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ABSTRACT

Based on a wing section design theory and boundary |ayer calculations,

a new series of hydrofoil sections with inproved cavitation inception character-
isties were theoretically devel oped and presented in previous papers. To verify
these theoretical results experinentally, two hydrofoil nodels, one a newy
devel oped profile designated YS-920 and the other an NACA 66 (MOXD) wing Section
were tested in a high speed water tunnel at California Instizut= of Technol ogy.
The neasurenents included force and nonent data, flow visualization, cavitation
characteristics, and surface roughness effect on cavitation. In this report,

the neasured cavitation-free buckets of YS-920 and NACA 66 (MXD) foil sections
are presented and conpared with theoretical predictions. The ability to achieve
a significant delay in cavitation inception with a newy designed profile is

clearly denmonstrated experimentally.

ADM NI STRATI VE INFORMATION

The work carried out in this experimental investigation was supported
by Naval Sea Systems Conmand, Code 035 under the General Hydrodynam ¢ Research
Program El enent 61153N, Task Area SR 0230101.

| NTRODUCTI ON

When operated at a practical depth below the free surface, a lifting surface
w Il develop vortex cavitation and surface cavitation on the foil above a certain

critical speed. Foil cavitation leads to undesirable changes in hydrodynam c and



acoustic characteristies and possi bl e danage to the foil structure. Conse-
quently, the design philosophy of current hydrofoil and propeller blade
sections is governed by the requirements of (1) providing specified lift, (2)
avoiding or minimizing cavitation, and (3) supplying adequate structura
styength fral | operating conditions.

In a seaway, the lifting surfaces of a hydrofoil craft experience signif-
icant changes in the angle of attack due to both wave orbital velocities and
craft motion. Similarly, for a propeller operated behind an iaelined Shaft
and in a ship wake, the propeller blades experience periodic variation in
effective angle of attack.

The physical process associated with inception of cavitation is extrenely
conpl ex. However,it has been generally agreed that cavitation inception occurs
on a full-scale lifting surface when the |ocal pressure falls to or below the
vapor pressure of the flowirg fluid. Cavitation inception can be predicted from
the pressure distribution, since the cavitation-inception index G = G is
equal tothe negatfve ginimum pressure coefficient ‘Cpmin . The hydrodynani c
characteristics of a hydrofoil section to delay the oceurrence of surface
cavitation can then be examined in terns of a so-called M ninmum pressure
envel ope, often referred to as the cavitation-free bucket.. For a specified hydro-
foil geetion the internal region of the mninum pressure envel ope defines the
region of cavitation-free section lift coefficients (or angles of attack) as a
function of sectioa cavitation number.

NACA ! 6 =series and NACA 66 (HOD) = series wing sections are known to have
good characteristics fordel ayi ng inception ocavitation. EXtensive application
of these two series of NACAving sections to existing hydrofoil craft and marine

propel lers has been well documented [1,2]. Since, the NACA wing sections were



devel oped around 1940, possible areas \of inprovement have been investigated
both theoretically and experinentally, see Reference [3]. By neans of re-
cently developed wing section design theory, a series of new hydrofoil
sections has been theoretically investigated by Shen and Eppler [3,4,5]
with noticeable inprovement of predicted surface cavitation inception.
This encouraging result calls for experinental verification=

The present report provides a conparison of experinentally neasured
and theoretically predicted cavitation-free buckets of newy designed YS 920

and NACA-66 (MXD) sections.
EXPERI MENTAL  EQUI PMENT

WATER TUNNEL

The Hgh-Speed Véter Tunnel (HSW) 4in the Gaduate Aeronautical Laboratories
of the GCalifornia Institute of Technology was wused in the present investigation.
This water tunnel is equipped wth a two-dinensional working section. The nodel
can be viewed through top, bottom and side wndows. Further descriptions of this

water tunnel are given in Reference [6].

HYDROFOIL MODDELS

The design [lift coefficient of CL= 0.2 is a typical value used in hydrofoil
and propeller blade section design. The profile B920 which has a design [ift
coefficient of 0.22 was thus selected from Reference [5] for this investigation.
The profile shape, coordi nate offset, and the design philosophy of ti.is profile
were given in Reference [5]. A NACA 66 (MD) wng section with a canber ratio of
fc = 0.020 was also selected in this investigation. The canber ratio of the NACA

66 (MD) section was selected in such a way that both foils YS920 and NACA 66



(MXD), have about the same |ift coefficient of CI,' 0.22 at the center of their
cavitation buckets. Furthernore, both profiles have the sane nmaxi mum thickness-
to-chord ratio of 0.09

For testing in the HSW, both hydrofoil models had six-inch chord (15.2 em)
and six-inch span. The nodels were made from 17-4 PH stainless steel hardened to
the H1075° F (579° ¢) condition. To ensure a very accurate surface contour,
both nodel s were cut from the blocks by a numerical controlled machine using a
total of 850 passes on each foil surface. Deviations from the specified section
profiles measured normal to the surface at 3 stations along the span were found
to be less than 0.0005 of the chord length. The coordinates and profile shape
of YS920 along with velocity distributions at three foil angles are givenm in

Table 1 and Figure 1, respectively.

DISTRIBUTED SURFACE ROUGHNESS

Profile B-920 was designed to have no flow separation on the foil surface
at a typical full-scale Reynolds number value of 3 x 107 . Thus, if the YS-920
profile were used for a prototype, boundary |ayer calculations indicate that
the boundary layer on the foil surface will go through a natural transition
from laminar to turbulent near the |eading edge. The boundary |ayer calculations
also show that due to the reduction im Reynol ds nunber for the hydrofoil nodel
tested la the water tunnel (HSWT) laminar boundary |ayer separation will be
encountered near the trailing edge. To simulate the high Reynolds nunber phenom
enon, the nodels were also tested with surface roughness uniformy distributed
near the |eading edge, over 1.5 percent of the chord length on the upper and | ower
surfaces. The surface roughness consisted of glass spheres of 0.004 inch

(0.010 cm nominal dianeter bonded to the surface of the fall section with Loctlte

General Purpose Epoxy 53.



EXPERI MENTAL RESULTS

The majority of the experinments were conducted at a tunnel water speed of
50 feet per second (15.2 wmeters per secbnd), corresponding to a Reynol ds nunber
based on the chord length of 2.6 X 106 {7]. Plow visualization obsgervations
confirned the boundary layer calculations, that at the design condition of CLa
0.22 the hydrofoil nodel of ¥S-920 did experience laminar boundary |ayer sepa-
ration near the trailing edge. Wthout the installation of surface roughness,
the nodel experienced a band-type cavitation around the neasured laminar bound-
ary layer separation zome. Wth the installation of surface roughness wuniformy
distributed around the leading edge, the band-type cavitation associated wth
laminar boundary layer separation was completely elininated, and the nodel
experienced a eraveling bubble type cavitation as is to be anticipated in the
prototype. A a large angle of attack, namely a large Ilift coefficient, the
foil experienced leading edge sheet cavitation.

The neasured cavitation-free buckets of ¥S-920 and NACA 66 (MD) wth and
without surface roughness are given in Figures 2 and 3. Wthout the installation
of surface roughness, the foil surface is denoted as smooth. The theoretically
conputed cavitation-free buckets of these two wng sections are also shown in the
sane Figures for a direct conparison.

Wthout the application of surface roughness, when the foil surface is snooth,
the nmeasured cavitation-free buckets are seen to be mch wder than the theoret-
ically predicted bucket. As predicted from the theoretical conputations (See
Figure 2), experinental neasurenents confirned that the danger of cavitation
inception on the pressure side of Profile YS920 is greatly delayed as conpared

to that on the NACA 66 (MXD section.

Wth the application of leading edge surface roughness, the neasured cavita-




tion free buckets show a remarkable agreement with the theoretically predicted
buckets. As predicted from the theory, the measured cavitation-free bucket of
Profile YS-920. is significantly wider than that of NACA 66 (vop)section at the
design cavitation number @& = 0.45. The nmeasured bucket widths were found to be
around 3.2 and 2.3 degrees in angle-of-attack for profiles YS-920 and NACA 66
(MD), respectively. Note, 1 degree in angle-of-attack corresponds to approxi-
mately 0.1 in lift coefficient. The neasured cavitation inception values are

in good agreement with the predicted values given in Figure 11 of Reference [5].
This significant result suggeststhat at a given design Speed, the newy designed
Profile B-920 shoul d be able totolerate much greater fluctuation (variation)

in angle-of-attacks than the conpared NACA 66 (MXD) section in a non-uniform

wake.

CONCLUDING REMARKS

Experinmental neasurenents confirmed the previous theoretical predictions
that at a given design speed, the cavitation-free bucket width of the newy deve-
| oped section profile YS-920 is significantly greater than that of the conparable
NACA 66 (MXD) wing section.

The neasured bucket widths of Profiles Y$-920 and NACA 66 (MXD) were found
to be around 3.2 and 2.3 degrees in angle-of-attack, respectively. Consequently,
Profile PS-920 should be able to tolerate nuch greater variation in angle-of=-
attack than the conparable NACA 66 (MOD) section in a non-uniform wake or sea
state.

The thickness-to-chord ratio of practical interest is 0.09 on existing naval
hydrofoils. However, the thickness ratio of practical interest on narine pro-
pellers IS generally less than 0.09 atthe outez radii. Due to the reduction in

6



leading edge thickness, the cavitation-free bucket widths on thin sections
would be smaller than the values quoted previously. This fact makes it
difficult to operate a thin blade section in a non-uniform flow without
cavitation. However, it is believed that a new type Of blade section
can be designed to delay cavitation inception.

The present experimental investigations and previous t heoreti cal predic-
tioas strongly indicate that refining a profile for each application to hydr o-
foils and propeller blades sections is possible and advantageous in the
future

Further discussion of the measured foOrce and moment data, boundary layer
characteristics and cavitation characteristics of Profile Y5-920 will. be given

in a saparate r eport.
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