction” method. In the “null-
reading” method, the probe is aligned with the flow so that
the pressures in two holes located symmetrically take equal
values. When that happens, the probe orientation defines
the direction of the velocity vector. For the “fixed-direc-
tion” method the probe is not aligned with the flow,
resulting in pressure readings that are different in all the


















Exp Fluids (2010) 48:17-31

25

1000 — — T T T T T T T T
' 1 ' ' ' ' ' 1
90.0 ,A_:____:_,,:-__:_ @ Measured (lateral traverse) _:___:_A_;___I___
5 T
® 0 0 |almposed | T T
s EU R S DU P . it S bbb
B Bt Bak At s s s B ERRR PR
B3 ' I ' ) ' ' 1 ' ' 1 v ' 1
[0 e S U (S Py A v | A S S
™ v 1 1 i + ' 1 ' 1 ' i 1 !
1 1 ' ' Il ' 1 ' ' ' ' '
BN J S U G S o O R A
5] ' ' I ¢ 1 ' s i 1 ' 1 ' 1
ST SR A S S S
I « : ' '
O U U S O U A A O
. i il Mool Rt Tl g ol fh i i Kt g HiS S
g FElTATE o W T B e Y B e B o]
'
AR i i R R Rl il bl iehd etk I i b el il
- ' ' 1 s ' ' ' 1 ' . . ! 1
< 200 R i b L e e
' | ' ' ) ' ' '
ST I N I R e S A
70 T S U S S A U PR T NN SN R,
' ' | ' ' ' 1 | ' ' ' 1 '
' ' 1 ' ' ' 1 ' ' '
0.0 Frrrrrrrr : ' e

4 212 .10 8 6 4 2 0 2 4 6 8 10 12 14
Radial position (mm)

(a)

100.0 * T T T T
1
!

T
| PR " . HE— |

900+--L-- _: _____ ® Measured (fongitudinal traverse) |- _ ‘:‘ .-
‘ O Imposed ¥

8003 --1-- LS B . Lo_L__t .

-- a4~

700 3 - -
600 - --
500 3 - -

300 F e bo e

Alr concentration (%)

Vo
2003--t--1--

10.0 I S S A
'
1

(4 12 410 -8 -6 -4 2 0 2 4 6 8 10 12 14
Radial position (mm)

(b)

Fig. 9 Traverses of the air-water jet used to determine the region of the jet where probe performance is adequate: a lateral traverse;

b longitudinal traverse

concentration calculated using Eq. 7 is also shown. The
fact that the jet presents a core where the air concentration
is practically uniform validates the calibrating procedure
adopted in the present study, based on the use of a free jet,
and also found in other studies (see Matos and Frizell
2000). In fact, if the gradient of air concentration is zero in
the jet core, one can conclude that in the jet core there was
no air diffusion normal to the flow direction. Hence, it is
also safe to conclude that the air concentration in the core
maintained an identical value as that at the exit plane of the
calibrator nozzle, and was not influenced at all by any
eventual air entrained at the free jet boundary after leaving
the nozzle. A similar reasoning can be applied to the
velocity magnitude, with the corresponding alterations. It
should also be noticed that these traverses seem to imply
that the jet radius is slightly greater (around 11-12 mm})
than the radius of the exit orifice of the nozzle (10 mm),
suggesting that there may exist some air entrainment from
the surroundings and some jet deflection due to the probe.

After concluding these preliminary tests, the calibration
of the conductivity probe was performed by comparing the
air concentration produced by the calibration rig and cal-
culated from Eq. 7, with the output of the electronics
control box that was connected to the conductivity probe,
maintaining the probe aligned with the flow. All the
experimental data acquired during the calibration tests are
plotted in Fig. 10, along with the regression curves used to
fit the experimental data. The scatter evident in Fig. 10 can
be justified by the existence of additional factors that have
a second order influence on the probe behavior, and in
order to give an idea of the possible interference of these
factors on the measurements to be performed, large vari-
ations in their magnitude were considered during the cali-
bration process. So, during the acquisition of the
calibrating points, the velocity magnitude varied from 2.5
to 15 m/s, the voltage threshold from 0.02 and 0.06 V, and
the distance between the probe and the nozzle exit from 10
to 26 mm. In addition, two different nozzle geometries for

the exit nozzle of the calibrating rig were employed, both
with and without back-flushing on. Figure 10 indicates
that the overall probe response is non-linear, presenting a
region where the probe reading is zero or nearly zero,
although there is already some air mixed with water in the
jet. This failure of the probe to detect air bubbles persists
until values of the jet air concentration of around 15%.
The reduced accuracy of the probe in detecting low air
concentrations may be due to the probe geometry, which
causes a flow stagnation in the electrodes region, and
eventually to the size of the probe tips. The pressure
increase in the vicinity of the measuring location is
expected to move small air bubbles away from the tips of
the electrodes. In the range between 25 and 75%, the
probe has an almost linear output. For air concentrations
above 70% the calibration rig is unable to provide a
homogeneous flow, even though the probe signal was
considered consistent. It should also be noted that the
experimental data exhibit some scatter, varying from —6.0
to 3.7% for values of the indicated air concentration at
the electronics control box greater than 1%. However,
the greatest difference was detected when an air con-
centration of 16.5% was imposed in the jet, and the probe
failed to detect any air concentration, indicating a zero
value.

The measured probe response was approximated using
two curves, which are also presented in Fig. 10, and are
defined by the equations:

0 Cor = 0%

10.158 — 10.204 - Cpr + 2.507 - G, -
0.204-C, +2079. C)F
8232x 1070 C5 — 1.897 x 1077 - Co +
1478 x 107 - Ch =371 x 107*. C) —
6.262 x 107 - Cp, + 1.128 - Cpr +22.631

0% < Cpe <7.3%

Cuir(%) = (ll)

Cpe > 7.3%
These equations were used in the measurements for
calculating the true air concentration starting from the

value indicated by the electronics control box connected to
the conductivity probe.
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Fig. 12 Influence of imposed dynamic pressure on measured probe
response (back-flushing rate: 0.26 dm?/h)

amount of probe rotation considered, the pressure regis-
tered by the central hole is practically constant and equal to
the stagnation pressure of the jet. For an air—water mixture
the results obtained are presented in Fig. 13b, where the
sudden pressure increase due to passage of the flow sepa-
ration line is not so clearly marked, although still be
detected. The measurement of the velocity vector was done
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with the probe aligned with the flow, implying that the
probe rotation angle will be around 0°. Figure 13a, b
illustrates that for such condition both side holes measure
identical pressure values.

A verification of the velocity uniformity at the nozzle
exit was then studied to assess the validity of the
assumptions used to derive Eq. 8. This verification was
done by performing longitudinal traverses of the jet,
measuring the local velocity at several points. The outcome
of the longitudinal traverses is presented in Fig. 14a, using
no back-flushing and in Fig. 14b for a back-flushing flow
rate of 0.54 dm>/h, which is a value slightly greater than
the back-flushing flow rate typically used in the remaining
experiments (0.26 dm*h). Comparing both figures, it is
evident that the back-flushing rate does not introduce any
relevant modification in the results, because the values on
both plots are almost coincident. In addition, it is seen that
the jet has a core with a radius of approximately 7 mm,
where the velocity is quite uniform, and has values very
close to those imposed, which are calculated using Eq. 8.
This validates the approximations proposed earlier. As the
probe approaches the jet boundary, it starts to measure
velocity magnitude values that decay smoothly and tend
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Fig. 13 Influence of probe rotation on measured probe response (back-flushing rate: 0.26 dm*/h): a clear-water; b air-water mixture
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Fig. 14 Longitudinal traverse of the clear-water jet used for probe calibration: a without back-flushing; b with back-flushing (0.54 dm>fh)
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flows, such as those typically found at the exit of Cross-
Flow turbine rotors.

A calibration rig was built and used to test and calibrate
the combined pressure and conductivity probe. Some pre-
liminary tests were conducted in this calibration rig in
order to understand the probe behavior and gain confidence
in its output. The calibration curves for both components
(conductivity and three-hole pressure) were obtained by
subjecting the combined probe to air—-water jets of varying
velocity and air concentration.

The combined probe was placed outside of a Cross-Flow
turbine rotor and several measurements were performed in
order to assess the adequacy of this new probe design. The
measurements consisted of constant radius traverses of the
flow field leaving the turbine rotor. The data obtained in
the experiments confirm that the probe performance is
suitable for complex air-water flows with unknown flow
direction, and it even allowed some important insight into
the Cross-Flow turbine performance. In fact, the traverse
data seem to suggest that at the rotor exit the blade flow
deviation is approximately constant, a conclusion that was
never put forward before, for this type of turbine.

6 Further research

Further research should be conducted both concerning the
combined probe behavior and the analysis of the Cross-Flow
turbine. Concerning the Cross-Flow turbine, further traverses
both at the exit and in the inside region should be carried out.
In addition, other operating conditions, different from peak-
efficiency conditions should be considered. Concerning the
combined probe, it would be interesting to develop a new
design with a more linear response, in order to improve the
accuracy of the measurements for low air concentrations.
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