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Introduction
The rotational motion of the fluid around the axis of tip vortices may result in very low static pressures in the core of
these vortices, which makes them extremely vulnerable to the inception of cavitation. Occurrence of tip vortex
cavitation (TVC) in axial turbines, pumps and marine propellers can lead to a severe erosion of the impeller blades
and the stationary parts of the machine, with a significant increase in maintenance costs. In most of the cases, TVC is
the first type of cavitation that appears in the machine [1, 2, 3, 4] and results in extensive noise emissions and structural
vibrations [5]. McCormick [6] investigated the role of the boundary layer on TVC and stated that the size of the
viscous core of a tip vortex scales with the boundary layer thickness on the pressure side of hydrofoils. Different
authors [7, 8, 9] later proposed the following correlation for the cavitation inception number: 𝛔𝛔𝛔𝛔𝐢𝐢𝐢𝐢 = 𝐊𝐊𝐊𝐊𝐊𝐊𝐊𝐊𝐋𝐋𝐋𝐋𝟐𝟐𝟐𝟐 𝐑𝐑𝐑𝐑𝐑𝐑𝐑𝐑𝐦𝐦𝐦𝐦 , where
CL and Re are the lift coefficient and Reynolds number, respectively, and K and m are empirical constants. Besides
the flow parameters, it is known that the gas content of water also plays a major role in the cavitation inception. Arndt
and Maines [10] introduced the terms ‘‘weak’’ and ‘‘strong’’ water depending on the size and distribution of nuclei
in water. They showed that in weak water with enough large nuclei, cavitation incepts when the pressure in the core
of the tip vortex reaches the vapor pressure, however, strong water with fewer and/or smaller nuclei could resist
significant tensions. Despite the efforts dealing with the inception of TVC, little attention was paid to its desinence.
Holl et al. [11] demonstrated that hub vortex cavitation disappears at higher pressures when the gas content of water
is increased. Recently, Groß et al. [12] examined the effect of gas content on the nucleation rate from a single nucleus
trapped in a small hole. They demonstrated that the nucleation site does not disappear and permanently produces tiny
bubbles as long as the flow is supersaturated. They have found that the nucleation rate from the wall-bounded nucleus
is proportional to the velocity and the supersaturation degree of the freestream. In the present study, we address the
role of the dissolved gas content in TVC for a variety of flow conditions. With this aim, the behavior of TVC is
experimentally investigated in a simplified case study to determine how different flow conditions and gas content
levels affect the TVC inception and desinence. The experimental methods and the corresponding results are presented
in the following.
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Occurrence of tip vortex cavitation (TVC) is a common problem in axial hydraulic machines. The
behavior of this type of cavitation is so sensitive to variations in the flow parameters and the gas content
level of water. Regarding this, we have investigated TVC generated by an elliptical hydrofoil with
NACA-16020 cross-section in the high-speed cavitation tunnel of EPFL. We measured the cavitation
incipience and desinence thresholds for different flow conditions as well as various gas content levels
of between 50 and 100 % oxygen saturation at 18 °C. We observed that the disappearance threshold of
TVC increases with the gas content level, which is an indication of the fact that once the cavitation
develops in the tip vortex, the dissolved gas in the surrounding supersaturated liquid diffuses into the
cavity. Moreover, we found that the extent to which the desinence is delayed depends on the incidence
angle and the upstream flow velocity; the parameters that determine the characteristics of the boundary
layer on the hydrofoil. According to the flow visualization results, we argue that this gaseous cavitation
is enhanced when a laminar separation bubble is formed on the suction side of the hydrofoil.

10th International Symposium on Cavitation - CAV2018
Baltimore, Maryland, USA, May 14 – 16, 2018

CAV18-05066


)LJXUH+\VWHUHVLVLQ79&LQFHSWLRQDQGGHVLQHQFHDWܸ = 10 m/s ߙ = 12°DQGRI2VDWXUDWLRQ

6LPLODU REVHUYDWLRQV ZHUH FRQGXFWHG IRU WZR XSVWUHDP YHORFLWLHV GLIIHUHQW LQFLGHQFH DQJOHV DQG R[\JHQ
FRQFHQWUDWLRQVWKHUHVXOWVRIZKLFKDUHGHSLFWHGLQ)LJXUH$OPRVWIRUDOOWKHFDVHVWKHFDYLWDWLRQGHVLQHQFHQXPEHU
LVVLJQLILFDQWO\KLJKHUWKDQWKDWRIWKHLQFLSLHQFH$VH[SHFWHGORZHUSUHVVXUHVDUHUHTXLUHGIRUWKHLQLWLDWLRQRIWKH
79&DWRIR[\JHQVDWXUDWLRQEHFDXVHDORZHUJDVFRQWHQWOHYHOLVQRUPDOO\DVVRFLDWHGZLWKORZHUDPRXQWVRI
DFWLYHQXFOHLLQZDWHU:HDOVRREVHUYHWKDWWKH79&GLVDSSHDUVDWPXFKKLJKHUSUHVVXUHVZKHQZDWHULVIXOO\VDWXUDWHG
,QDGGLWLRQWKHUHVXOWVRI)LJXUHLOOXVWUDWHWKHUROHRIWKHIORZYHORFLW\DQGWKHDQJOHRIDWWDFNLQWKHJDSREVHUYHG
EHWZHHQ WKH FDYLWDWLRQ LQFHSWLRQ DQG GHVLQHQFH WKUHVKROGV 7KH K\VWHUHVLV FOHDUO\ VKULQNV ZKHQ WKH YHORFLW\ LV
LQFUHDVHGIURPWRPV,WLVDOVRIRXQGWKDWWKHJDSLVWKHODUJHVWDURXQGLQFLGHQFHDQJOHDQGGLPLQLVKHVDV
ZHPRYHWRZDUGRU
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([SHULPHQWDOVHWXS

7KH H[SHULPHQWDO VWXGLHV ZHUH SHUIRUPHG LQ WKH (3)/ KLJKVSHHG FDYLWDWLRQ WXQQHO ZKLFK KDV D 150 × 150 ×
750 mmWHVWVHFWLRQDQGDPD[LPXPLQOHWYHORFLW\RIPV$VWDLQOHVVVWHHOK\GURIRLOZLWKD1$&$FURVV
VHFWLRQDQGDQHOOLSWLFDOSODQIRUPZDVXVHGIRUWKHLQYHVWLJDWLRQVEHFDXVHLWJHQHUDWHVDZHOOGHILQHGDQGXQGLVWXUEHG
79&7KHVSDQDQGWKHURRWFKRUGOHQJWKRIWKHSURILOHDUHPPDQGPPUHVSHFWLYHO\7RPRQLWRUWKHJDVFRQWHQW
OHYHOZHXVHGD3UHVHQV2 'LSSLQJ3UREH '336W ILWWHGXSVWUHDPWRWKHWHVWVHFWLRQ7RPRGLI\WKHJDVFRQWHQW
ZHDGRSWHGWKHIROORZLQJSURFHGXUH$GHFUHDVHRIWKHJDVFRQWHQWLVREWDLQHGE\UXQQLQJWKHWXQQHOZLWKDVXSHU
FDYLWDWLRQDWPVXSVWUHDPYHORFLW\ZKLOHDQLQFUHDVHRIWKHJDVFRQWHQWLVDFKLHYHGE\SURGXFLQJDKLJKO\WXUEXOHQW
IUHHVXUIDFHIORZLQWKHWHVWVHFWLRQDQGGRZQVWUHDP,QERWKSURFHGXUHVWKHR[\JHQFRQFHQWUDWLRQLVPRQLWRUHGLQ
UHDOWLPH6LQFHWKHVROXELOLW\RIDLULQZDWHULVGHSHQGHQWRQWKHWHPSHUDWXUHWKHODWWHUZDVNHSWFRQVWDQWDW&
7KHSURFHGXUHIRUWKH79&LQFHSWLRQGHVLQHQFHWHVWVZDVWKHIROORZLQJ)RUDJLYHQIUHHVWUHDPYHORFLW\DQGLQFLGHQFH
DQJOHWKHVWDWLFSUHVVXUHZDVJUDGXDOO\GHFUHDVHGIURPDQLQLWLDOYDOXHKLJKHQRXJKWRHQVXUHDFDYLWDWLRQIUHHUHJLPH
7KHFDYLWDWLRQLQFHSWLRQLQGH[ VL ZDVGHWHUPLQHGXSRQWKHREVHUYDWLRQRIDWLQ\FDYLWDWLQJFRUHDWWDFKHGWRWKHIRLO
7KHSUHVVXUHZDVIXUWKHUUHGXFHGWRDOORZIRUDZHOOGHYHORSHG79&DQGWKHQWKHSUHVVXUHZDVLQFUHDVHGXQWLOWKH
FDYLWDWLRQGLVDSSHDUHGZKLFKGHWHUPLQHGWKHFDYLWDWLRQGHVLQHQFHQXPEHU VG 

5HVXOWVDQGGLVFXVVLRQ

2XUREVHUYDWLRQVRQ WKHLQFHSWLRQDQGGHVLQHQFHRI79& UHYHDOWKDW XQGHU VSHFLILFIORZFRQGLWLRQVWKHUHH[LVWVD
UHODWLYHO\ ODUJH JDS EHWZHHQ WKH WZR WKUHVKROGV )LJXUH  LOOXVWUDWHV WKLV K\VWHUHVLV IRU IXOO\ DLUVDWXUDWHG ZDWHU DW
XSVWUHDPYHORFLW\RIPV 5H  DQGLQFLGHQFHDQJOH:HKDYHUHSRUWHGRQWKHVDPHILJXUHWKHFDYLWDWLRQ
QXPEHUDQGWKHFRUUHVSRQGLQJYDOXHVRIWKHVWDWLFSUHVVXUHPHDVXUHGDWWKHWLSRIWKHK\GURIRLO2QHPD\HDVLO\REVHUYH
WKDW79&LQFHSWVDWVL DQGGLVDSSHDUVDWDPXFKKLJKHUFDYLWDWLRQQXPEHUVG ZKLFKLVDVVRFLDWHGZLWKD
SUHVVXUHRIDURXQGEDUDWWKHWLSRIWKHK\GURIRLO
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2IPRUHLQWHUHVWLQ)LJXUHLVZKDWZHREVHUYHRQWKHGHVLQHQFHOLPLWVRIWKH79&&RQVLGHULQJWKDWWKHFDYLWDWLRQLV
RQO\DUHVXOWRIWKHYDSRUL]DWLRQRIZDWHUWKH79&PXVWGLVDSSHDUDVVRRQDVWKHSUHVVXUHLQVLGHWKHYRUWH[LVKLJKHU
WKDQWKHVDWXUDWLRQYDSRUSUHVVXUH'XHWRWKHKLJKVWDWLFSUHVVXUHVFORVHWRWKHYRUWH[FRUHGHSLFWHGLQ)LJXUHLWLV
YHU\XQOLNHO\WKDWWKHHYDSRUDWLRQSURFHVVVXVWDLQVWKHFDYLW\,QDGGLWLRQWKHIDFWWKDWWKHGHVLQHQFHWKUHVKROGYDULHV
ZLWKWKHJDVFRQWHQW )LJXUH LVDFOHDULQGLFDWLRQWKDW79&UHVLVWVSUHVVXUHOHYHOVKLJKHUWKDQYDSRUSUHVVXUHEHFDXVH
RIWKHGLIIXVLRQRIWKHGLVVROYHGJDVLQZDWHUDFURVVWKHLQWHUIDFHRIWKHYRUWH[FDYLW\,QGHHGWKHORFDOGHFUHDVHLQWKH
SUHVVXUHGXHWRWKHURWDWLRQDOPRWLRQRIWKHIOXLGDURXQGWKHYRUWH[D[LVFKDQJHVWKHORFDOVDWXUDWLRQOHYHORIZDWHU
)RULQVWDQFHLQWKHFDVHRIWKHRIVDWXUDWLRQDVORQJDVWKHSUHVVXUHZLWKLQWKHFDYLWDWLQJWLSYRUWH[LVEHORZWKH
DWPRVSKHULFSUHVVXUHWKHZDWHUIORZLQJDURXQGWKHYRUWH[FRUHLVVXSHUVDWXUDWHG

%HVLGHVWKHHIIHFWRIJDVFRQWHQW)LJXUHDOVRVKRZVWKDWWKHGHOD\LQWKHGHVLQHQFHRIWKH79&GHSHQGVRQWKHIORZ
FRQGLWLRQVDQGWKDWWKHK\VWHUHVLVLVVWURQJHUEHWZHHQDQGDQGDWWKHORZHUIUHHVWUHDPYHORFLW\RIPV:H
DUJXHWKDWWKHXSVWUHDPYHORFLW\DQGWKHLQFLGHQFHDQJOHLQIOXHQFHWKHFDYLWDWLRQGHVLQHQFHWKURXJKWKHERXQGDU\OD\HU
VWDWHRQWKHK\GURIRLOVXFWLRQVLGH:HKDYHREVHUYHGWKDWWKHODUJHK\VWHUHVLVLVDOZD\VDVVRFLDWHGZLWKWKHIRUPDWLRQ
RIDJODVV\FDYLW\DWWKHWLSRIWKHK\GURIRLODVLOOXVWUDWHGRQ)LJXUH$FFRUGLQJWRKLJKVSHHGYLVXDOL]DWLRQV QRW
SUHVHQWHG KHUH  WKLV WUDQVSDUHQW FDYLW\ FRXOG EH DQ LQGLFDWLRQ RI D ODPLQDU VHSDUDWLRQ RI WKH ERXQGDU\ OD\HU
1HYHUWKHOHVV LW LV QRW \HW FOHDU KRZ VXFK D ODPLQDU VHSDUDWLRQ HQKDQFHV WKH RXWJDVVLQJ SURFHVV DQG GHOD\V WKH
FDYLWDWLRQGHVLQHQFH


)LJXUH(YROXWLRQRIWKHVKDSHRIWKH79&ZLWKLQFLGHQFHDQJOHDW10 m/sDQGV 

7KHK\VWHUHVLVLQWKH79&LQFHSWLRQDQGGHVLQHQFHHYLGHQFHGKHUHSRVHVDFKDOOHQJLQJSUREOHPIRUWKHGHVLJQDQG
WKHPRGHOWHVWVRIK\GUDXOLFPDFKLQHV,QIDFWLWLVQRWFOHDUZKLFKFDYLWDWLRQLQGH[ LQFLSLHQFHGHVLQHQFH VKRXOGEH
WDNHQ LQWR DFFRXQW LQ WKH SHUIRUPDQFH WHVWV 0RUHRYHU WKH DFWXDO VFDOHXS UXOHV DOZD\V IDLO LQ SUHGLFWLQJ 79&
RFFXUUHQFHLQD[LDOWXUELQHV7KHZRUNSUHVHQWHGKHUHLVEHLQJSXUVXHGWRDGGUHVVWKHVHFKDOOHQJHV
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)LJXUH79&LQFHSWLRQGHVLQHQFHIRUGLIIHUHQWLQFLGHQFHDQJOHVDQGJDVFRQWHQWOHYHOVPHDVXUHGDWDQGPV
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Conclusion
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We experimentally investigated the cavitation incipience and desinence within a tip vortex, developed by an elliptical
hydrofoil, in a wide range of flow parameters and gas content levels. Our observations confirm the hysteresis between
cavitation incipience and desinence thresholds. Besides the gas content, we have found that this phenomenon is also
dependent on flow parameters, peaking at ~12° incidence angle and 10 m/s upstream velocity. We argue that once a
TVC is developed, the excessive gas within the supersaturated water diffuses into the cavity and sustains cavitation at
pressure levels as high as atmospheric pressure. The combination of the flow visualizations and inception/desinence
measurements indicates that a laminar separation near the hydrofoil tip likely enhances this outgassing process. Further
research is underway to distinguish between vapor cavitation and gaseous cavitation, compare their consequences and
ultimately define relevant criteria for cavitation tests of hydraulic machines at reduced scale.

