B

Report 3023

VENTILATION, CAVITATION AND OTHER CHARACTERISTICS OF MIGH SPEED SURFACE-PIERGING STRUTS -

July 1969




became part of the Center in November 1887.

imerging the David Taylor Moddl Basin & Carderc dary
Laboratory at Annapolis, Maryland. The Mine Defense Labors




DEPARTMENTOFTHE NAVY
NAVAL SHIP RESEARCH AND DEVELOPMENT CENTER

WASHINGTON, D. C. 20007

VENTILATION, CAVITATION AND OTHER CHARACTERISTICS
OF HIGH SPEED SURFACE-PIERCING STRUTS

by

Richard S. Rothblum
Dennis A. Mayer
and
Gene ht. Wilburn

This document is subject to special export controls and
each transmittal to foreign governments or foreign nationals
may be made only with prior approval of Naval Ship Research
and Development Center, Code 500.

July 1969 Report 3023




ABSTRACT ........

TABLEOFCONTENTS

ADMINISTRATIVE INFORMATION

INTRODUCTION

OUTLINE OF THE EXPERIMENT
STRUT MODELS
TEST CONDITIONS
INSTRUMENTATION
SOURCES OF ERROR

Signal Processing, Data Reduction

Mechanical AlGNMENT..
Towing Carriage SPeed VAMIAtION i
Play in Yawing MechaniSm s
Interpretation of Unsteady Force Data ... s

RESULTS eeeeeeees
VENTILATION

Effect of Leading Edge Radius on Ventilation Boundary ..,

Effect of Submergence and Endplate on Ventilation Boundary -
Effect of Size on Ventilation Boundary ........................................................................

Effect of Cavitation Number on Ventilation Boundary ...
Side Force Coefficient as Boundary

Mechanism of Ventilation Inception

FORCE COEFFICIENTS, HYSTERESIS s

Nonl i nearity

Effect of Leading Edge Radius on Force Coefficients i,
Effect Of Size on Force Coefficients ............................................................................
Effect of Submergence and Endplate on Force Coefficients s,

SUMMARY OF CONCLUSIONS

VENTILATION BOUNDARIES :revsssssssssssssssssssssisssssssssssssssssssssssssssss s
SCALING VENTILATION ....................................................................................................
FORCE COEFFICIENTS ......................................................................................................

RECOMMENDAT'ONS ..............................................................................................................

ACKNOWLEDGMENTS

REFERENCES ...

BIBLIOGRAPHY

w

[ B N T T N O S

= © w©w © oo N o o1 o

- P P e e
w NN

13
13
14
14

14

15

38




LIST OF FIGURES

Figure 1 = Family of Strut Shapes.............oiii 16

Figure 2 — Froude Number, Reynolds Number, and Cavitation Number
versus Velocity for the Range of Conditions Tested ..........cocvvviemmiveniiriiinn. 16

Figure 3 = Typical Development of Vapor Cavity with Increasing

Speed and Yaw Angle, Model 2...........ccoocoiiiiiiiiii o 17
Figure 4 - Inception of Ventilation, Model 1................cccoiiii 18
Figure 5 — Intermediate Postinception Stage, Model L., 18
Figure 6 — Fully Established Ventilation, Model 1 .............cccoooiiii, 18

Figure 7 — Side Force, Drag, and Yaw Angle versus Time for a Typical

Strut Ventilation, MOEl 4. ... 19
Figure 8 = Side Force, Drag, and Yaw Angle versus Time Showing

Preventilation Force Oscillation for Model 4................ccooviiiiii 19
Figure 9 — Vapor Cavity Being Shed, Model 2..................... . 20
Figure 10 — Velocity versus Yaw Angle on the Ventilation Boundary

for Models 0 to 3..... F K eteeeeeeeeeeeeeeenee £ttt 20

Figure 11 — Cavitation Number versus Yaw Angle on the Ventilation
Boundary for ModelS 010 3....cccccooiviiviiiiiieiiioe s vemssssmsassssssesesssssssnsrsssissmensesnans - 21

Figure 12 ~ Vapor Cavity Development Typical of Model O ....................oooo, 22
Figure 13 - Differences in Cavity Development for Models 0 and 3

under Similar CONCItIONS  .......ooiiiiiiiiee e, WA
Figure 14 - Velocity versus Yaw Angle on the Ventilation Boundary

for Models 2 and 4 ..o S UUTOTURRRROY 23
Figure 15 ~ Cavitation Number versus Yaw Angle on the Ventilation

Boundary for Models 2 and 4...........ccooiiiiiii 24
Figure 16 — Cavity Development on Model 4, Aspect Ratio 0.5 - PRSI 25
Figure {7 - Cavity Development on Model 4, Aspect Ratio 0.875 oo, 26
Figure 18 — Model 4 with Endplate .. 26
Figure 19 - 1.0- and 2.0-Foot Chord Models (Models 2 and 4) under

Slmllar Condltlons T I N I TL T T Tr PSP .._ .................................. 27




Figure 20 = Cavitation Number versus Yaw Angle on the Ventilation

Boundary for Models 0, 2, and 3

Figure 21 = Side Force Coefficient versus Yaw Angle on the

Ventilation Boundary for Models 2 and 4

Figure 22 -~ Hysteresis Loop of Side Force Coefficient versus

Yaw Angle for Model 4.

Figure 23 = Hysteresis Loop of Drag Coefficient versus Yaw

ANgle for Model ...

Figure 24 — Model 4, 45 Knots, Aspect Ratio 0.875 ........... PO

Figure 25 — Model 4, 45 Knots, Aspect Ratio 0875...............coi

Figure 26 — Side Force Coefficient versus Yaw Angle forModelO..................... ... ... ... . ...

Figure 27 — Side Force Coefficient versus Yaw Angle for Model 1.

Figure 28 = Side Force Coefficient versus Yaw Angle for Model 2.,

Figure 29 - Side Force Coefficient versus Yaw Angle for Model 3..............ohoen,

Figure 30

Figure 31

Figure 32

Figure 33

Figure 34

-

Drag Coefficient versus Yaw Angle for
MOGEI Z.iiiriisiieniessiiie it e ires oot r e s s bt s bsates shes sosmsnbassassseasnassrens

Side Force Coefficient Slope versus the Reciprocal of the
Aspect Ratio for Models 2 and 4 ...

Side Force Coefficient versus Yaw Angle for Model 4 .

Drag Coefficient versus Yaw Angle for Model 4 -,

Page

27

28

28
29
30
31
32
33

34

35

35

35
36

37



ABSTRACT

A family of five struts was towed to pierce the water surface verticaly
in the high-speed towing tank of the Naval Ship Research and Development
Center. The purpose of the tests was to determine the effect of speed and
certain geometric parameters on the ventilation, cavitation, and other hydro-
dynamic characteristics of surface-piercing struts.

It was found that upon ventilation at high speeds, significant reversal
of side forces may occur on surface-piercing struts. For initially undisturbed
conditions, ventilation at high speeds is most likely to occur on blunt-nosed
struts. Cavitation results in unpredictable, nonlinear, and highly unsteady
force coefficients. Mean force coefficients are presented for the conditions
tested. There was some indication that modeling of ventilation inception
conditions may be accomplished if Froude and cavitation number are scaled.

ADMINISTRATIVE  INFORMATION

This work was sponsored by the Naval Ship Systems Command under Subproject
54606X, Task 1703.

INTRODUCTION

In the (design of a surface-piercing strut for application to hydrofoil boats, a major
problem is to ensure that the side force on the strut will be a predictable, relatively stable,
smooth, monotonic function of the local sideslip angle (angle of incidence) at the strut. The
importance of this characteristic of hydrofoil struts is illustrated by experience with an early
hydrofoil boat which regularly sustained complete loss of lateral stability while running dead
ahead, resulting in a spin-out. Suspicion that ventilation of the after hydrofoil struts was the
cause of the instability was confirmed when this problem was eliminated after ventilation
fences were installed on the struts. Subsequent, investigation into the phenomenon of venti-
lation has shown that the anomalous changes in side force associated with the inception of
ventilation would adequately explain the behavior of that boat.

As applied to a stationary body partially or fully submerged n a flow of water, the
term “ventilation” is defined here as the rapid displacement of an extensive region of water
or water vapor adjacent to the body by a stable, air-filled cavity attached to the body and
connected with the atmosphere. Upon ventilation, side forces on struts have often been ob-
served to increase in magnitude as much as 150 percent of their former value and to reverse
their direction of action! These reversals take place after only infinitesmal changes in in-
dependent parameters such as speed or sideslip angle. Consequences of this type of be-
havior on forces acting on a hydrofoil craft hardly need to be elaborated.




Because of the complex and little understood nature of the flow around a surface-
piercing strut operating in a partialy cavitating regime, theoretical analysis of the forces on
such a strut has been completely inadequate. Even if ventilation effects could be neglected,
vapor cavitation is present in nearly al high-speed applications of struts and would be
sufficient tp cause unpredictable, nonmonotonic behavior of strut side forces with attendant
undesirable consequences.

In November 1966, the first of a series of experiments on a family of surface-piercing
struts was conducted at this Center to obtain a better understanding of the phenomenon of
ventilation and to establish a more rational basis for strut design. This was accomplished
by systematically varying parameters which were anticipated to be important. Four members
of a family of struts were designed to test the effect of variation of leading edge radius. A
fifth member had a 2-ft chord, twice that of the others, and was furnished with a removable
endplate. Other parameters that were varied include yaw angle (identical to sideslip angle
in a towing tank), depth of submergence, and speed. Conditions for ventilation inception
(speed, yaw angle, submergence) were noted. The recorded data included three components
each of forces and moments, still photographs, and motion pictures.

OUTLINE OF THE EXPERIMENT
STRUT MODELS

Five struts were tested; four of these were a family designed to test the effect of
varying leading edge radius. The fifth had a 2-ft chord, twice the chord length of the
others. The first four models were of constant section and had a maximum thickness of
0.12 ft a midchord. The leading edge radii were 0.0, 0.0102, 0.0183, and 0.0327 ft; see
Figure 1. For convenience, the 1-ft chord struts are referred to as Models O to 3 in order of
increasing leading edge radius. The 2-ft chord model is designated Model 4. Model O
(zero leading edge radius) was an ogive section selected to be one limiting member of the
family. Other members were selected by applying the criteria that:

1. The section aft of midchord was to be identica for all members = half ogives.
2. The curvature of the section was to be convex outward.
3. The radius of curvature of the section was to be continuous.

As manufactured, the struts differed from the offsets generated by the above require-
ments by less than +0.040 in. Surface waviness was within LO.005 in.

Model 4 had the same planform and span as Model 2 but twice the chord length. It was
designed to explore the effect of scale on the strut characteristics, particularly ventilation.
Since Model 4 did not have twice the span of Model 2, they were not fully geometrically
similar. A removable endplate was also fabricated for Model 4 to investigate the effect of
differing tip conditions on ventilation and other characteristics. The endplate was paralel



sided and semicircular fore and aft. The paralel sides were each 6 in. from the section
centerline whereas the fore and aft edges extended 2 and 3 in., respectively, from the lead-
ing and trailing edge of the strut.

TEST CONDITIONS

The struts were towed vertically in the high-speed towing tank of this Center at
speeds ranging from 4 to 55 knots. Depths were systematically varied from 1 to 3 ft. While
speed was held constant, yaw angle (angle of incidence) was varied continuously during the
runs at a rate of 1/3 degfsec from O to 10 deg port or starboard for the 1-ft chord models and
0 to 15 deg for Model 4. At higher speeds, several runs at the same velocity were required
to cover the full range of angles. No difference in force measurements could be detected
between runs with continuous or discrete variation of yaw angle.

Figure 2 shows the range of velocities covered by the test presented as these
dimensionless parameters. Froude number F, Reynolds number Re, and free surface cavita
tion number o. There parameters are defined here as:

- Uc
F= U/Nge, Re=

1%

, and o =

In the above definitions,
U is the free-stream velocity,
g is the acceleration due to gravity,
c is the strut model chord length,
v is the kinematic viscosity of water,

Ap is the difference between ambient atmospheric pressure and the vapor pressure
of water, and

p is the mass density of water.

INSTRUMENTATION

Three components each of forces and moments were sensed using a dynamometer built
by Aerojet General Corporation. Signals from the dynamometer were processed through highly
accurate electronic conditioning equipment, recorded on magnetic tape in digita form, and
automatically converted to engineering parameters on a high-speed computer.

Model 4 was instrumented with a matrix of pressure transducers whose outputs were
also digitized and recorded on magnetic tape. (The pressure data will be reduced and pub-
lished in a later report.)




The tests were monitored by both motion and still pictures. The motion pictures were
taken through the water surface on one side of the strut at 500 or 5000 frames/sec., These
pictures showed the inception, growth, and sweeping away of vapor cavities on the struts and
the subsequent inception and development of ventilation cavities. The still pictures were
taken from the port side of the strut through an underwater viewing window in the basin. An
electronic flash was used to stop action.

SOURCE5 OF ERROR

As in any experiment, certain inaccuracies resulted from the limitations of the mechan-
ical and electronic components of the experimental apparatus and from techniques of data
reduction and analysis. A discussion of the principal sources of error are listed below in the
order of increasing significance.

Signal Processing, Data Reduction

Force and pressure signals were conditioned, amplified, digitized, and recorded by
highly accurate electronic equipment and were reduced to physically meaningful units by a
high-speed computer. Errors arising from this source were at least an order of magnitude
smaller than those from the other sources listed below.

Mechanical ~ Alignment

Standard modelmaking practices were followed in the alignment and manufacture of
models, dynamometer, and auxiliary equipment. Runs were made with models yawed first to
port and then to starboard. No significant difference could be detected. No distinction could
be determined between zero yaw as measured mechanically and as indicated by monitoring of
hydrodynamic forces. Mean values of forces measured were probably within 2 or 3 percent of
true values in most cases.

Towing Carriage Speed Variation

During a run, towing speeds typically varied less than a few hundredths of a knot for
speeds up to 45 knots. At 50 knots, a 1/2- or I-knot variation was not atypical. At 55 knots,
as much as a 2-knot variation would occasionally be encountered. In computing force coeffi-
cients, the average velocity measured during the run was used.

Play in Yawing Mechanism

The models were driven through their range of yaw angles by a worm and sector gear
arrangement which had about 1/5 deg of play. This became significant only when unsteady
forces were large enough to activate the play.




interpretation of Unsteady Force Data

Because of cavitation, the forces and moments on the models were highly unsteady.
This introduced a large amount of scatter to the data, mostly because unsophisticated visual
averaging techniques were used to obtain mean values. This unsteadiness was by far the
most significant source of error; it can best be evaluated by noting the scatter of mean force
and moment coefficients as presented in the section on force coefficients.

In general, measurement techniques for mean values were within the limits imposed by
largely unavoidable error inherent in the unsteady nature of the phenomena studied. Scatter
might have been reduced by better data reduction techniques. The natural frequency of the
strut-dynamometer system was around 50 cps. This frequency response appeared to be
adequate to obtain the mean change in forces due to ventilation which took place over 0.1 or
0.2 sec. Measurements of periodic cavity shedding indicated that frequencies were present
up to 100 cps, for which few components in the experimental system were adequate to
measure or record.

RESULTS
VENTILATION

Several different types of ventilation have been observed on partially submerged
moving bodies. At low speeds, stagnant water comprising a region of separated flow adjacent
to the body is displaced by atmospheric air. At high speeds, the gases comprising a vapor
cavity play the same role as does the separated water region at low speeds. A character-
istic of all types of ventilation is the displacement of a stagnant or “low energy” fluid
region by air. This is accompanied by further changes in the flow, some of which are mani-
fested by an enlargement of the displaced region. Thus a completely new flow regime is
established. Furthermore, the previous nonventilated regime usually cannot be reestablished
simply by restoration of the previous conditions on the fluid boundaries. This results in a
characteristic hysteresis effect.

In addition to the distinction between ventilation at low and at high speeds (with or
without vapor cavitation), there is also a distinction between the occurrence of ventilation
on bluff bodies and on streamlined bodies yawed with respect to oncoming flow. On a bluff
body, ventilation is characterized by a gradua drawdown, with increasing speed, of the water
surface in the separated wake region; see Reference 1.* On a yawed, streamlined body,
ventilation may occur on the suction side of the body with the sudden displacement by air of
a separated region of water associated with stall caused by too great a yaw angle; see Ref-
erence 2.

*References are listed on page 38 and followed by a Bibliography of additional studies relevant to this report.




The results of this series of tests show that the type of ventilation which is likely to
occur on high-speed hydrofoil craft is intimately connected with vapor cavitation. In a typical
test condition, patches of vapor cavitation form on the leading edge of the strut and grow
with increasing speed or yaw angle. Figure 3 is an example of the development of this type
of cavity. As speed and/or yaw angle continues to increase, the leading edge vapor cavity
spreads vertically downward to the tip of the strut and upward nearly to the water surface.
Then the cavity extends aft until it fully covers the side of the strut except for a thin sheet
of water separating it from the free surface. Eventualy, this thin sheet of water is breached,
allowing air to “blow out” the vapor cavity, and resulting in a vented cavity which en-
velops the entire “suction” side of the strut and extends for an undetermined length down-
stream. Figure 4 is a photograph which captured the instant of inception. Figure 5 shows
the intermediate stage in which air is blowing out the cavity, and Figure 6 depicts fully
steady, postvent conditions.

These photographs illustrate some of the radical changes in flow pattern which accom-
pany high-speed ventilation. Unsteady aspects of the flow associated with the periodic
shedding of the vapor cavity were immediately eliminated. Spray sheets and rooster tail be-
came nearly vertical and appeared to increase in intensity, athough these observations were
hindered because of the necessity for shielding equipment from the spray.

The most striking aspect of the ventilation phenomenon was the change in direction
and magnitude of the side or “lift” forces. Postvent forces were sometimes half again as
great as forces prior to ventilation and oppositely directed. Figure 7 is a time history of
side force, drag, and yaw angle during a typical transition from nonventilated to ventilated
flow. The whole process from preventilation conditions to fully developed postventilation
conditions takes no longer than 1 sec. Most changes take place during the initia 0.1 tg
0.2 sec.

Figure 8 shows some of the force oscillations caused by periodic shedding of the
vapor cavity (Figure 9), which often preceded ventilation. Although the dynamometer used to
monitor forces was not designed to measure unsteady loads, periodic forces are estimated to

have ranged from 10 to greater than 35 percent of the mean load.

Effect of Leading Edge Radius on Ventilation Boundary

The maximum speed and yaw angle, and the minimum cavitation number which a given
strut, geometry may sustain in an undisturbed environment without the occurrence of ventila-
tion constitute a ventilation boundary.

Figures 10 and 11 show the effect of leading edge radius on ventilation boundaries.
In undisturbed flow, resistance to ventilation apparently increases with increasing sharpness
of nose shape. This correlates directly with the differences observed in the vapor -cavitation
characteristics of the several struts. It was stated earlier that, typically, a vapor cavity




would form on the leading edge of the strut models as speed and yaw angle increased. The
behavior of the cavity on strut Model O (the sharp-nosed ogival section model) was an ex-
ception. Under certain conditions, a cavity would first form at midchord on this strut; then,
with increasing severity of yaw angle, @ second cavity would start at the leading edge and
eventually merge with the midchord cavity (Figure 12). The different cavity shape in which
this development results can be seen by comparing the two photographs in Figure 13 which
show Models 0 and 3 (least and greatest leading edge radius) under similar conditions.
Notice that the cavity has not approached as closely to the surface on Model 0, and further,
that the shape of the upper boundary of the cavity does not match the shape of the water
surface nearly so well as the cavity on Model 3. As these observations suggest, Model 3 is
indeed more susceptible to ventilation than Model O or any of the sharper nosed struts.
Before concluding that sharp-nosed struts are more resistant in general to ventilation
than blunt-nosed struts, it must be pointed out that Model O was the only strut which could be
observed to “accidentally” or unexpectedly ventilate when acted on by a transient disturb-
ance such as resulted from backing the towing carriage through the wake of the previous run.
Even though this phenomenon of unexpected or accidental ventilation was observed only at
low speeds (about 5 knots), this experience warns that sharp-nosed struts may possibly be

more susceptible to ventilation under at-sea conditions where random disturbances abound.

Effect of Submergence and Endp|ofe on Ventilation Boundary

Figures 14 and 15 show the effect on the ventilation boundaries of size and submer-
gence aspect ratio. Here, submergence aspect ratio is the ratio of submerged span to
chord length.

For aspect ratios less than 1, the effect of submergence on cavity development and
consequently on ventilation inception was marked. With decreasing aspect ratio, the model
became more resistant to cavitation and ventilation. This correlates with the fact that load
coefficients and hence pressure variations decrease with aspect ratio. Figures 16 and 17
show cavity development on Model 2 for aspect ratios of 0.5 and 0.875, respectively.

The fact that ventilation boundaries are not significantly affected by increasing sub
mergence beyond an aspect ratio of 1 indicates that the principal factors influencing incep-
tion must act very near the surface. That is, tip effects do not become important until they
strongly affect the behavior of the flow near the surface.

Figures 14 and 15 also show the effect of the endplate on the ventilation boundaries
for Model 4. This was similar to the effect of dlightly increasing the aspect ratio. Figure
18 shows cavitation and ventilation on Model 4 with an endplate. Comparing the cavity de-
velopment with that shown in Figure 16 (no endplate), it can be seen that as close to the
surface as 1/4 chord length, shapes of the cavities had already become quite different. With
endplate, the tip vortex was eliminated. Despite obvious changes in cavity shape below the
surface, the ventilation boundary was only dlightly affected. This means that the ventilation
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characteristics of struts are determined by the vapor cavity shape very near the surface. Little
regard need be paid to the influence of strut-foil-pod intersections, provided the intersection
is submerged, say, more than one strut chord length. Adgain, this conclusion must be tenta-

tive, based on the part:cular mode of ventilation inception encountered during these tests.

Effect of Size on Ventilation Boundary

Comparisons of Model 2 and Model 4, geometricaly similar models of different size,
revedled no striking differences in vapor cavity development. Figure 19 shows both models
under nearly identical conditions of velocity, yaw angle, and submergence aspect ratio.
However, a comparison of the force coefficients under the same conditions suggests that the
side force coefficients of the smaller model, Model 2, are smaller than those of the larger
Model 4. This probably means that despite the apparent similarity shown in the photographs
of Figure 19, the vapor cavity was relatively larger on the smaler model, the difference be-
coming more pronounced for cases in which the cavity extended beyond midchord. The large
model was dlightly more resistant to ventilation, which would be expected in light of the
relatively slower growth of vapor cavitation with increasing speed and yaw angle. Further
discussion of this relationship is included in the section on ventilation mechanism.

Effect of Cavitation Number on Ventilation Boundary

Since vapor cavity size and shape appeared to be such an important parameter, it was
decided to support a proposal by Lockheed Missiles and Space Company to test Models 0, 2,
and 3 in their variable-pressure towing tank where atnbient pressure, and hence cavitation
number, can be varied independently of towing speed. The results of this test are reported
by Waid.3

The ventilation boundaries obtained by Waid are indicated in Figure 20 as cavitation
number versus yaw angle. Also shown in the figure are ventilation boundaries obtained at
this Center for the same struts at the same submergence. The correlation is only fair. Waid
notes that, agreement between the two sets of boundaries can be improved by computing the
cavitation number at a representative depth below the free surface rather than at the free sur-
face as was done in Figure 20. The fact that there is no single representative depth good
for all cases indicates that this method of improving agreement is not satisfactory.

In effect, the use of a representative depth as a correction factor is an attempt to
account for the fact that, among other things, Froude numbers were not equal in the two
facilities. A promising trend is indicated by the boundaries of Model 4 compared to the
boundaries of Model 2 obtained under geometrically similar free-surface conditions at this
Center and at Lockheed. The cavitation number ventilation boundary for Model 4 was accu-
rately predicted by a l.inear interpolation of Model 2 data obtained at Lockheed for low Froude
numbers and at this Center for high Froude numbers.



At the moment, only one case exists for which this Froude number and cavitation
number comparison can be made. More data are required before any definite conclusions may
be reached. Lockheed plans to test additional geometrically similar models of smaller size,
for which the Froude numbers will be closer to the range tested here,, The evidence so far
suggests that scaling of Reynolds number may be unimportant compared to Froude and cavi-
tation number scaling, as is true for “ordinary” vapor cavitation phenomena.

Side Force Coefficient as Boundary

The use of the side force coefficient as a ventilation boundary parameter was suggest-
ed by Bredin and Skalak.? Figure 21 indicates that this scheme collapses the ventilation
boundaries for Models 2 and 4 for aspect ratios of 1 or greater. This is reasonable since if
cavity (hence flow) similarity in shape and size is the predominate factor influencing venti-
lation, inception force coefficients should reflect this similarity.

Mechanism of Ventilation Inception

As noted previously in the general description of ventilation, inception occurs when a
thin sheet of water separating a vapor cavity from the atmosphere is ruptured. Exactly what
factors are responsible for precipitating the final instability of the separating water sheet is
a subject of conjecture.

It is known that amplification of small disturbances to the surfaces of a thin sheet of
liquid (water) surrounded by a less dense medium (air or water vapor) will occur when the
sheet is accelerated in a direction normal to its surfaces. The nature of this instability is
the same as that which causes the surface of water in a glass to become disrupted when the
glass is suddenly turned upside down. This phenomenon was first treated by G.I. Taylor*
and is referred to as Taylor instability. Waid® suggests that the vorticity cells present
in the boundary layer of a strut are amplified by a similar mechanism, finaly resulting in
rupture. Figures 3d and 4, which are photographs taken just prior to ventilation, certainly
suggest that, cavitating vortex cores are indeed connecting the cavity with the atmosphere.
However, it i3 just as easy to convince oneself from the same photographs that the disturb-
ances being amplified, are small surface waves of the type treated by Taylor. Moreover, the
amplification of vorticity would seem likely to depend on a viscous mechanism rather than the
inviseid Taylor mechanism.

Whatever the initial disturbances, if the assumption is made that they are amplified in
the manner suggested by Taylor, some interesting conclusions may be drawn.

The Taylor first-order treatment assumes that the disturbances are small even when
amplified. For purposes of this qualitative discussion, it is helpful to assume that when the
amplification factor-the ratio of the amplified surface displacement to the original disturbed
displacement-reaches a particular value, constant for geometrically similar conditions,




ventilation will occur. If viscosity and surface tension are neglected, the Taylor expression
for the amplification factor 71/710 for disturbances to a thin sheet of liquid whose density is

great compared to its surrounding medium is

n/ny = cosh (1= K(g, = g)1¥2 9

where K is the (dimensiona) wave number of the origina disturbance,
g4 is the downward acceleration of the liquid,
g is the acceleration due to gravity, and
¢t is the elapsed time from the initiation of the acceleration.

The above expression also assumes that the initial disturbances have a wavelength of no
more than three times the thickness of the water sheet § and that they occur in the upper
surface only. These last assumptions do not materialy affect the conclusions which will
be drawn, but they greatly simplify the argument. In the expression for n/no, independent
variables more appropriate for the strut problem can be used. Let elapsed time ¢ equal (/U,
where [ is the strut velocity and £ the cavity length. Let g, equal AP/p3, where AP is the
difference between atmospheric and cavity pressure, p is the mass density of the liquid, and
O is the thickness of the undisturbed liquid sheet. The result is

APt gt \| V2
7/ny = cosh {— K€ ————>
pU%8 U2

Thus it can be seen that the stability of the thin sheet of water separating the cavity from
the atmosphere is a function of AP/pU? = g, the free surface cavitation number; gf/U? =

1/F32’ the reciprocal of the square of the Froude number based on cavity length; £/8, the
ratio of the cavity length to water sheet thickness, and Kf, the ratio of the cavity length to
the length of the initia disturbance. Cavity similarity can be approximately achieved if the
cavitation number and chord length Froude number are scaled. Therefore, the Froude number
based on cavity length may be replaced by a Froude number based on chord length times a
factor which is a function of chord length Froude number and cavitation number.

Emmons et al.® treat second and third order effects, surface tension, and viscosity.
The effect of viscosity is small and serves only to provide some damping to the amplification
factor. Surface tension also is unimportant except that it results in a “cutoff” wave number
for disturbances above which the first-order treatment shows no amplification.

The foregoing; discussion indicates that modeling of ventilation inception due to vapor
cavitation will entail scaling of surface cavitation number and Froude number based on any
model dimension, as well as some assessment of the effect of various types of disturbances.
The effects of surface tension and viscosity are relatively unimportant. Furthermore, the
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large factor €/& which appears in front of the cavitation number in the expression for amplifi-
cation factor indicates that ¢ is much more important than F. Experience and available ex-
perimental evidence tend to support these conclusions athough more data are necessary.
Postulating Taylor instabilities as the mechanism for final rupture of the water sheet reduces
the problem of determining inception conditions to the more familiar problem of predicting
vapor cavity dimensions. The Taylor mechanism-or for that matter, any mechanism which
does not depend on viscosity or surface tension-will similarly “reduce” the problem to one
depending primarily on Froude and cavitation numbers. Again, these remarks apply only to
the mode of inception considered here.

FORCE COEFFICIENTS, HYSTERESIS

The mean side and drag forces on the struts were reduced to dimensionless coeffici-
ents by dividing by 1/2pU2 A, the dynamic pressure times A, the nominally submerged area.
Mean values were obtained by fairing a straight line through the unsteady data. Figures 22
through 34 are graphs of the mean force coefficients showing the effects of the various test
parameters. One of the most interesting and significant features of ventilated flow is the
reversal of “lift” or side forces. The magnitude of the reversed side force was often gteater
than the side force measured prior to ventilation. Actually, this reversal is a consequence
of the general hysteresis effect which ventilated flow regimes exhibit. At yaw angles below
which spontaneous ventilation will occur, the existence of a stable, ventilated flow regime
is still possible. Force coefficients were obtained for these regimes either by artifically
inducing ventilation by disturbing the water ahead of the strut or by reducing the angle of
attack after natural inception of ventilation. Figures 22 and 23 illustrate the lift and drag
hysteresis loop for Model 4. Note that vented forces are somewhat insensitive to yaw angle.

Ventilation was found to persist and to continue to exhibit force characteristics sig-
nificantly different from nonvented regimes even when the yaw angle was reduced to zero.
Persistence could be observed and evidence of persistence can be seen in Figures 22 and
23, even when the yaw angle was decreased to -0.5 deg. That is, the vented flow persisted
as yaw angle decreased through O deg and somewhat beyond. As can be seen from Figures 22
and 23, the ventilated regimes were rather unstable below some yaw angle.

The chordwise variation in position of the center of pressure aft of the leading edge is
indicated at appropriate points on the curve of Figure 22. These were computed from moment
data collected. As the vapor cavity developed, the center of pressure shifted from the quarter

chord position at small angles to midchord as ventilation inception angle was approached.
After ventilation, the center of pressure shifted to 0.8 chord. Since the ventilated side forces
were directed oppositely from the forces before ventilation, the yaw moment about the centroidal

axis retained the same sense as before ventilation.
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Figures 24 and 25 are photographs of a sequence of runs in which angle of yaw was
increased to the vent boundary, and then reduced. Note that with decreasing yaw angle, the
vented cavity may not extend to the full depth of the strut and that there may be several
separate points of attachment. A comparison of the first photograph in Figure 24 and the
last two in Figure 25 illustrates the persistence of the vented cavity.

The significance of these observations is that a ventilated regime is possible at any
yaw angle, including zero. Presumably all that would be required to initiate such a regime
would be a sufficient disturbance. The undesirability of this behavior for ship applications
is obvious.

Nonl inearity

A glance at the plots of force coefficients versus angle of yaw shows that at speeds
greater than 30 knots (51 fps), the response of the forces to changes in angle of yaw was
highly nonlinear, becoming more so with increasing speed. Two principal nonlinear regimes
may be noted. In the first, side force (lift) coefficient slopes increased steeply with in-
creasing speed at low yaw angles. This was associated with the growth of a leading edge
cavity. The second regime was characterized by a falling off of side forces with increasing
yaw angle-a “flat response” region-associated with large angles, large vapor cavities, and
high speeds. The higher the speed, the smaller the angle of yaw at which the flat response
regime began. At 55 knots, the side force response of Model 1 became practically flat beyond
an angle of yaw greater than 1 1/2 deg. Low aspect ratios inhibit cavitation and consequently
nonlinear  behavior.

The implication of the flat response region is that even without ventilation, ordinary
cavitation would be sufficient to precipitate a potentially unstable situation at much lower
angles of incidence than those for which spontaneous ventilation inception has been observed.

Effect of Leading Edge Radius on Force Coefficients

Figures 26 through 30 show the effect of leading edge radius on force coefficients.
The general trend is that the smaller the leading edge radius, the greater the linearity and
the less severe the reversals of side force on ventilation. This reflects in part the reduced
tendency towards cavitation of the finer nosed struts.

Effect of Size on Farce Coefficients

There were no striking differences in the behavior of Models 2 and 4 although, as
mentioned, for similar aspect ratios and speeds, the ratio of cavity length to chord length

appeared somewhat larger on the 1-ft chord model (Model 2) than on the 2-ft chord model
(Model 4). This conjecture is supported by Figure 31 which compares the side force co-
efficients of Models 2 and 4 at an aspect ratio of 1. For speeds above 45 knots (76 fps),
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the coefficients were distinctly lower for the smaller model on the “flat response” part of
the curves, suggesting that the cavity sizes are relatively larger on the smaller model.
This being the case, then, consistent with the earlier discussion of mechanism, the larger
model should be (and is) more ventilation resistant than the smaller model.

Effect of Submergence and Endp|cte on Force Coefficients

Figures 32, 33, and 34 show the effects of aspect ratio and endplate on the side and
drag force coefficient curves of Model 4. Figure 26 also includes several theoretical
curves. 8 7 For aspect ratios less than 1, the difference in value of side force coefficients
after ventilation was approximately a constant with respect to aspect ratio. However, because
increased aspect ratio decreases the angle of attack vent boundary, the coefficient reversals
tended to become proportionately more severe with increased aspect ratio or addition of an
endplate. Over the limited range examined, beyond an aspect ratio of 1 ventilated force
coefficients became more or less independent of aspect ratio, angle of attack, and speed.
As previously mentioned, the side force coefficient curve near the ventilation boundary
(flat response regime) becomes flatter as the aspect ratio increases until an aspect ratio of
one is reached:, see Figure 33. The corresponding curves for drag coefficient are shown in
Figure 34. The highest aspect ratio tested with Model 4 was 1.5. Figure 33 presents the
side force coefficient versus yaw angle at this aspect ratio for a range of speeds from 1{} to
55 knots (17 to 93 fps).

SUMMARY OF CONCLUSIONS

VENTILATION BOUNDARIES

1. Relation to vapor cavitation: At high speeds, ventilation inception is intimately
connected with the shape and extent of the associated vapor cavity, and it is the rupture of
this cavity which results in ventilation.

2. Effect of strut leading edge radius: For initially undisturbed conditions, struts with
sharp leading edges are more resistant to ventilation at high speeds than are blunter struts.
This correlates with the effect of leading edge radius on vapor cavity shape.

3. Effect of size: Increase of size is accompanied by a decrease in relative cavity size,

and hence a decrease in susceptibility to wventilation.

4. Effect of submergence and endplate: Ventilation susceptibility increases with aspect
ratio up to somewhat beyond aspect ratio 1. Beyond that, it is relatively insensitive to
aspect ratio. An endplate has the same effect on ventilation as an increase in submerged
length equal to the half-width of the endplate.

13




SCALING  VENTILATION

Experience, experimental evidence and some analysis indicate that the mechanism of
ventilation is relatively independent of the effects of viscosity and surface tension. There-
fore, modeling should be possible in the same way that vapor cavitation is modeled, i.e.,
Froude and cavitation number scaling.

FORCE COEFFICIENTS

1. Hysteresis: A pronounced hysteresis phenomenon is associated with ventilation; one
of the results of this is a possible severe change in the magnitude and direction of side
forces, with obvious dangerous implications for hydrofoil craft.

v 2. Unsteadiness: Ventilation is usually preceded by unsteady, nonlinear forces associ-
ated with cavitation. Upon ventilation, the unsteadiness disappears.

3. Nonlinearity: Aside from ventilation, theeffects of cavitation result in extremely
nonlinear behavior of side force versus yaw angle. This could easily result, in unstable

situations for a hydrofoil craft.

4. Effect of leading edge radius: Finer nosed struts respond more linearly and are less
susceptible to severe reversals upon ventilation than more blunt struts.

5. Effect of size: Because of relatively smaller vapor cavities, larger struts tend to
preserve greater linearity of response to changes in yaw angle.

6. Effect of aspect ratio and endplate: In the absence of cavitation, theory adequately
predicts the effect of aspect ratio over the range of Froude numbers tested. In the cavitating
and ventilating range, increasing aspect ratio increases coefficients, decreases linearity, and
tends to make force reversals on ventilation more severe. Beyond an aspect ratio of 1, these
tendencies become less pronounced. An endplate has about the same effect on force coeffi-
cients as an increase in submerged length equal to the half-width of the endplate.

RECOMMENDATIONS

1. There is some indication that the presence of disturbances such as waves or damaged
strut contours may radically alter the conclusion that sharp-nosed struts are more resistant to
ventilation than are blunt struts. This must be investigated before a study of optimum shapes
can be rationaly pursued.

2. The only way in which a valid comparison can be achieved between models tested at
Lockheed Underwater Missile Facility and full-scale struts is to utilize observations on a
full-scale craft. A comparison based on preservation of Froude and cavitation numbers cannot
readily be made between models tested at Lockheed and geometrically similar models at this
Center. For a given size of model which could be conveniently tested at Lockheed, the
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corresponding Size, which preserved both Froude and cavitation number at NSRDC, would be
prohibitively large. This is because the only way of achieving low cavitation numbers in the
NSRDC towing tank is to use high velocities. This being the case, the only way to reduce
Froude numbers to realistic values is to increase the model size beyond a practical point.
Conversely, a practical model size for NSRDC testing would entail the use of an unredistical-
ly small model at Lockheed to achieve Froude and cavitation scaling,. Testing of additional
sizes of models at Lockheed would extend the range of important parameters closer to those
obtainable at this Center. But full-scale observations are desirable for many other reasons,
not the least of which is to determine how closely laboratory conditions actualy simulate

those encountered in operation.

3. More adequate flow visualization techniques should be attempted to further define the
mechanism of ventilation inception. Motion pictures taken from below the water surface would
be helpful, especialy since they would not be obscured by spray as were those taken through
the surface.

4. Optimum shapes might profitably be investigated either following the completion of, or
simultaneously. with, the preceding suggestions. The shapes investigated should include
base-vented and reverse-cusped struts. Experimental investigation should be supplemented
by analytical determination of pressure distributions at angles of yaw. (Flat distributions
would be preferable.)

5. The effects of sweep and dihedral could be investigated as an adjunct to a study of
shapes.

6. Testing at Lockheed should be expanded to include additional sizes of models and

the range of test conditions should be extended. This will enable a better comparison with

NSRDC results, and consequently improve our understanding of scale effects.
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Figure 3 =~ Typical Development of Vapor Cavity with Increasing Speed and
Yaw Angle, Modd 2

Aspect ratio 1.
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Figure 4 = Inception of Ventilation, Model 1
Yaw angle 10 deg, 45 knots, aspect ratio 3.0.
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Figure 5 = Intermediate Postinception Stage, Model 1
Yaw angle 8 deg, 55 knots, aspect ratio 3.0.

Figure 6 = Fully Established Ventilation, Model 1
Yaw angle 8.5 deg, 50 knots, aspect ratio 3.0.
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Figure 9 -~ Vapor Cavity Being Shed, Mode 2

Yaw angle 9 deg, 40 knots, aspect ratio 2.0.
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Figure 12 =~ Vapor Cavity Development Typica of Model 0
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Figure 16 = Cavity Development on Model 4, Aspect Ratio 0.5

At 45 knots.
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Yaw Angle 3 Degrees

Yaw Angle 5 Degrees

Figure 17 — Cavity Development on Model 4, Aspect Ratio 0.875

At 45 knots.

Yaw Angle 9 Degrees

Yaw Angle 10 Degrees

Figure 18 — Model 4 with Endplate

50 knots, aspect ratio 0.75.
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Figure 24 = Model 4, 45 Knots, Aspect Ratio 0.875
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