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a b s t r a c t 

Air-water free-surface flows are extremely complicated to model physically and numerically. The devel- 

opment of the air-water velocity metrology has been relatively slow and is still on-going. Phase-detection 

needle probes have been successfully used for both laboratory and field measurements in high-turbulence 

air-water flows, but the signal processing is not trivial. Recently a different method, called adaptive win- 

dow cross-correlations (AWCC), was introduced for dual-tip phase-detection probe signals in steady air- 

water flows (Kramer et al. 2019). The technique includes a number of intrinsic limitations, which can lead 

to very poor data retention rates and does not guarantee better data quality and bias-free outputs. These 

limitations are discussed in the context of air-water free-surface flows. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Presentation 

Although the first successful void fraction measurements in

ree-surface air-water flows can be dated to EHRENBERGER (1926) ,

he development of the air-water velocity metrology has been

uch slower. Historically, the first measurements were conducted

ith modified Pitot tubes ( HALBRONN, 1952 , VIPARELLI 1953 )

r an electrical system based upon salt solution advection

 STRAUB et al. 1954 ). In the late 1960s, hot-film probes were

sed to characterise the velocity and velocity fluctuations in

he water phase of gas-liquid flows ( DELHAYE 1968 , RESCH and

EUTHEUSSER 1972 , HERRINGE and DAVIS 1974 ). The application

o free-surface air-water flows was not trivial because of a number

f issues including calibration and film contamination ( JONES and

ELHAYE 1976 , LANCE and BATAILLE 1991 , CHANSON and BRAT-

BERG 1998 , RENSEN et al. 2005 ). In parallel, the introduc-

ion of needle probe sensor led to the development of vari-

us phase-detection probe designs. Velocity measurement tech-

iques were proposed based upon the single-tip probe signal re-

ponse to interface piercing. SENE (1984) and CARTELLIER and

CHARD (1991) correlated the slope of conductivity sensor signal

uring piercing to the interfacial velocity, although the piercing re-

ponse signal might be adversely affected by water impurities and

ensor shape defects ( CUMMINGS 1996 ). CHANG et al. (2003) de-

ived the interfacial velocity from the Fourier response of optical-

ber probe signal. With dual-tip phase-detection probes, bubble
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elocities were calculated based upon various individual bubble

vent detection techniques ( SERIZAWA 1974 , LIU and BANKOFF

993 , ROIG et al. 1998 , CHANSON 2005 ). Cross-correlation anal-

ses of dual-tip phase-detection probe signals deliver reliable in-

erfacial time-averaged velocities ( HERRINGE and DAVIS 1974 , 1976 ,

ROWE et al. 1998 ). Within some basic assumptions, the interfa-

ial turbulence may be derived ( Appendix A ). Several studies dis-

ussed more specifically the effects of the longitudinal sensor sep-

ration distance ( KIPPHAN 1977 , CHANSON and TOOMBES 2001 ),

ransverse sensor separation distance ( CUMMINGS 1996 ) and max-

mum correlation coefficient ( ANDRE et al. 2005 ). 

In the last decade, two major developments in air-water veloc-

ty measurements have been the total pressure probe and optical

ow metrology. Total pressure measurements with miniature di-

phragm sensor can deliver a fine characterisation of the velocity

nd turbulence in the water phase, when accounting for the lo-

al void fraction ( ZHANG et al. 2016 , ZHANG and CHANSON 2018a ,

ANG et al. 2018 ). The optical flow approach is based upon the

etection of changes in brightness due to reflectance difference as-

ociated with passages of air-water interfaces ( BUNG and VALERO

016 , ZHANG and CHANSON 2018 ). Some key limitations are the

equirements for two-dimensional flows, the use of high-speed

igh-resolution video camera, and the adverse impact of sidewall

ffects (BUNG and VALERO 2015, ZHANG and CHANSON 2018b ). 

Recently a different signal processing method based upon cross-

orrelations was proposed for dual-tip phase-detection probe sig-

als in steady air-water flows ( KRAMER et al. 2019 ). Herein, it is

rgued that the recent conclusions by KRAMER et al. (2020) in-

lude a number of broad statements, which do not reflect the

https://doi.org/10.1016/j.ijmultiphaseflow.2020.103330
http://www.ScienceDirect.com
http://www.elsevier.com/locate/ijmulflow
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijmultiphaseflow.2020.103330&domain=pdf
mailto:h.chanson@uq.edu.au
https://doi.org/10.1016/j.ijmultiphaseflow.2020.103330


2 H. Chanson / International Journal of Multiphase Flow 132 (2020) 103330 

Fig. 1. Dual-tip phase-detection probe next to the sidewall in a rough-wall bound- 

ary layer (stepped chute: h = 010 m, θ = 25 °, width: 1 m, shutter speed: 1/8,0 0 0 s) 

- Data set: ZHANG and CHANSON (2018b) , d c /h = 0.9, Re = ρw q w / μw = 0.9 × 10 5 , 

step edge 6, probe sensor size: 0.025 mm, flow direction from top right to bottom 

right (blue arrow). 
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inherent limitations of the publicised method nor the complex-

ity of air-water flow measurements in free-surface turbulent flows.

Both aspects are developed, before future research directions are

discussed. 

2. Discussion 

The adaptive window cross-correlations (AWCC) was developed

to be applied to the signals of dual-tip phase-detection probe in

steady air-water flows ( KRAMER et al. 2019 ). The concept is based

upon repeated cross-correlation calculations of the air-water signal

over relatively short time windows to obtain pseudo-instantaneous

velocities. While the approach is innovative and worthwhile, a

number of major intrinsic limitations must not be forgotten or hid-

den. For example, the approach is only valid in steady flows, in ab-

sence of instationarities; the outputs describe interfacial processes

detected by the phase-detection sensors and cannot characterise

the turbulence in the water phase nor in the air-phase. 

In principle, the AWCC technique smoothes the air-water phase-

detection probe signal. The processed signal is not truly compara-

ble to an instantaneous velocity signal, e.g. from a hot film probe

and total pressure probe, because of the discrete non-continuous
ature of the signal and inherent smoothing. The temporal reso-

ution of the AWCC is locally restricted by the local bubble count

ate. The phase-detection probe signal characterises some average

n interfacial processes. In practice, the AWCC technique requires a

minimum window size" ( KRAMER et al. 2019 ) corresponding to

 minimum number of ’bubbles’ per window to yield meaning-

ul cross-correlation outputs. For a stepped spillway air-water flow,

RAMER et al. (2019) suggested a minimum number of five ’bub-

les’ per window. As an illustration, when the local bubble count

ate is 120 Hz, i.e. 120 bubbles per second as in Fig. 2 A, and the

inimum number of bubbles per window is N p = 5, the ’pseudo

ampling frequency’ would be 24 Hz, that is very low compared to

ypical sampling rates in wind tunnels and water channels (200 Hz

o 1,0 0 0 Hz). 

The selection of an optimum window size is based upon the

oncept of ’bubbles’, something highly questionable when the void

raction exceeds 0.3. The AWCC technique is physically based upon

 detection of a number of interfaces, with substantial physical dif-

erences between air surrounded by water, water surrounded by

ir or an intermediate region where C ≈ 50%. This is illustrated in

ig. 2 , showing the probe response signals in three very different

ir-water regions of a stepped spillway flow. Such physical differ-

nces are intrinsically smoothed during the brutal application of

he AWCC technique to the entire air-water flow, e.g. the whole

ir-water column, without moderation and adjustments. 

In free-surface air-water flows, the detected ’bubbles’

re not uniformly distributed nor randomly distributed

 ELPERIN et al. 1996 , CHANSON and TOOMBES 2002 ). (See

lso Figure 2 A.) In particular, some particle clustering may occur

nd the level of clustering provides some quantitative measure

f bubble-turbulence interactions, self-excitation of fluctuations

f the bubble concentration and associated turbulent dissipation

 CALZAVARINI et al. 2008 , CHANSON 2013 ). The application of

he AWCC technique can only provide physically meaningful data

n regions of high bubble count rates and high clustering rates.

lsewhere, i.e. the majority of air-water flow, the AWCC data

utputs are irregularly distributed in time. 

The implementation of the AWCC method to real air-water

ows, e.g. a stepped spillway, showed a very-substantial amount

f rejected data ( KRAMER et al. 2019 ). At many measurement lo-

ations, the rejected data exceeded 50% of the entire signal when

he void fraction C was less than 0.5 ( Fig. 3 ). Fig.3 A presents

he dimensionless distribution of void fraction and interfacial ve-

ocity, with Y 90 the normal distance where the void fraction is

 = 0.9 and V 90 is the characteristics velocity at y = Y 90 . For the

ame data set, Figure 3 B shows the dimensionless bubble count

ate and data rejection rate in percentage. The large amount of

ejected data is linked to a combination of physical limitations

nd intrinsic limitations of the processing technique. In particu-

ar, the AWCC assumes that bi-modal velocity (OMF) distributions

re "non-physical", in contradiction to the existence of physical in-

tabilities in non-linear air-water systems as shown theoretically

 LEZZI, and PROSPERETTI 1991 ) and experimentally ( CHANSON and

RATTBERG 1998 , RENSEN and ROIG 2001 ). 

Finally, the dual-tip phase detection probe signal analyses as-

ume inherently an one-dimensional flow, although transverse

uctuations can be very large and rapid, as shown in hy-

raulic jumps by WANG and CHANSON (2019) . The adverse im-

act on any sub-sampled techniques, like the AWCC, is implicitly

gnored. 

. Concluding remarks 

Air-water free-surface flows are extremely complicated to

odel physically and numerically, because of the uncontrolled

xchanges of air and water through the free-surface, the large
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Fig. 2. Instantaneous voltage signals of dual-tip phase-detection probe signal in a rough-wall boundary layer (stepped chute: h = 010 m, θ = 15.9 °) - Data set: CHANSON and 

TOOMBES (2002) , d c /h = 1.53, Re = ρw q w / μw = 1.9 × 10 5 , step edge 8, probe sensor size: 0.025 mm, sampling rate: 20 kHz - The high voltage is Water and the low voltage 

is Air (same legend for all graphs). (a) Bubbly flow region data. y = 0.039 m, C = 0.091, F = 120.9 Hz (leading sensor), V = 3.05 m/s. (b) Intermediate air-water flow region 

data. y = 0.060 m, C = 0.505, F = 234.8 Hz (leading sensor), V = 3.38 m/s. (c) Spray region data. y = 0.074 m, C = 0.806, F = 140.3 Hz (leading sensor), V = 3.46 m/s. 
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(a)

(b)
Fig. 3. Rejection rate with the AWCC method in free-surface air-water flow - Data 

set: KRAMER et al. (2019) , d c /h = 1.1, Re = ρw q w / μw = 1.13 × 10 5 , step edge 8, 

Y 90 = 0.0674 m, C mean = 0.4 4, F max = 14 4 Hz (leading sensor), V 90 = 3.4 m/s, sen- 

sor size: 0.35 mm, sampling rate: 20 kHz. (A) Void fraction and interfacial data - 

Comparison with theoretical solution of advective diffision of air and 1/10th veloc- 

ity power law (B) Bubble count rate data and data rejection rate. 
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V  
mounts of entrained air and the bubble-turbulence interactions

ncluding turbulence modulation and interfacial deformations. For

he last five decades, phase-detection needle probes have been

uccessfully used for both laboratory and field measurements

n high-turbulence air-water flows ( Fig. 1 ). The signal process-

ng is not trivial, even in simple steady one-directional flows.

any phase-detection probe signal processing techniques rely

pon some cross-correlation approach, although all the implemen-

ations have some degree of imperfections. 

The recently-introduced adaptive window cross-correlations

AWCC) method was developed to be applied to the signals

f dual-tip phase-detection probe in steady air-water flows

 KRAMER et al. 2019 ). While original, the technique includes a

umber of inherent limitations, which can lead to very poor data

etention rates ( Fig. 3 B) and does not guarantee better data quality

nd bias-free outputs. The air-water phase detection probe signals

rocessed with the AWCC method are implicitly smoothed, and the

ata outputs deliver a much lesser resolution than many other sys-

ems, e.g., total pressure probe, hot-film probe. The implications

re serious because the air-water flow features are intrinsically ig-

ored during a blunt application of the technique to the entire air-

ater column, unless empirical and artificial moderation and ad-

ustments. 

Moving forwards, unbiased signal processing must be based

pon newer methods based upon the entire signal processing, as

ttempted in ZHANG and CHANSON (2019) . Further research into

ir-water free-surface flows needs to combine experimental, theo-

etical and numerical modelling, as well as composite approaches

mbedding more than two or more methodologies, e.g. hybrid

odelling. This is not trivial, especially when the industrial ap-

lications are large hydraulic structures, e.g. dam spillways and

ropshafts, operating at Reynolds numbers in excess of 10 7 to 10 8 ,

ometimes with strong three-dimensional flow features. 
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ppendix A. Interfacial velocity and turbulence intensity in 

ir-water flows 

When the velocity is measured with a dual-tip phase-detection

robe, the time-averaged interfacial velocity is equal to: 

 = 

�X 

(A1)

T 
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here V is the interfacial velocity in the longitudinal direction

ligned with the two tips, �x is the separation distance be-

ween the two tips, and T is the travel time for which the cross-

orrelation function is maximum ( CROWE et al. 1998 ). The dimen-

ionless standard deviation of the interfacial velocity equals: 

 u = 

V 

′ 
V 

= 

√ 

σ 2 
XY 

− σ 2 
XX 

T 
(A2) 

here σ xy is the standard deviation of the cross-correlation func-

ion and σ xx is the standard deviation of the autocorrelation func-

ion ( KIPPHAN 1977 , CHANSON and TOOMBES 2002 ). Assuming

hat the successive detections of bubble interfaces by the probe

ensors is a true random process, the cross-correlation function is

 Gaussian distribution, and Equation (A-2) becomes: 

 u = 

√ 

2 √ 

π × T 
×

√ (
T XY 

( R XY ) max 

)2 

− T 2 XX (A3) 

here T xy is the cross-correlation integral time scale, T xx is the

uto-correlation time scale, and (R xy ) max is the maximum cross-

orrelation when the time lag equals T ( FELDER and CHANSON

014 ). 

If the cross-correlation function is a Gaussian distribution and

efining τ 0.5 the time scale for which: R xy (T + τ 0.5 ) = R xy (T)/2, and

 0.5 is the characteristic time for which the normalised auto-

orrelation function equals 0.5, Equation (A-3) may be approxi-

ated as: 

V 

′ 
V 

= 0 . 851 ×
√ 

τ 2 
0 . 5 

− T 2 
0 . 5 

T 
(A4) 

With all above equations, the calculations become indetermi-

ate when the time-averaged velocity V tends to zero. 
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