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PREFACE

In many cases, it has been found desirable in the st-udy of cavity
flowsto vary the cavity pressure by injecting agas into the cavity and there-
by controlling the cavitation mumber. To effectively control the cavitation
number, the basic mechanism of air entrainment must be found and related to
the quantity of gas injected into the cavity. The studies described in this
report were directed to obtain information on this problem for hydrofoils of
finite span submerged below a free surface, The studies were conducted in
the St. Anthony Falls Hydraulic Laboratory.

- The investigationwas conducted duringthe period November 30, 1960,
to February 28, 1962, The work was sponsoredby the Office of Naval Research
under Project NR 062-192, Contract Nonr 710(0lL).

Many members of the Laboratory staff were involved in various de-
tailsof the program. C. E. Bowers critically reviewed the report. The bulk
of the experimentaldata was taken by W, Parmenter and Z. Tarapore. X, Yala-
manchili was primarily responsible for data reduction and F. Thomas for car-
riage operations. Dr. Song suppliedthe data from the free-jet water tunmnel.
Preparationof the manuscript for printing was carried out by Marveen Minish,

Marjorie Olson,and Carol Takyiunder the general supervisionof Loyal Johnson.

iii



73
-
N

Exoerimertal studies have beenmade to determine the air-entrainment
rates of ventilated cavities for hydrofoils of finite span submerged below a
free surface. The study was .divided naturally into two parts; reentrant-jet
cavities and pulsating or trailing-vortex cavities. A correlation parameter
has been derivedto permit determination of the air-entrainment rates for cav-
ities in the reentrant-jet regime assuming that all the air is lost from the
cavity through the reentrant jét As air was also lost through the tip vor-
tices, some dependence was noted with aspect ratio. Air entraimment was a
function of velocityfor a given cavitationnumber and ambient pressure., Cav=~
ity instability or pulsation was observedat high air-injectionrates for thin
cavities, Trailing vortices were observed for thick cavities at the hi gher
injection rates, The frequency of the pulsations tended to increase as the

foil approached the free surface.

Measurements of 1ift and drag forces indicated little effect of the
free surface for submergence ratios of 1 to 3 chords. Data extrapolated to
@ =0 agreedfavorably with theoryby Johnson, and dataat the higher o cor-
related with theory by Cumberbatch.
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I. INTRODUCTION

, Withthe higher speeds attained with hydrofoil craft,it is apparent
that the supporting foilswill be operating under fully cavitating conditions
for considerable periods. It is thus necessary to utilize profiles that re-
tain good force characteristies in thé supercavitating~flow regime. Under
natural cavitating conditions, the degree of cavitationwill be primarily in-
fluencedby the ambient pressure as relatedto the submergence of the foil and
by the velocity of the craft. The force characteristics for the profile vary
with the cavitation number. It may be desirable for certain regions of oper-
ation to exercise some additional control of the cavitation number. This can
be done by injecting a gas into the cavity, resulting in an increase in the
cavity pressure and a decrease in cavitation number. Thus, by gas injection
it is possible to create cavities at relatively low velocities. It is also
possible in some cases to create a cavity in a wake region where normally a
cavity could not be presentfor the given ambient conditions. The cavity de-
veloped by this process is referred to as a ventilated cavity. It has been
previously found that the force and cavity characteristics are essentially
the samein both cases for natural and ventilated cavities, provided the cav-
itation numbers are the same., As the type of gas injected into the cavity

should have no effect on the cavity, air may be chosen for convenience.

Todetermine the economical feasibility of utilizing ventilated cav-
ities, it is necessary to have knowledge as to the quantity of gas required
to achieve ventilation to a specified degree, Such information can be ob-
tained in laboratory tests at relatively low velocities. The presence of a
free surface may be expected to have some influence on the ventilation pro-
cess., The investigations described in this report were initiated to obtain
information of this type. The objectives of the current program were to ex-
perimentally determine the effects of the free surface on air-entrainment
rates, force characteristics, cavity length, and cavity stability for hydro-
Toils of finite span and compare the results with theory whenever possible,

*
Earlier work reportedunder this contractis given in References [1]" and [2].

“Numbers in brackets refer to the List of References at end of paper.
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It is necessaryto kriow the basic mechanism by which the air leaves
the cavity to satisfactorily predict the air requirements. A description is
given of various possible mechanisms of air entrainment and a correlation

parameter for reentrant-jet cavities is discussed,

IT. GENERAL CONSIDERATIONS

Ttis convenient to discussthe relationship betweenthe air require~
ments and the cavitation number by referring to two rather distinct regions.
The first region, in which the air demand is proportional to the cavitation
number, is called the reentrant-jet region. The second region, in which the
air demand is essentially independent of the cavitation number, has been as-
sociated with a pulsating cavity as well as formation of trailing vortices
at the rear of the cavity and is called the pulsating trailing-vortex region

for the purpose of this report.

The reentrant-jet region is probably the region of most practical

“interest since increasing the air éupply beyond certain limits will not fur-

ther reduce the cavitation number and will also produce the possible disad-
vantages of excessive air requirementsand cavity pulsation. It is therefore
desirable to establish these limits or conditions wunder which operation in

the reentrant-jet region is possible.

Air is being releasedin a reentrant-jet cavity on a foil of finite
€pan in three rather distinct ways: (1) through the tip vortices, (2) dif-
fusion through the cavity walls, and (3) mixingin the reentrant Jjet itself,

Cuthkert [3] has attempted to analyze the reentrant-jet region for
two-dimensional cavitiesin which tip vortices are not present, He concluded
that the quantity of air lost by diffusion through the cavity walls was small
comparedto the air lost at the rear of the cavity, Photographs and observa-
tions of ventilated bodies in the towing tank and the free-jet water tunnel
at the St, Anthony Falls Hydraulic Laboratory tend to give strength to this
conclusion. Itwas then assumed that the phenomenon governing the entrainment
waseither the mixingin the region of the reentrant jet or the method by which
the air was transported to the rear of the cavity. A parameter was proposed
to describe the former, but was dismissed when considerable scatter was found

in the data plotted with this correlating parameter., Attention was then di-

- rectedto the method of air transport in the cavity and the experimental data



were plotted utilizing parameters derived from this approach.

In the current program, observation of the cavity flows created a
rather strong impressionthat the mixing in the reentrant jet was the govern-
ing factor. With this in mind, a slight modification has been made in the
parameter as utilized by Cuthbert. Ifit is assumed that all of the air sup-
plied to the cavityis being entrained in the reentrant jet, and that the en-
trained air moves at the same velocity as the jet, then the equation of con-

tinuity can be written

W= cwaA*vj = cPaA""’vj /RT (1)

where W air-flow rate into the cavity in 1b per sec,
¢ = concentration of voids by volume in the reentrant jet,
P. = partial pressure of the air in the cavity in 1lbs per sq ft,
= pas constant for air = 53,3 ft 1bs per 1b per degree Rankine,
= cavity temperature in degrees Rankine,
area of reentrant jet in sq ft,

= velocity of reentrant jet in ft per sec, and

5 < > )
o e % F1 oW
i

= specific weight of the air in the cavity in 1lbs per cu ft.

By using energy principles and assuming no losses, the well-known
relationship betweenthe free-stream velocity Vo’ cavity-wall velocity Vc,

and Vj can be written
Vv =V. =171 1 +0 (2)

P =P
. . . 0 c
where ¢ = cavitation number based on cavity pressure, .

v 2
1/2p‘Vo

The assumption of no energy loss in the reentrant jet is somewhat
weak, There is, of course, some amount of energy loss which can not be cal-
culatedat present. However,in this analysis a functional correlation param-
eter is being sought rather than a detailed description of the entrainment
~ mechanism. It will be shown laterthat the concentration of voids in the re-
entrant jet calculated by means of this analysisis closely verified by direct

measurement.
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The area of the reentrant jet, A*, can be determinedfrom the mo-
mentum equation in terms of the drag on the body

2

D= pjvjxxf"(vo +7,) = ¢ 1/2807 (3)
where D = drag on body in 1bs,
-pj = densityof air-water mixture in reentrant Jetin slugs per cu ft,
p = water density in slugs per cu ft R
A = area of body between separation points in sq ft, and
CD = drag coefficient.

~— The density of the air-water mixture, pj, inthe reentrant jet can
be expressed in the following form '

Py = cp, * p(1 - ¢) , (L)

Since the density of the air, Py s is small compared to the den-

sity of the water, p, it is reasonable to assume that

p(l - ¢) > > cp,

Combining Eqs. (2), (3), and (L), the area of the reentrant jet is

P S (%)
2(L - ¢c) [1+04+/1 +0]

This area reducestc the area givenin Birkoff [Ii] when ¢ = 0. Now

combining Egs. (1), (2), and (5), the air-flow rate is

cP V AC
ao D
W= (6)

21 -¢) [1 +./1 + O] RT

Perhaps the greatest difficulty in using this expression is in de-
terminingthe value of the concentration, c. It was thus attempted to eval-

uate ¢ experimentally through measurements of the drag coefficient CD s T,

and W, and use it as a correlation parameter.

Rewriting Eq, (6)



2W(l +./1 +O)RT
c = (7
P V AKX
ao

where

Wl +./1 +O)RT

PaVoA

This development can be carried further by settingthe total cavity
pressure equal tothe sum of the partial pressures of the air and water vapor

in the cavity.
Pc = Pa + Pv | (8)

The cavity pressure may also be expressed in terms of the velocity and cavi=-

tation number.

Op
P =P « eV
C 0 ?

2
o

(9)
Combining Egs. (6), (8), and (9), the air-flow rate is

cCDA

W= —— _ (p_ - PV -f—-—v3 (10)
RT(1-c) L+/T+01 | © YV ° 2 °

or

3 c
oV, ACDO'v[l - o, ]

1-c¢ 21371 + /1 +0)

where T, = cavitation number based on water vapor pressure, or

p -P
o v

' 2
1/2 pVo

Thus,to hold a constant O, 1t is apparent that the air demand will increase

with velocity at low velocities, reach a maximum; and then fall off to zero



asthe velocity becomes sufficient to maintain a natural cavityat the desired

cavitation number. That is, W =0 when

. T
(P =PI = ——0y
o "vio 5 ©

or

P -P
° Y .o

g = 5 v
l/2pVo

~— In order to determlne the veloc:Lty where the air demand is max:.mum,
the differential of Eq. (10) with respect to velocity is

ow cCDA 3op o
~ (P =«P) =« o v =0
Qv 2RT(1 - ¢) [1 +./T + O] °c v 2 °

or
(P, - P)
LA (12)
W maxJ 3gp
Therefore, the maximum air demand for a desired cavitation number is
. _ cCDA(PO - Pv) 2(19O - Pv) (13)
T 3R - ) [1+ /1 +0] 3op
at v
%% max
If Eq. (6) is made dimensionless,
W c
anOACD 2(1 - c) [1 + /1 +0]
P
where LR =8 .
RT

The left side of Eq. (1L) was esseﬁtially the parameter utilized in
the analysis by Cuthbert, who rejected it after the experimental data avail-
able to him exhibited considerable scatter when plotted in this manner, The



air-flow dataused by Cuthbertwere obtained from Reference [5]. No drag data
were presented in that report. It thus appears that the drag data must have

been secured from another source and may have caused some of the objectionable

scatter.

'The concentration, c, has been plotted as a function of ¢ in
section IV for a wide range of foil geometries and flow conditions and was
foundto be essentially a linear function of ¢, This will be discussed more
fully in that section. If the concentration factor is determined by experi--
ment,and if CD can be calculated for a given foil operating under specified
conditions, then the air requirements for any given T and velocity can be
determined from Eq. (10) or (11).

It is also interesting to note that since W varies directly with
CD’ a foil selected for optimum performance will also require the least a-
mount of air to achievethe given cavitation number. It may also be expected
that as the air supply to the cavity is increased, a point may be reached at
which another mechanism of air release fromthe cavity would be required. In
this case, it ‘appears that the cavity would begin to pulsate and/or display

vortex tubes at the rear of the cavity.

Song [6] has developed a theory of pulsating cavities by extending
resonant bubble theory to the case of a resonating two-dimensional cylinder,
Results imply that pulsationwill occur with slender cavities and only in the
region of afree surface and would not be found in an incompressible fluid of
infinite extent., In the free-jet tunnel, the flow was vertical and two free
surfaceswere present. Hence, a gravity field normalto the cavity was absent

and ambient conditions were ideal for pulsating cavities.

The existence of vortex tubes was found in earlier investigations
made at the California Institute of Technology [7] to determine the air en-
trainmentbehind a circular disk submerged belowa free surface. It was found
that asthe air-flow rate was increased,the cavitation number decreased until
a minimumwas reached. From this point,the cavitation number could no longer
be reduced evenfor very considerable increases in the air-flow rate. It was
found that two rather distihct flow regions existed: a reentrant-jet region
and a trailing-vortex region. The reentrant jet was observed for the rela-
tively low air-flowrates and correspondingly high cavitation number. In the

region where the air-flow rate had little effect on 0", the reentrant jet



disappeared and twin trailing vortices were observed at the rear of the cav-
ity. The rather sudden increase in air demand was then associated with the
trailing vortices, which were assumed to act as pipes carrying the air from

the cavity.

, Cox and Clayden [8] have developed a theory based on aerodynamic
conditions which determinedthe size of the vortex tubes. Ttwas assumed that
since the cavity pressure remains essentially constant, the velocities on the
upperand lower side of the cavitymust differ because of the hydrostatic pres-
sure difference on the cavity walls. This gave rise to a circulation which
permitted an approximation tothe size of the vortex tubes. The analysis was
compléte up to the determination of an experimental constant related to the
friction factorof these tubes, which actually servedto make the data fit the
theoretical curve., Campbell and Hilborne [9] have extended the theoretical
and experimental work of Cox and Clayden, also using circularbdisks placed
normal to the flow, The experimental studies were conducted in a rotating
arm facility. Of particular interest were effects of the boundaries, both
the tank boitom and the free surface, on air requirements. They also found
that for the lower air-flow rates and consequently higher cavitation numbers
a reentrant jet exists in the cavity. As the air flow was increased and the

cavitation number decreased, the reentrant jet disappeared and trailing vor-

- tices were found at the rearof the cavity which acted as pipes to carry away

air from the cavity. This would partially account for the high air-flow re-

quirements in this region.

Campbell and Hilborne alsoassumed that the difference in hydrostatic

- pressure on the upperand lower side of the cavity created a circulation which

formed twin trailing vorticesat the rear ofthe cavity. A theoretical analy-
£is was made with certain assumptions as to the maximum cavity thickness and
1éngth for a ecircular disk based on previous experiments by other investiga-
tors. The resulting expression was written in terms of a nondimensional en-
trainment coefficient ' |

, Q n (
C = m , : 15)
Wooud®  15.8 PG |

where Q = volume of gas at cavity pressure entrained per unit tine,

Uo = velocity of disk,



disk diameter,
Uo/ ./gd Froude number based on disk diameter, and

cavitation number based on cavity pressure.

qQw e
[[]

This parameter provides a reasonable prediction for air entrainment
which agrees broadly with the experimental results. It also indicated why
the data of C. I. T. were found to correlate roughly with the product of &
and F. An investigation was also made of the effect of Froude number based
on disk diameter on the air demand, and a correlation between air demand and
the product of @ and Froude number was found. Tests conducted in fluids
with various surface tensions indicatedthat surface tension had_ 1little or no

effect on the air quantity for a given T .

ITI. EXPERIMENTAL APPARATUS AND PROCEDURE

A. Towing Facility

The experimental studies describedin this report were conducted in
a towing tank 9 ft wide, 6 ft deep, and about 200 ft long. 4 self-propelled
carriagewas used to obtain speedsup to 18 fps for these tests, the top speed
being determined in this case by the time required to obtain a steady cavity
and the available length of channel for a test run. The water depth for all

tests was maintained at L.5 ft.

B. Hydrofoils

The foils used for this series of testswere flat plate and modified
Tulin~-Burkart sections of dimensions as listed in the following table. Only
rectangular planforms were utilized.

Chord - in. Span - in, Aspect Ratio Type
2 5 2.5 Flat Plate Profile
3 7.5 2.5 Flat Plate Profile
N 10 2.5 Flat Plate Profile
'3 12 L Flat Plate Profile
3 18 6 Flat Plate Profile
2.5 Te5 3 0.3 x 3° Tulin Profile

The cross sectionof the majority of the flat plate hydrofoils used
was a 6-degree wedge with a hand-sharpened leading edge. In a few cases, a
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foilwith a profile of én 1l.3-degree isosceles triangle with a 2-in. base was

utilized.,

Air was introduced into the cavity byports at the base of the strut
with a supplementary supplyto the leading edge inmost cases. The photograph
of Fig. 1 shows a typical example of a hydrofoil constructed in this manner,
A few tests were run intreducing air to the cavity at the tips of the hydro-
foil and other tests were run with air introduction at various points along
the sides of a sting on a sting-mounted foil. A discussion and observaticns
concerning the various methodsof air introduction to the cavity are included

in section IV.

The strut in all caseswas an NAGA 0012 section with a 2-in. chord.

C. Instrumentation

The cavity pressure was measured with a 1 psid Statham pressure
transducer mounted directly on the strut above the water surface. A hypoder-
mic tube running the lengthof the strut connected the transducer with a cham-
ber machinedinto the suctionface of the foil and locatedaft of the midchord.
A membrane ofvery thin diaphragm rubber was loosely placed over the chamber,
The entire systemthen was filled with water. This type of pressure-measure-
ment system permitted a continuous record of the cavity pressure during the

test run, although it was not suitable for measuring pressure fluctuations.

A 2-1/2 psid Statham miniature pressure transducer was mounted di-~
rectly on a L=in. by 10-in, foil with its diaphragm exposed to the interior
of the cavity. This arrangementwas used in pilot studiesof a limited nature

to detect transient and unsteady cavity behavior such as cavity pulsations.

The air-flow rate was measured with an orifice meter placed in the
supply line. Two air tanks on the carriage were used as the air supply. 4n
essentially constant reservoir pressure was maintained by means of a pressure
reducer placed inthe'line between the air tanks and the orifice meter. Pres-
sures and temperatures were recorded to permit determination of the air-flow
rate,

The foil strut was attached to a device that permitted adjustment
of the angle of attack within 1/l degree and a dynamometer for measuring 1ift
and drag forces for the various cavity conditions. The unit was attached to

a towing strut with which the submergence could be varied., The dynamometer



n

was a two-component strain-gage type in which the 1ift and drag could be re=-

corded independently, simultaneously, and continuously during the test.

The force and pressure signals were recorded on a Sanborn four-
channel recorder mountedon the carriage. A record of ‘the instantaneous car-
riage speed was also obtained. This permitted a direct determination of the
lengthof test run, which was extremely useful in evaluating the significance

of transient effects of the cavity associated with the acceleration of the

carriage.

D, Procedure

The foil was set at a given angle of attack and submergence. The
angle of attack was measured from the chord line and the submergence was meas-
ured from the water surface to the leading edge of the foil in all cases, as
shown in Fig. 2. The chord, C, was taken as the distance from leading to
trailing edge. The Reynolds number based on chord for the plate varied from
1x 105 to 6 x 105 at an essentially constant water temperature of 17 C.
Submergences of 2, 2.5, 3, L, 6, and 9 in. were selected, although all sub-
mergences were not used foreach profile., Runs were first made for a partic-
ular angle of attack and submergence with no air admitted to the foil to de-
termine the extent of natural ventilation, if any. For all tests reported,
no cavitation or ventilation of any type was observed until the metered air
was supplied in the region of the foil, Also, only cases where supercavita=-
tion occurred (cavity covering the entire chord or more of the foil) are re-
ported,

Before each run, the air-flow rate was adjusted to a predetermined
value., After the carriage acceleration period and a full cavity across the
span was formed, the flow rate was again checked. The cavity pressure and
forces were continuously recordedwith the Sanborn recorder. As the test rumn
was rather short at the higher velocities, it was not readily convenient to
obtain information as to hysteresis effects created by reducing the air flow
to the cavity after a full cavity had cnce been established. Photographs of
the cavity were then taken with a 200 /L sec electronic flash for a number of
conditions and were used to determine cavity lengths. A reference mark was
made on the Sanborn recordat the instant the photo was taken., A stroboscopic
light was used to visuslly determine the extent of vibration as evidenced by

the formation of waves on the surface of the cavity.
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IV, DISCUSSION OF RESULTS

A, Methods Used to Ventilate Cavities

Various methodbs were utilized to inject air into the cavity, Ori-
ginal tests were conducted by ventingair into the cavity' by ports at the base
of the strut, The air was directed outward along the wupper surface of the
hydrofoil.‘ Difficulty was experienced in forminga cavity on foils operating
at angles of attack of less than 12 degrees and particularly for those foils
with chordslarger than 2 inches. TIn viewof {:his difficulty, tests were made
introducing the air to the cavity at various locations on the hydrofoils,

In oneseries of tests, ‘the air was introduced directly at the tips
of the hydrofoil, To prevent the jetsof air from excessively disrupting the
flow in the region of the tips, small deflectors were provided that directed
the air jets downstream essentially perpendicular to the foil span, This
method of air injectionwas still unsatisfactory in its ability to form a cavy-
ity early in the tes t run. The upper surface of the cavity on foils vented
in this manner was observed to be much clearer than cavities on foils with
base-of-strut venting, particularly for the higherdischarges, indicating less
interaction between the air flow and the cavity itself. The air requirement

for foils vented in this manner also seems to be very slightly reduced.

In later testsand inmost of the tests reported in this paper, air
was vented into the cavity through ports on the base of the strut , as in the
original tests, and a Supplementary air supply was provided to the leading
edge to force ventilation at small angles of attack. This was accomplished
by running a separate air-supply line down the strut and embedding it in the
foil to a distance of a quarter of an inch from the leading edge. An exces-
sive amount of air introduced in this region disturbed the upper wall of the
cavity and was considered an undesirable condition. A needle valve in this
line permitted satisfactory regulation. A typical hydrofoil utilizing vents
of this type has been .shown in the photograph of Fig, 1. This method of air
injection proved satisfactory, in that a cavity could be formed almost im-
mediately at the beginning of a test run.

» Tests were also run on a hydrofoil mounted on a sting with ports
located in the sides of the sting. The air was directed along the surface of
the hydrofoil in the same manner as in the case of the strut-mounted foil,

However, this sting was provided with several vents s @all of which could be
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plugged. This provided a convenient method of investigating the effect of
introducingair at various distances relative to the hydrofoil, It was found
that as long as the supplementary supply to the leading edge was operative,
the position of the vents on the sting was completely arbitrary as long as
they were located forward of the trailing edge of the foil. Vents located
aft of the trailing edge of the foil would not form a cavity even with a rel-

atively 1argev amount of alr supplied to the leading edge.

Another method was tried to form cavities at the lower angles of
attack. This methodwas based on the hysteresisproperties of ventilated cav=
ities., Adevice was constructed that permitteda sudden decrease in the angle
of attack. Inoperation, the foilwas set at anangle for which a cavity could
easilybe formed duringthe acceleration period. Aftera cavity was developed,
the angle of attack was decreased to a lower value. It was found that the
cavity would remainon the foil for the lower angles of attack. However , €5=
sentially the same lower limit of attack angle was obtained by utilizing the
more convenient method of introducing air to the leading edge. Therefore s

the hysteresis method was not employed in further tests.

It was thus determined that the vents should be located in such a
position that the stream of air will not be directed against, or in any way
disrupt, the cavity walls, Ifthe cavity wall is disrupted, more air will be
required to maintainthe desired cavity. In accordance with this, the momen-
tumof the entering airstream should be kept low. This.could possibly be ace-
complished by employing a greaternumber of ports. Iftip vortices are present
and small cavitation numbers are contemplated, a portion of the air could be
vented through the tips., For conditions under which forced ventilation is
necessary, an air supply to the leading edge or at the normal cavity separa-
tion pointis important to insure formationof the cavity. 4 relatively small
supply of air to this region should suffice. A large quantity of air in this
region is highly undesirable as the cavity wall would become turbulent and

more air would be required to maintain a cavity of given characteristics.

B. Mechanisms of Air Entrainment

It was observed that in the case of ventilated bodies traveling
normal to the gravitational field and in the vicinity of a free surface there

were essentially five different mechanisms of entrainment.
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In section IT,it was indicatedthat the major mechanisms of'tair‘re-
lease from the cavity were entrainment of air in the reentrant jet, loss by
a pulsation phenomenon, and loss by trailing vortices formed by f.he gravita-.
tional field, TInasmuchas these Phenomena were discussed in section II, they
will -not_be discussed here except to point out some effects of aspect ratio
on reentrant-jet cavities, At aspect ratios of ), and 6, the reentrant Jjet
normally did not occur alone but Was accompanied by one or more sets of small
trailing vortices.

The two remaining methods of air release are through the tip vor-
tices and through turbulent diffusion at the cavity wall,

Since all hydrofoils testedin this programwere of rectangular plan-
form, tip vortices were present in every case., The exact role of these tip
vortices in the entrainment process is not known at the present time., For
foils at low anglesof attack and without the supplementary air supply to the
leading edge,the air introduced along the upper surface of the foil was swept
downstream and a cavity was not formed immediately. The air was diffused as
bubbles into the region of the tip vortices s Pbroducing hollow vortex cores
far downstream of the hydrofoil, These inflated tubes then slowly moved
closer to the foil until they became attached to the tips of the hydrofoil,
At the time of attachment, the cavity formed across the entire span. This
behavior was particularly noted for relatively low air-supply rates. Thus R
it seems a possibility that for certain conditions at, high @, lost air is
actually being "fed back" to the cavity by means of the tip vortices, How-
ever, at low O, i.e., high cavity pressu_i-es, it seems unrealistic for the
air to return to the cavity and some air is probably being lost through the
tip vortices. The exact role of the tip vortices should. be determined by fu-
ture research,

Small amounts of air pass through the cavity wall by turbulent dif-
fusion. General observations of cavity | flows in the free~jet water tunnel
have shown a boundary-layer effect on the cavity attached to the trailing edge
of the foil. The cavity changed from a laminar, transparent surface to a
turbulent, white, opaque surfacea short distance (less than a half inch) aft
of the trailing edge. In this white region, observations with stroboscopic
lights showed small amounts of air being entrained and carried away from the
ca\}ity wall by the stream. However s the cavity wall which sprang from the

sharp leading edge remained clear until disrupted by the reentrant Jjet at the
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rear of the cavity. This boundary-layer effect was observed on the cavity
wall attachedto the trailing edge of the foil in the towing tank also. High
air-flowrates into the cavityalso created considerable turbulence of the cav-.

ity wall.

C. Air-Entrainment Rates

As previously mentioned, the relationship between the quantity of
air required to achieve a specified cavitation number can be separated into
tworather well-defined regions: a reentrant-jet regionand a pulsating-cavity
or trailing-vortex region. The value of O at which the division between
these regions occurswas found to depend on submergence, velocity, chord, and
aspect ratio. A typicalplot of air requirements for a flat plate prbfile at
a given angle of attack is shown in Fig. 3. It will be noted that the divi-
sion occurs at about O = O.,1. As the foil nears the free surface, the re-
entrant jet persists for smaller C. Notethat a minimum T exists for each

submergence,

It has been found that the angle of attack could be eliminated as
a variable by incorporating it into the denominator of the air-flow parameter
as‘sin @, Typical results are shown in Fig. L for two angles of attack.
Velocity had a considerable effect on air-flow requirements as seen in Fig..
5. The curves presented are lines faired through experimental data, such as
obtained from Fig. L. To avoid confusion, the data have not been shown on’
this plot. In the reentrant-jet region, air requirements to maintain a con-
stant O tendedto increase with increasing velocityat those low veloéities,
The critical 0", or the value of O at which the reentrant jet disappears,
was also influenced by velocity. As the velocity increases, the critical .O'
was slightly lower,with the resultthat a lower O could be obtained for the

same air-flow rate.

In an attempt to find the correlation parameter that would eliminate
the effect of velocity on air requirements in the reentrant-jet region, the
development previously summarizedin section ITwas carried out. As a result,
the concentration, ¢, described by Eq. (7) wasused as a parameter for plot~
ting the experimental data. This parameteris valid only in the reentrant-jet
region; therefore the experimental data used were restricted to that region.
The shape of the body should have little effect on the -parameter. A brief

series of tests was conducted in which the concentration of airin the reentrant
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Jjet was measured directlywith anelectronic concentration meter available at
the Laboratory. Thismeter is describedin Reference {10]. The measured val-
ues agreedwell with the calculatedvalues as shown in Fig. 6for a submergence
of one chord. It will be shown later that submergence has no effect on the
concentration factor. This agreement was encouraging » andthus a wider range
of variables was considered in more extensive tests. The concentration fac-
torwas found tobe useful in correlatingdata taken at different submergences,
velocities,angles of attack, chords, and cambers, The data form 'essentially
a straight line relating the concentration and U, ascan be seen in Fig. 7.
Different aspect ratios produce slightly different slopes of the line (Fig.
7f)./ An empirical equation relating concentration, cavitation number, and

aspect ratio is
¢ = 0,59 -~ 1,325+ 0.0825 ARO" for 2.5< iR <6 (16)

The solid line shown on each of the plots in Fig. 7 is the line given by Eq.
(16).

It should be mentionedthat the towing tank tests were conducted at
relatively low velocities and high ambient pressures. Therefore, T v Was
relativelylarge (about 6 to 12). Since O was generally small (< 0.3), the
term 1 -~ O‘/o"r was approximately unity. To determine the validity of Eq,
(11) under conditions for which O’v wasnot large, higher velocities or low-
er ambient pressuresthan could be obtained in the towing tank were required.
It was thus decided to make a comparisonwith a previously determined empiri-
cal equation presentedin an earlier report summarizing data taken in a free-

Jet water tunnel [S5]. The equation for the reentrant-jet region was

W = KA(0.9 -0/q) sina (17)

where K = aconstant, either L.8 x 10"}4 or 8.6 x 10-)" depending on Ts
a = angle of attack, and

A = foil area in sq inches.

If this air-flow rateis set equal to that in Eq. (11) and measured
values of C from the free jet are used, it is possible to reduce the data
in terms of the concentration ¢ for a lower range of O‘ « Results of this
reduction for a foil with infinite aspect ratio are shown in Fig. 7f. The
values tend to be higherthan those obtained in the towing tank, although the
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slopes of the lines are nearly the same. However, it must also be mentioned
that the direction of the gravity field relative to the longitudinal axis of
the cavity was differentin the two facilitieé. Observations of the reentrant
jet revealedthat in the vertical free-jet experiments, the reentrant jet im-
pinged on both wallsof the cavity, whereas in the towing tank only the lower

surface of the cavity wall was struck by the falling reentrant jet.

Furthermore, it will be noted from Eq. (11) that the air entrain-
ment is a function of velocity for a given O, Figure 8 shows the variation
of air entrainment with velocity for se#eral cavitation numbers and a fixed
ambient pressureon a particular hydrofoil. For a given O , the air entrain-
ment increases with velocity to a maximum, and then decreases to.zero as the
velocity approaches that required to have natural cavitation of the Séme de-

gree,

At the lower velocities, the velocity for a giveh ambient pressure
was not sufficient to permit the formation of a natural cavity. The cavity
was forcedby the intrqductionof gas intothe region. Thus, the partial pres-
sure of the air in the cavity was dominant over the partial pressure of the
water vapor, However,as the velocity increases, the contributionof the par-
tial pressure of the water vapor to the total cavity pressure increases until
eventually the point will be reached where no air is required to maintain a
given &, The curves shown in Fig. 8 were based on data taken in the towing
tank at atmospheric pressure and velocities less than 20 fps, i.e., for ve-
locitiesless than the criticalvelocity at whichmaximum entrainment occurred,
The data taken in the free-jet water tunnel were taken at higher velocities
and lower ambient pressures, but the range was still not sufficient to cover
a region through the critical velocity. Thus, in an effort to determine the
general validity of the curves, a brief test was conducted in a closed water
tunnel where it was possible to achieve the desired conditions. Results for
a circular cylinder are shown in Fig.‘9 for two cavitation numbers., Since
the lack of a dynamometerin this facility prevented determinationof the drag
coefficiént,bthe concentration factor was not éalculated. Thus, the curves
shown in Fig. 9 are not calculated, but are simply drawn to best fit the ex-
perimental data. Note that the shape of the curves is essentially the same
as that predicted by Eq. (11) and plotted in Fig. 8, thereby qualitatively
verifying the analysis, ' ’
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D, Cavity Length and Planform

Studieswere made of cavitylength and planformby taking photographs
from directlyabove the cavities. From these photographs, cavity lengths wefe
measuredand typical resultsare shown in Fig, 10. The cavity length was meas~
ured from the leading edge of the foil., As the cavity length was rather dif-
ficult to define accurately in many cases, considerable scattér may be ex-

pecved in the results,

It may be concluded from an examination of the curves that for re=-
entrant-jet cavitiesthe cavity length was nearly independent of submergence,
ve1001ty, angle of attack, and aspect ratio, and dlrectly proportional to the
chord length.,

In the pulsating-trailing vortex region, at the lower cavitation
numbers there seems to be a slight effect of aspect ratic and very definite

effects of submergenceand angle of attack., In general, for this type of cav-

ity it was found that for a constant O the cavity length decreased for de-

creasing submergence, aspect ratio, and angle of attack,

It is interestingto note that Kermeen's [11] tests in a closed-jet
water tunnel also showed a similar dependence on aspect ratio and angle of

attack well into the reentrant-jet region.

Of particular interest was the variation of the width of the re-
entrant jet itself with aspect ratio. Figures 11, 12, and 13 show typical
photographs of the cavity planform and reentrant-jet shapes at various air-
supply rates for the three aspect ratios tested (i.e., 2.5, L, and 6). The
change in mode of air entrainment can also be noted. Associated with each set
of photographs, an air-femand curve relates the position of each individual

photograph on the curve by the letter adjacent to each point on the graph.

It appears that, as the aspect ratio increases, the reentrant jet
occupies relatively less of the cavity width (i.e., the reentrant jet de-
viates more from the two-dimensionaleattern as the aspect ratio increases).

More complete investigation should be made of this behavior,

It is also interesting to note the several sets of 'tralllng vor-
tices which accompany the relatively long reentrant-jet cav1t1esand the pul-
sating cavities, particularly for the foils with aspect ratio l; and 6. These

vortices appear to extend over the region -of the cavity,nét covered by the
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reentrant jet, andpossess some symmetry with respect to the longitudinal axis
of the cavity. The photographspresented by Kermeenalso exhibit these trsil-
ing vortices for the larger aspect ratios investigated., It is clear from his
data that, since the measured O 's were lessthan the calculated(T_v's, air

was present in the cavity although the source of this air is not known.

E. Cavity Stability

Cavities which release air by entrzirment in the reentrant jet and
through trailingvortices are steady cavities, i.e., the shapedoes not change
with respect to time., Pulsating cavities, on the other hand, are unsteady.
The existence of instability or pulsation at the higher air-flow rates is
evidenced by cavity pressure fluctuations or relatively high amplitudes and
low frequency (LC cps to 60 cps), definite transverse waves appearing on the

cavity surface, and an audible sound emanating from the cavity.

This pulsation phenomenon inthe cavity free-jet systemhas been de-
scribed at length by Silberman and Song [5]. It has also been reported by
Wetzel and Schiebe [1] for tests conducted in a towing tank. In a more re-
cent paper, Song {8] considered a mass-compliance mocdel of-é cavity free-jet

system.

The conclusions drawn from this thecretical analysis were as fol-

lows:

(1) One or more free surfaces are required for the pulsation

phencmena to exist unless the fluid is compressible.

(2) The phenomenon is one of resonance in which the resonant
systemis the large bubble clinging tothe back of a hydro=-
foil and the sustaining energy is being supplied by the

flow past the foil-cavity system.

(2) There may be any integral number of waves appearing on a
cavity wall., The cavitiesmay be classified according to
the number of wave lengths appearing on the cavity wall

and called first-stage, second-stage, etc.

(L) Toeach number of stages there corresponds a definite amp-

litude of pulsation and maximum air-carrying capacity.

(5) Both frequency and amplitude of pulsation are very in-

sensitive to air-supply-rate change,
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(6) The Strouhal number based on cavity length &c, cavity
wall velocity Vc s and frequenqy of pulsation f, is
equal to the mmwber of stages or wave lengthe appearing

on the cavity wall n.

e
c

=n (18)
(7) An equationuseful for correlatingdata for pulsating cav-
ities was given as

O = (1 + 3.450%) o+ 31507 (19)

where g’ = cavitation number based on vapor pressure,
n = number of stages, and
o

]

cavitation number,

Observations and measurements obtained in the towing tank generally

confirm these conclusions, There are some definite observations, however,
which should be mentioned.

Incertain cases, there seemedto be a changein the number of stages
as the quantity of air injected into the cavity was increased, In genersl s
however, the mode of air release shifted from the pulsating cavity to the
trailing-vertex cavity without shifting the number of stagés as the air rate
was increased. In this case, the frequency of pulsation was relatively in-
sensitive to air-supply rate. There was only a slight decrease in frequency
with increasing air-supply rate with no apparent change in number of stages.
In contrast, frequency measurement in the free jet showed practically no vari-

ation in frequencywith changes in air-supply rateunless the number of stages
changed.

The data for the amplitude of the pressure pulsation obtained in the
towing tank were somewhat limited. The onlyway that the amplitude of pulsa-
tion could be measured was by introducing a pressure transducer directly in
the cavity. This proved to be inconvenient, except for the flat plate of }j-
in. chord. However,the trénd of the available data qualitatively showed that

the amplitude was relatively insensitive to a change of air-supply rate.
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As a typical example of the magnitude of these features, a pulsating
cavity on a 0.1~ by 2-degree Tulin Hydrofoil of aspect ratio 2, operating at
3-chords submergenceand at a velocity of 1l fps, was investiga;tted. The cav-
ity had approximastely six wave lengthsor stages and a frequency of pulsation
of 56 cps. The peak-to~peak ‘pulsating pressure amplitude within the cavity
was 0,35 ft of water. The observedwave form of the cavity pressure was very
nearlya pure sinusoid. Preliminary measurementsmade by placing a hydrophone
in the towing tank L ft below the cavity indicated that as the cavity passed
over the hydrophone the radiated soundwas in excess of 116 microbars. Thus,

a pulsating cavity was an intense source of low-frequency sound in water.,

It was indicatedin the last sectionthat for pulsating cavities the
cavitylength shertened asthe free surfacewas approached, This implied that,
for a given velocity, cavitation number, and number of stages, the frequency
of pulsation should increase according to Eq. (18) as the free surface was

approached, Several calculations have shown this to be true.

In regard to Eq. (19), it should be mentioned that the numerical
constant, 3.5, was determined empirically from conditions  in the free-jet
water tumnel, It wasshown that this constantwas a function of the jet width
and the ratio of the portion of cavity volume filled with gas to the portion
filled with water and water vapor. This ratio can be easily shown to depend
upon velocity by analysis presented earlier in this paper. Therefore, the
constant for other conditions,such as those presentin the towing tank, would
be expected to be different. Also, the relationship required between cavity
area and O in Eq. (19) was determined from theory for flow about a thin
wedge. Other shapes may alter the form of the equation to some extent. For’
comparative purposes, Fig. 1l shows towing-tank data for a flat plate foil
and lines represented by Eq. (19) plotted onlog-log scales. The discrepancy
rioted is probably due to the functional relationship of the numerical factor
with submergence or jet width in Eq. (19) which was not taken into considera-
tion., It should also be emphasizedthat the accuracy of determining the num-
ber of stages from photographs is plusor minus one stage. Equation (19) can-
not beused to predict the inception of pulsation until it is possible to de-
termine the number of stages for given initial conditions. This as yet has

not- been completely determined,

It was noted that under some operating conditions the cavity would

change from a reentrant-jet cavityto a pulsating cavity as the ajir-injection



22

ratewas increased and finally, atvery high injection rates, to a cavity with
trailing vortices, It was also noted that under some conditions the cavity
would change from reentrant-jet conditions to trailing-vortex conditions with-
out pulsationsof the cavity occurringat any time, For example, as the angle
of attack was increased, the tehdency was for the cavity to develop trailing

vortices rather than to lose air by pulsation.

It can be seen from the work of Cox and Clayden, and Campbell and
Hilborne, that the thickness of the cavity plays an important role in deter-
mining the strength of the circulation around the cavity set up by gravita-
tional forces, The actual thickness of the cavity was not measured in the
testsand a more indirectmethod was utilized to determine its effect on sta-
bility.

A brief series of tests was conducted to determine the conditions
under whichthe mode of entrainment would change directly from a reentrant jet
to trailing vortices without experiencingany pulsation or instability as the
air-injection rate was increased,

At high angles of attack, trailing vortices have been observed at
the rear of the cavity whereas at the lower angles pulsation of the cavity
generally occurred for the high air-flow rates. Thus » for given conditions s
a critical angle existed that determined which type of entrainment would ac-
tually occur, Typical preliminary data of this type are summarized in Fig,
15. 'The curvesshown in Fig. 15 are drawnthrough these critical angles. For
the foil placedat an angle of attackthat lies under the curves, the cavities
would pulsate when sufficient air was injected, For angles above the curves R
the cavity had trailing vortices and would not pulsate for any air-supply
rates, It can be seen from Figs. 15b and 15c that as the velocity and chord
length increase the critical angle decreases, If this trend continues for

pPrototype conditions s pulsation may not occur,

Asthe foil approachesthe free surface, thecritical angle decreases
and the tendency to pulsate decreases, Itis also apparent that cavity char-
acteristics for the low-aspect-ratio foils are conducive to cavity pulsation.
From the limited amount of data, it appears that for increasing aspect ratio
the critical angle also increases slightly., Future investigation may reveal
that an optimum aspect ratiomay be found forwhich the cavity is least likely
to pulsate,
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I'b'should be mentioned that these 1latter tests are not conclusive

and more data are required to completely define the phenomena.

F. Force Measurements

There has been considerable effort devoted to the determination of
hydrodynamlc force characteristicsof a submerged three-dimensional hydrofoil
operating with a finite O, Wu [12] has calculated force coefficients for
two-dimensional hydrofoilsin an infinite fluid for an arbitrary 0. In prin-
ciple, this method can be used for any arbitrary profile; however, it is ex-
tremely complicated for sections other than simple flat plates and circular

arcs,

Johnson [13] has developed a theory for the force characteristics
for three-dimensional hydrofoils of arbitrary section at‘finite submergences
for 0 = 0. He has conducted experiments that have verified this theory and
has also shownthat the cavity shape and hydrodynamlc characteristics are es~
sentially independent of the gasin the cavity if the cavitation number based
on cavity pressure remains the same. The data from these experiments con-
sisted of photographsand force measurementsunder natural and ventllated con~

ditions.

Cumberbatch [1l4] has theoretically considered the tip effects on
the cavitating flow past a large aspect-ratio lifting hydrofoil. The two-
dimensional 1lift coefficient, as determined from Wu,was thus modified to give

the three-dimensional 1ift coefficient in an infinite fluid for a finite ¢r.

Johnson's calculationscan be reduced to Wu's for a two-dimensional
hydrofoilin an infinite fluid at O = 0. However, Cumberbatch's theory can-
not be reduced to Johnson's values at O =0 as several assumptions are no
longer validin that case. Cumberbatch has made comparisons with the experi-
mental work of Kermeen [11] with correlation being obta:n.ned for the moderate

aspect ratios (<)) and values of O > 0,1.

A comparison of St, Anthony Falls. experlmental data and calculated
force coefficientsusing Johnson's and Cumberbatch's theoriesis shown in Fig.
16 for aflat plate foil with an aspect ratio of 2,5. In these plots,.Cumber-
batch's theory was used for cavitation numbers down to O .04, although the
theory is probably not valid for such small o . However, the computation
serves to emphasize the difference between the two theories at the small o R
Experimental data for the foil at angles of attack of 12, 16, and 20 degrees
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are also shown. As Cumberbatch's theory was derived for an infinite fluid,
the comparison is made with data taken for the foil at a submergence of 3
chords, therebyapproachlng the infinite-fluid case. Itcan be seen from Fig,
16a that the experimental and calculated 1ift coefficients agreed well for
the higher o's, the agreement with Cumberbatch's solution deteriorating at
the smeller O as expected. Thedata can reasonably be extrapolated to agree
with theory at O = 0, Figure 16b indicatesthat the dragcoefficient can ap-
parently be predicted with good success (the legend is the same as for Fig.
16a). The calculated drag coefficient was obtained from the tangent rule
( = Cp tan a) for all O 's where the length of the cavity exceeded the
chord length This relation assumed that the contribution of skin friction

on the lower surface of the hydrofoil to the total drag was small,

Figures 17, 18, and 19 show additional force-coefficient data for
three aspect ratios and ‘submergence ratios for a flat plate foil. The points
at 0 = 0 werecalculated using Johnson's theory. Thelines through the data
for O> 0 and each angle of attack were drawn to best fit the data and are
not theoretical curves. A largernumber of data points were available to de=-
termine the location of this line than are shown in these figures, Some of
the points were intentionally omitted to prevent excessive confusion of points
on the small graph, The strut drag has been subtracted from the total drag
before reducing the data in the form of a drag coefficient. In most cases,

it will be seen that submergence has very little effect on the force coeffi-
cients.

It was also possible to compare data with that reported by Kermeen
for a particular aspect ratio., This comparisonis shown in Figs., 18e and 18f
for an aspect ratio of L. The agreement appears to be satisfactory. St. An-
thony Falls data at a submergence of two chords were used in this comparison

as little effect of submergence was noted.

Data for the largest aspect ratio available are shown in Fig. 19.
It will be noticed that in thiscase the angles of attack were different from
those for the previoustwo aspect ratios. During the course of the tests for
this particular foil, it was found that the device used to measure the angle
of attackwas displaced by 1.5 degrees from its original zero position. Thus,
rather than repeatthe experiments atthe same nominal angles previously used,

it was décided to presentthe data in the form shown for comparison purposes,
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Based on the experimental data taken for ventilated cavities, it is
possible to draw the following conclusions:

Forced ventilation ‘at low angles of attack can be more
easily obtained by introducinga small quantity of air in
the regionof the 1eadingvedge of a foil. Iarger quanti=-
ties of alrmay be introduced alongthe span at essential=-
1y any chord-wise position. For higherangles of attack,

the supplementary air supply is not reguired.

For reentrant jet cavities, the main source of air en-
trainment is the reentrant jet itself. Therefore, the
concentration of air entrained in the reentrant jet is a
suitable correlation factor forventilated cavities., Air-
entrainment ratesfor a hydrofoil of rectangular planform
canbe determired fromEgs. (11) and (16) for aspect ratios
of 2.5 to 6.

In general, instability of the cavitywas observed for the
relatively thin cavities. The highO"v inherent to the
towing tank (high ambient pressures and low velocities)
restrictédthe form of pulsationto a large number of waves
or stages. As the foil was brought closer to the free
surface, the frequency of pulsationand the cavity length
varied essentially as that given by Eq. (18). The con-
ditions necessary for the prediction of pulsation have

not yet been completely defined.

Experimental force data indicated only a slight influence
of the free surface. Results of data extrapolated to
T= 0 agreed satisfactorily withtheory developed by John-
son [13]. Correlationof data with theory by Cumberbatch
[1L] was found at the higher cavitation numbers. Close
agreement with force data taken in a closed water tunnel

by Kermeen [11] was obtained for the finite-span flat
plates, j
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Fig. | = Photograph of a Typical Flat Plate Hydrofoil
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University of Minnesota, Mimneapolis 1l;, Minnesota, Attn:

1l -~ Mr, J. M, Wetzel

1l - Mr, B, Silberman
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Professor J. J. Foody, Engineering Department, New York State Uni-
versity Maritime College, Fort Schulyer, New York.

New York University, Institute of Mathematical Sciences, 25 Waverly
Place, New York 3, New York, Attn:

1 ~ Professor J. Keller .

1 - Prefessor J. J. Stoker

1l - Professor R. Kraichman

The Johns Hopkins University, Department of Mechanical Engineering,
Baltimore 18, Maryland, Attn:

1 -~ Professor S. Corrsin

2 « Professor O. M. Phillips

‘Massachusetts Institute of Technolegy, Department of Naval Archi-

tegture and Marine Engineering, Cambrldge 39, Massachusetts, Attn:
Prof. M. A, Abkowitz, Head,

Dr. G. F. Wislicenus, Ordnance Research Laboratory, Pennsylvania
StateUniversity, University Park,Pennsylvania, Attn: Dr.M. Sevik,

ProfessorR. C. DiPrima, Depdrtmentof Mathematlcs Rengselaer Poly-
technic Institute, Troy, New York.

Stevens Institute of Technology, Davidson Laboratory, Castle Point
Station, Hoboken, New Jersey, Attn:
1 - Professor E. V. Lewis
Mr. D, Savitsky
Mr. J. P, Breslin
Mr, C. J. Henry
Mr, S. Tsakonas

O
]

Webb Institute of NavalArchitecture, Crescent BeachRoad, Glen Cove,
New York, Attn: Technical Library. '

Director,Woods Hole Oceanographic Institute, Woods Hole, Massachu~-
setts,

Executive Director, Air Force Office of Scientific Research Wash~-
ington 25, D, C., Attn: Mechanics Branch.

Commander, Wright Air Development- Division, Aircraft Laboratory,
Wright-Patterson Air Force Base, Ohio, Attn: Mr. W. Mykytow, Dy-
namics Branch,

Cornell fAercnautical Laboratory, LLS5 Genesee Street, Buffalo, New
York, Attn:

1l - Mr, W. Targoff
1 - Mr, R. White

¥

Massachusetts Institute of Technology, Fluid Dynamics Research Lab-
oratory, Cambridge 39, Massachusetts, Attn:
: 1l - Professor H. Ashley

1 - Professor M. Landahl

1l - Professor J. Dugundji
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Hemburgische Schiffbau-Versuchsanstalt, Bramfelder Strasse 16k, Ham~
burg 33, Germany, Attn:

1l ~ Dr. O. Grim

1 - Dr. H, W. Lerbs

1 b
Institut fur Schiffbau der Universitat Hamburg, Berliner Tor 21,
Hamburg 1, Germany, Attn: Professer G. P. Weinblum, Director,

' 1 4]
Max-Planck Institut fur Stromungsforschung, Bottingerstrasse 6/8,
Gottingen, Germany, Attn: Dr. H. Reichardt,

_Hydro-og Aerodynamisk Laboratorium, Lyngby,Denmark, Attn: Profes-
sor Carl Prohaska.

~Skipsmodelltanken, Trondheim, Norway, Attn: Professor J. K. Lunde.

n .
Versuchsanstalt furWasserbau und Schiffbau,Schleuseninsel im Tier-
garten, Berlin, Germaeny, Attn: Dr. S. Schuster, Director.

Technische Hogeschool, Institut voor Toegepaste Wiskunde, Juliana-
laan 132, Delft, Netherlands, Attn: Professor R. Timman,

Bureau D'Analyse etde Recherche Appliquees, L7 Avenue Victor Cres=
son, Paris 8, France, Attn: Professor L. Malavard,

Netherlands Ship Model Basin, Wageningen, Netherlands, Attn: Dr,
Ir, J. D. van Manen.

Allied Research Associates, Inc., ;3 Leon Street, Boston 15, Mass-
achusetts, Attn: Dr. T. R. Goodman.

National Physical Laboratory, Teddington, Middlesex, England, Attn:
1l - Dr, F. H, Todd, Superintendent Ship Division
1 - Head Aerodynamics Division
1 - Mr, A, Silverleaf

Head, Aerodynamics Department, Royal Aircraft Establishment, Farn-
borough, Hants, England, Attn: Mr. M. O. W. Wolfe.

Boeing Airplane Company, Seattle D1v151on, Seattle ,Washington, Attn:
Mr, M. J. Turner.

Electric Boat Division, General Dynamics Corporation, Groton, Con-
necticut, Attn: Mr. Robert McCandliss.

General Applied Sciences Labs, Inc., Merrick and Stewart Avenues,
Wesbury, Long Island, New York,

Gibbs and Cox, Inc., 21 West Street, New York, New York.

GrumanAircraft Engineering Corp., Bethpage,Long Island, New York,
Attn:

l - Mr, E, Baird

l - Mr, E, Bower

l - Mr, W, P, Carl
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Lockheed - Aireraft Corporation, Missiles and Space Division, Palo
Alto, California, Attn: R. W. Kermeen.

Midwest Research Institute, L25 Volker Blvd., Kansas City 10, Mis-
souri, Attn: Mr, Zeydel. ’

Director, Department of Mechanical Sciences, Southwest Research In-
stitute, 8500 Culebra Road, San Antonio 6, Texas, Attn:

1 - Dr. H. N. Abramson

1l - Mr. G. Ransleben

1 - Editor, Applied Mechanics Reviews

Convair,A Division of General Dynamics, SanDiego, California, Attn:
1l - Mr. R. H. Oversmith
1l - Mr. A, D. MacLellan
1l - Mr, H. T. Brooke

Dr. £. F. Hoerner, 118 Busteed Drive, Midland Park, New dJersey,

Hydronautics, Incorporated, 200Monroe Street, Rockville, Maryland,
Attn: Mr, Phillip Eisenberg,

Rand Development Corporation, 13600 Deise Avenue, Cleveland10, Ohio,
Attn: Dr. A, S. Iberall, ‘ ‘

U. S. Rubber Company, Research and Development Départment, Wayne ,
New Jersey, Attn: Mr, L. M. White,

Technical Research Group, Inc., 2Aerial Way, Syosset, Long Island,
New York, Attn: Mr. Jack Kotik. :

Mr. C. Wigley, Flat 102, 6-9 Charterhouse Square, London, E, C, 1,
England.

AVCO Corporation,Lycoming Division, 1701 K Street, N. W., Apt. No.
90k, Washington, D. C., Attn: Mr, T. A. Duncan.

Mr.dJ, G. Baker, Baker ManufacturingCompany, Evansville, Wisconsin,

Curtiss-Wright Corporation Research Division, Turbomachinery Divi-
sion, Quehanna, Pennsylvania, Attn: Mr. George H. Pedersen,

Hughes Tool Company, Aircraft Division, Culver City, California,
Attn: Mr, M, S. Harned.

Lockheed Aircraft Corporation, California Division, Hydrodynamics
Research, Burbank, California, Attn: Mr, Bill East.

National Research Council, Montreal Road, Ottawa 2, Canada, Attn:
Mr. &, S. Turner.
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1 The Rand Corporation, 1700 Main Street, Santa Monica, California,

Attn: Technical Library.

2 StanfordUniversity, Department of Civil Engineering, Stanford, Cal-
ifornia, Attn:

1l - Dr. Byrne Perry
1~ Dr, E. Y. Hsu

1 Waste King Corporation, 5550 Harbor Street, Los Angeles 22, Cali-
fornia, Attn: Dr. A. Schneider.

1 Mr, David Wellinger, Hydrofoil Projects, RadioCorporation of Amer-
ica, Burlington, Massachusetts.,
2 Versuchsanstalt furWasserbau und Schiffbau, Schleuseninsel im Tier-
garten, Berlin, Germany, Attn:
1l - Dr. Grosse
1 - Dr. H, Schwanecke

.

1 Commanding Officer and Director, DavidTaylor Model Basin, Washing-
ton 7, D. C., Attn: Code 586.

1l Hydrofoil Corporation of America, P. O. Box 11055, San Diego 11,
California, Attn: Mr. John Bader, President.

1l Dr,Hirsch Cohen, IBMResearch Center, P,0. Box 218, Yorktown Heights,
New York.

1 Food Machinery Corporation, P, O. Box 367, San Jose, California,

Attn: Mr., G. Tedrew,

1 Dr. Blaine R, Parkin, Air Research Manufacturing Corp., 9851-9951 .
Sepulveda Boulevard, Los Angeles L5, California.





