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ABSTRACT

A unique facility for studying cavitation phenomenahas been devel-
oped at the St. Anthony Falls Hydraulic Laboratory of the University of Min-
nesotain the form of a gravity-flow free-jet water tunnel which makes use of
the 50-ft drop in the Mississippi River at the Falls where the Laboratory is
situated. The tunnel is an outgrowth of projects sponsored by the Office of
Naval Research and is used for experimental studies of cavities under an ex-
ceptionally wide range of conditions, especiallyat small cavitation numbers.
Both axially symmetric and two-dimensional test sections have been provided,

The facility differs from customary water tunnels in that the test
Jet is surroundedby a gas-filled chamber in which the pressure can be lowered
to nearly vapor pressureof the liquid stream. Operationis entirely by grav-
ity flow; no pumps are required either for actuating the stream or producing
vacuum in the test chamber. The test jet is vertical, LO in. long, and flows
at speeds up to 50 fps. The axially symmetric jet is 10 inches in diameter,
while the alternate two-dimensional jet is 5 in. thick between rigid walls
and of adjustable width from 6 to 15 in, between free boundaries. A motion
picture has been prepared to describe some of the tunnel features and the

operating characteristicso%

*St. Anthony Falls Gravity-Flow Free-JetWater Tunnel, St. Anthony Falls
Hydraulic Laboratory Film No, 25, LOO ft, 16émm, Kodachrome, silent,
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THE ST, ANTHONY FALLS HYDRAULIC LABORATORY
GRAVITY-FLOW FREE-JET WATER TUNNEL

I. INTRODUCTION

A, Background

Research was undertaken at the St, Anthony Falls Hydraulic Labora-
tory in 1949 to explore the characteristics of various types of water-tunnel
test facilities. This research resulted in special effort being directed
primarily to exploring the merits of the free-jet type of water tunnel, as
distinguished from the customary closed-jet and open-jet types. It may be
noted thatin the closed-jet tunnelthe liquid traversesthe test section with-
ina solid boundary, while in the open-jetturmel the test stream passes through
a chamber of relatively static liquid surroundingthe stream, Tunnels of the
closed=-jet and open-jet type have been used as hydrodynamic test facilities
for many years. The first practical free-jet tunnel was probably constructed
at G8ttingen, Germany, and was described by H. Reichardt [1]¥ in 1945. This
tunnel had a rectangular, horizontal jet with solid boundaries in the front
and rear and "free" interfaces at the top and bottom. The jet was 5.9 in.
wide and 7.8 in, high and had a maximum speed of about 33 fps., The jet dis=-
charged into a closed vertical steel tank where the free entrained air could
settle out, The facility was actuated by a recirculating pumping unit oper-
ating on the return conduit from the tank,

The free-jet type of tunnel is especially useful for studying flow
about bodies at small cavitation numbers.”” This is true, first, because of
an inherent resistance to cavitation of the tunnel itself, Earlier studies
at the St, Anthony Falls Hydraulic Laboratory had shown that in an open-jet
type of tunnel with no body in the test section, self-produced shear eddies
occurred which would begin to cavitate when the cavitation number decreased
much below O,L0. Similar testsin a closed-jet type of tunnel indicated that
boundary wall cavitation would occur if the cavitation number decreased much
below 0,05, The latter lower limit was associated with a testsection of re-
fined form and small size; it could be considerably higher for larger and

“Numbers in brackets refer to the List of References on p. 2L.

"X Cavitation number is defined by Eq. (1) on p. 5,



cruder tunnels, On the other hand, the free-jet boundaryproduces no cavita-
tion whatsoever., In addition to the inherent cavitation limits of open and
closed types of test section boundaries, thereis a blockage problem that oc-
curswhen test bodies are placedin the test sectionsof these tunnels, Block=-
age does not occurin the free jet, The blockage problem has been fully dis-
cussed by Birkhoff, Plesset, and Simmons [2], Even when »odies are tested
without cavities,; the wall corrections in the free jet are smaller in magni-
tude than those in a closed jet for equal-sized bodies and jets.

With a desire to study the cavitation research possibilities of a
free-jet facility, the Laboratory undertook exploratory tests with a pilot
experimental tunnel having a 2-in, diameter test jet. A velocity of 50 fps
and pressuresnear vapor pressurewere achieved inthe pilot tunnel., The tests
were elementary in nature but served to establish the following significant

conclusions:

(1) Preferably the jet should be directed downward to mini=-
mize gravitational distortion of the jet and to take ad-
vantage of gravitational drainage of the test section for

steady-state cavities;

(2) Nonrecirculating flow is advantageous to eliminate the
possibility of recirculating air in the system and the
serious flow instability that results therefrom; nonre=-

circulating flow also avoids water temperature rise;

(3) Effective means of recovering the kinetic energy of the
Jjet are not apparentand this energyloss must be accepted
in the design;

(4) Natural entrainment of air at the jet interface at high
speeds aspirates sufficient air from the test section to
permit any desired chamber vacuum without auwxiliary vac-

uum pumping equipments

(5) A test jet of circular cross section possesses good flow
uniformity andcan be effectively fitted with curved con-

tact viewing windowss

(6) Measurements of pressure at low pressures are inherently

more accurate in the free jet than in other tunnel types



because gaseous rather than liquid pressure measurements
are involved, and thus cavitation does not occur in the

measuring system;

(7) Useful studiesof the interaction between a test body and
a finite free-jet stream would require a tumnel larger
than the 2-in, diameter pilot jet.

B. The Free=det Tunnel

On the basis of the findings of the 2-in. tunnel studies , and in
view of the substantial natural water supply and head uniquely availaiﬁle at
St. Anthony Falls on the Mississippi River, the new tunnel was designed as
a nonrecirculating gravity-flow system. This was particularly advantageous
because the expense of installing a variable-speed pump and drive system with
power requirementsof the order of 150 hp was eliminated. Allof the features
of the pilot modelwere realized inthe larger tunnel, A disadvantage of this
system is that during spring floods, particularly, and to a certain extent
during the summer monthsthe river water is slightly colored and carries some
fine mineral and organic solids, This reduces the transparencyof the stream,
Thereis also occasional difficultywith small grass-like filaments which tend
to collecton sharp edges placedin the test stream, Whenthe river is covered
by icein the winter, the water is very transparent and there are no apparent

foreign bodies in the stream,

The tunnel was originally equipped with an axially symmetric test
section housing a 10-in, diameter circular jet. Thetunnel with axially sym-
metric test section is shown in the frontispiecein an artist's rendition and
schematically in Fig. 1. Figure 2 is a photograph of the axially symmetric
test section. Both the basic tunnel and axially symmetric test section are
described in detail in Section II, following. Within the test section test
bodies are supported in the stream by an axial sting as may be seen in Figs,
9 and 10. Cavitation phenomena are observed and photographed through con-
tact windows in the housing. No dynamometer has been provided as yet for the
axially symmetric test section. Results of some investigations performed in
this test section are given in a project report of the Laboratory [3].

Subsequently, the axially symmetrictest section was adapted to test-
ing two-dimensional bodiesat small cavitationnumbers by inserting two paral-
lel, thin plates longitudinally and symmetrically in the 10-in. Jjet. The
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plates were 5 in, apart, producing a nearly rectangular test stream 5 in. by
10 inches in cross section, Two-dimensional bodies spamned the 5-in. space
betweenplates. The arrangementand some of the resultsobtained are described
in References [L] and [5], Although the two-dimensional results were quite
useful, there were certain limitations to this tunnel arrangement, described
in Reference [5], whichmade it desirable to work witha better two-dimensional

test section.

Finally, a new, permanent, two-dimensional test-section housing was
provided, The two-dimensional jet is 5 in. thick between rigid walls and of
adjustable width from 6 to 15 in, between free boundaries. Figure 3 is a
photograph of the two-dimensional test section which is described in detail
in Section III, following. The two-dimensional test section, together with
its approach pipe and nozzle, is completely interchangeable with the axially
symmetric test section and nozzle. (It requires two to three days for two
men to interchange the axially symmetric and two-dimensional test sections.
If this change were made frequently, less time would be required.) The two-
dimensional test section accepts cylindrical bodies of 5-in, span, supporting
them at their endson the rigid walls, Dynamometers of the null-balance, hy-
draulic load-cell type are provided for measuring lift, drag, and pitching

moment, The test section is completely transparent,

-

The basic method of operation of the tumnel is the same regardless
of the test section that is installed., As may be seen from Fig. 1, the tun-
nel operates by gravity, taking waterfrcm the upper riverpool at St. Anthony
Falls and wasting it to the lower pool, There is a total drop of 50 ft be-
tween pools, The test section is verticaland test bodies are located there-
in at about 3L ft above tailwater height and at eye level from the operating
floor, The tumnel is operated by opening the inlet valve in the supply chan-
nel to let water into the tunnel, and the discharge valve at the downstream
end of the tunnel to let it out. Water passing through the tunnel entrains
the interiorair and carries it out of the structure; thus reducing the test-
section pressure, When the test section is sealed, the air therein is com-
pletely removed by the falling jet, and the pressure is reduced to the vapor
pressure of water by the weightof the water column suspended in the vertical
pipe actingas a barometer, Pressures between vapor pressure and atmospheric
pressure are obtained by admitting controlled quantities of atmospheric air

to the test section, thereby balancing the entraining action of the Jjet and
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lowering the water column, The aspirating action is so effective that pres-
sures near vapor pressure can be obtained in a few seconds after sealing the
test section., A stable pressure level is readily maintained by controlling
the pressure bleed valves visible in Figs, 2 and 3. The maximum velocity
available in the tunnel is 50 fps, but this maximum is reduced as the opera-
ting pressure is increased by admitting air. At a given operating pressure,
any velocity below the maximum may be obtained by control of the water-inlet
valve, The usual operating range is between 30 and 50 fps. (At velocities
below about 30 fps, secondary gravitational effects may become important.)

The test-section gas pressure is transmitted throughout the jet,
maintaining the jet at uniform pressure, By measuring the test-section pres-
sure p_ and the test stream velocity at body height VO, a cavitation num-
ber for any test body is obtained from the formulas:

g = (la)

or 0 = — (1b)

where o or T is the cavitation number,

P, is the vapor pressure of water at the operating temperature,
P, 1is t.he measured cavity pressure (for quasi-steady cavities),
q = eV, /2 is the reference dynamic pressure, and

p 1is the density of water.

Only Eq. (la) can normally be used when a test body exhibits bubble cavita-
tion, (Small bubbles format random nearthe low pressure region and collapse
downstream,) This tunnel is most useful at small cavitation numbers where
long, quasi-steady, hollow cavities form behind a body. It is known that in
such cavities the internal pressure tends to be somewhat higher than vapor
pressure. Under these circumstances, Eq. (1b) is preferable as a definition
for cavitation number. The tunnel test sections permit measuring internal
cavity pressures p_ for use in Eq., (1b).

Fortunately, low pressure and high velocity occur simultaneously in

this free-jet tunnel. Consequently,it is easy to obtain extremely low cavi-
tation numbers, In the two-dimensional test section, test bodies can actually
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be studied at zero cavitation number. This is accomplished by simply split-
ting the jet so that the cavity literally extends to infinity and the cavity
pressure and chamber pressure are equal to each other. The axially symmetric
jet cannot be split while retaining axial symmetry. If the cavity is not
split, there is a minimum workable cavitation number that is obtainable in
the tunnel, This minimum is, however, considerably lower than for an equiv-
alent closed- or open-jet tumnel., The working minimum is determined by the
requirement that the cavity should not exceed the approximately ,0-in, length
of the test section, and hence depends on the body under test, A L5-degree
1/Li-in, cone has been tested in the axially symmetric test section at o =
0,005, In the two-dimensional test section, an equally low cavitation num-
ber has been obtained with a hydrofoil of 2,5-in, chord at a 2-degree angle
of attack,

The water jets in both the axially symmetric and two-dimensional
test sections are quite turbulent, The turbulence is believed to originate
in the flow through the inlet valve, Turbulence spheres of 2-in, and 1-1/lL-
in, diameterwere used in the axially symmetric jet inorder to obtain a quan-
titative estimate of this turbulence, The sphere boundary layer was assumed
to pass through criticalwhen the wake pressure coefficientrose to 1,22 (cor-
responding to a drag coefficient of 0,3), Transition occurred at 20 and 36
fps on the 2-in., and 1-1/l~in, spheres, respectively;ﬂindicating a critical
Reynolds number of the order of 200,000,

C, Persomnel

The gravity-flow free-jet tummel in its present form is the result
of the combined efforts of many people, and this paper is a condensation of
reports prepared by several of them, Lorenz G, Straub, Director of the Lab-
oratory, was instrumental in the general planning for the tumnel and in se-
curing support for its construction, John F, Ripken was largely responsible
for the original design concepts and has been concernedmore or less actively
with all subsequent modifications, Charles D, Christopherson conducted the
pilot model studies and prepared the original report describing the tunnel and
axially symmetric test section, Edward Silberman conceived and plamned the
two-dimensional test section, Ernest Elguther prepared most of the detail
design drawings, and Joseph Bauer performed muchof the most difficult machine
work, In addition; many of the research assistants and shop people at the



Laboratory have contributed to the routine work of testing, assembling, and
disassembling the various tunnel components during the developmental stages.

Constructionof the tunnel was made possible through the assistance
of the Office of Naval Research, United States Department of the Navy, under
Contracts N6 onr-2Lh6, Task Order VI, and 710(2L),

II, THE TUNNEL AND AXIALLY SYMMETRIC TEST SECTION

A, The Tunnel Structure

Some of the general features of the free-jet tunnel structure have
already been described in Section I and shownin the Frontispiece and in Figs.
1, 2, and 3, The bulkof the structure is welded from structural steel plate
and pipe. Referring to Fig., 1, the tunnel consists of two major sections.,
There is an upper section consisting of the inlet valve, horizontal conduit,
miter elbow, and a short section of 30-in, diameter pipe. This is supported
by the wall of the headwater pool at one end and at the other by a set of
four columns, some of which are visible in Figs. 2 and 3, anchored to the
Laboratory foundation, The lower section of the tumnel consists of a long
vertical conduit and discharge valve., The lower section is independently
anchored to the Laboratory foundation, Thetest sections, together with their

nozzles, are fitted between the upper and lower sections of the tunnel,

The inlet valve is pushed open and held in that position by a hy-
draulic cylinder., The valve is closed by water pressurein the headpool when
pressure is released in the cylinder, Pressure in the cylinder is built up
using a hand pump, One stroke of the pump opens the valve about 1/8 inches,
The valve is usually opened from 3/4 to 3 in, dwring tunnel operation, The
hydraulic control system for operating the inlet valve, as well as other tun-
nel components, is shown schematicallyin Fig., 4. The controlsystem is housed
in a stand, shown in Fig., 5, the back of which is visible in Figs. 2 and 3.
The stand contains indicatingdizals showing the positionof the inlet and dis-
charge valves at all times, These dials are cable-operated from the valves.

The guide vanes, which form an integral part of the miter elbow,
areof the circular segment type. They are supportedalong the miter at their
outer ends by being tack-welded to the walls of the elbow, and along the el-
bow axis by being welded to a faired splitter which in turn is welded to the

elbow walls at both corners of the bend., Specifications for the vanes and



splitter, which are fabricated from stainless steel,are given in Fig. 6, At
the top of the horizontal leg of the elbow; a short 6-in, diameter circular
pipe has been fittedto the elbow wall and covered with a transparent acrylic
resin plate., This arrangement permits visual inspection of the guide vanes
and easy accessto them for cleaning purposes. The pipe also acts as an air-
collection dome, trapping bubbles producedby the high-speed flow through the
annular valve opening, Collected air is sucked off by vacuum from an exter-
nal source, A thermometer well for obtaining water temperature is also pro-
vided at the miter elbow, '

The vertical conduit of the lower-tunnel section is divided into
two parts at the operating-floor levelby a short rubber pipe coupling. Each
part is independently supported fromthe foundation, The rubber coupling pre-
vents vibrations generated by the air-entraining action from reaching the

test section,

The tunnel discharge valve isalso hydraulically actuated. Pressur-
izing the hydraulic cylinder cleses the valve and the valve opens by gravity
and waterweight when pressure is released. Thisvalve is normally used fully
open--about 5 inches., Its main use is to close the tunnel when water is di-
verted for calibration, However, it may also be used in connection with the
inlet valve and air-bleed valvesto control tunnelveloeity and pressure. The
test section of the tunnel can actually be flooded by use of the discharge

valve, causing the tunnel to operate as a low-speed open=jet facility,

B, The Axially Symmetric Test Section and Nozzle

The axially symmetrictest section and nozzleare installed together
in the tunnel, and have been shown in Fig, 2. The nozzle contracts the flow
from the 30-in, supply pipe to the 10-in, test-stream diameter. The nozzle
terminates LO in, above the entrance to the discharge pipe in a 30 in. O, D.
flange,

The contraction form is the result of Lsboratory studies conducted
several years ago on open- and closed-jef tunnels, Theform is shown in Fig.
7 togetherwith its boundary-pressure distribution characteristics taken from
the earlier studies, These studies showed the pressureto be a monotonically
decreasing functionof the distance from its upstream end with no significant

zones of flow separation., More important, the studies established that there
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is good uniformityof pressure andvelocity distribution inthe discharge flow.

The contractionis an aluminum casting smoothly machined to the de-
sign profile. Threesets of piezometer taps were carefully machined into the
contraction at 1-1/2, 30-1/2, and L5-3/L in, from the upstream end as shown
in Fig. 7. Each set consisted of four taps located at 90 degrees on a cir-

cumference. The taps are used for velocity calibration as described later.

The 10-in, diameter jet issuing from the nozzleis shown in Fig, 8.
The test-section elements are primarily intended to provide suitable support
to test bodies and instruments in the jet, and to provide an evacuated hous-
ing which allows convenient viewing of and accessto the test bodies, Bodies
are sting-supported along the axisof the jet as illustrated in Fig, 9. They
may be placed at any height in the jet,

As may be seen in Fig., 8, observation of bodies in the stream is
limited by turbulence on the jet surface, and contact viewing windows are
necessary to see into the jet. A contact window may be seen in place at the
right side of Fig. 9. Windows are machined from Plexiglas sheets 1-1/2 in,
thick and 12 in, wide, selected to have one optically smooth surface. Each
sheet is finished to 5-in. radiuson its poorer surface over about 52 degrees
of arc. The sheets are sealedto an aluminum frame and installed so that the
curved surface just contacts the jet over its LO-in, test length.,

Windows may be placed atany of four positions around the jet, each
70 degrees from the adjacent positions; normally, only one window is used at
a time, The upper end of each window is very carefully aligned with the end
of the nozzle, and practically no cavitation occursat this juncture. Veloc-
ity traverses in the jet, described later, have established that the limited
contact area of the window does not significantly distort the core flow in
the upper regions of the test jet. Nor does the contraction of the jet from
gravitational acceleration break the contact with the vertical window, Fig-
are 10 illustrates the viewing potential of the window system., Scale dis-
tortion is negligible as has been shown by photographing a ruled grid placed
in the flow,

The body supports, viewing windows, and associated instrumentation
are largely suspended from the flange at the end of the nozzle, These ele-
ments and the test jet are enclosed in a plated-steel cylindrical hull which
is free to telescope vertically over the discharge pipe., The hull is 2L-1/2
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inches in inside diameter. When closed, the hull is sealed to the nozzle
flange at the top and to the discharge pipe at the bottom, permitting evacu-
ationof the test chamber, When the hull is lowered, full access is obtained
to the test section, (The hull is shown partially opened in Fig. 9.) The
mall is closed by hydraulic cylinders operated from the control stand shown
in Fig, 5 as indicated schematically in Fig, L, andis opened by gravity when
pressure is released from the cylinders, The hull must be closed during tun-
nel operation. The operation of opening the hull for full access to the test

body and closing it again usually requires less than five minutes of time,

The hull is breached with four large, vertical, rectangular holes,
These are aligned with the contact window peositions in the jet and may be
sealed to the frames of the windows, Alternatively, if contact windows are
not in place, the holes must be covered with Plexiglas or metal covers, The
former are used for lightingand the latter are used for auxiliary breachings

for instruments and air supply vents as may be seen in Fig. 2,

Chamber pressure is measured in the axially symmetric test section
by a tube suspended in the chamber from the nozzle flange. Cavity pressure

is measured by tappings in the sting support system and body.,

C. Calibration and Quality Tests in the Axially Symmetric Test Section

Flow throughthe tunnel contractionyields boundary-pressure differ-
entialswhich are functionally related to the velocity of the stream discharg-
ing into the tunnel test section, Initial tests were required to establish
this functional relation and to determine the flow quality of the test jet.,

To implement, these tests the contraction was fitted with boundary-
pressure taps as shown in Fig. 7. The three sets of taps could be connected
in various combinations to an external manometer which permitted a sensitive
readingof the differential pressure for a wide range of discharge velocities,
The functional relation between manometer readings and velocity was evaluated
by diverting the exit flow from the lower leg of the tunnel into the Labora-

tory's gravimetric flow measuringsystem where the flow was precisely measured.

The results of the calibration are shown in Fig. 11 in which the
mean test system velocity is definedas the flow rate dividedby the exit dis-
charge area, The capacity of the gravimetric system did not permit calibra-
tionof the contractionto the full range of tunnelvelocity (Vo o 50 fps),
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but the extrapolation in Fig, 11 appears fully justified. Since test bodies
are located below the end of the contraction and flow in the free jet is ac-
celerated by gravity, the actual velocity headat a test body is greater than
that obtainable from Fig., 11by the distance from the contraction to the body.

To implement the jet quality studies a special Pitot-static tube
was fabricated to permit insertioninto the jet viaany one of the three test-
section access plates shown in Fig, 2, In Fig. 2 the instrument is shown
mounted in the upper access hole in which the nose of the Pitot-static tube
is 2,75 in, downstreamof the contraction exit, Figure 12 shows the mechanism
which permitted the instrument tube to be either traversed radially or swept
in an arc across the jet.

The tests reported here were madewith the contact windows and tra-
verse lines positionedas shown in Fig, 13, Figure 13 alsoshows the velocity
traverse data, In this the velocity is expressed as the ratio of the mean
velocity vo as indicated by the pressure drop through the contraction, to
the apparent velocity indicatedby the Pitot-static tube. Since the test data
were run with V= 2,9 fps and the instrument stagnation tap was located
2.75 in, below the plane in which VO occurred, an additive gravitational
correction mustbe made to VO to give the true instrument velocity condition

-—

To0e" If this correction were made the plotted data would yield a ratio of
To,/iZg:-i)l/z = 1,00. '

The velocity is seen to be nearly constant. over the entire measur-
able cross section, The velocity calibrationof Fig, 13 is assumed valid for
all welocities above the measured velocity of 24,9 fps., Higher calibration

velocities were not employed because of anticipated instrument cavitation.

Pressures surrounding the jet and within the bare jet are uniform
everywhere, with or without air being admitted to the chamber, The air-inlet
vent to the chamber is baffled to prevent direct dischargeof the air against
the jet., Minimum pressure obtainable in the chamber is a few tenths of a

pound per sguare inch above vapor pressure.

III, THE TWO-DIMENSIONAL TEST SECTION

A, Description of the Test Section

Figure 2is a photographof the original axially symmetric test sec-

tion and nozzle., Figure 3is a similar photographof the two-dimensional test
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section and approach pipe. Except for the replacement of the long nozzle by
a uniformapproach pipe and short nozzle; and replacementof the circular test-
chamber enclosure by a rectangular enclosure; no changes are required in the
basic free-jet tunnel in going from the axially symmetric to the two-dimen-
sional test section.

As already observed, the two-dimensional test section is designed
to produce a rectangular jet, 5 in. thick between rigid walls and of adjust-
able width between free boundaries. The principal interior dimensions and
some other featuresof the test section and its appurtenances are illustrated
in Fig. 1L, The test section itself is simply a rectangular parallelepiped
or box fabricated from 2-in, thick Plexiglas, Since the principal load is
directed inwardly, the edges are joined by rabbeting and cementing. The wide
facesof the test section are additionally supported by external tie bolits an-

chored to vertical steel beams which are visible in Figs. 3 and 15,

.The test section is connected tc the 30-in, diameter approach pipe
through a short, one-piece; cast-aluminum nozzle, The jointbetween the test
section and nozzle is also rabbeted and is sealed with O-rings, Two of the
inner walls of the nozzle are shaped to join smoothly with the two Plexiglas
walls which form the rigid boundaries of the jet. The other two walls are
flat and 2l in, apart inside, The profile of the shaped walls was obtained
using two-dimensional free-streamline theory; Table I gives the co-ordinates
and Fig, 1l shows the principal dimensions of the nozzle. Boundary-layer
growth was ignored in cobtaining these co-ordinates. The shaped walls were
hand-finished; using a templet as a guide, and the juncture between nozzle
and Plexiglas was further hand=smoothed after joining., Operationof the tun-
nel showsvery little evidence of cavitationat the joint, even at vapor pres-

sure, and no cavitation on the walls elsewhere,

The width of the jet is controlled by two sliding plates located
between the nozzle and approach pipe. The plates are illustrated in Fig, 1l
and one of the plate housings; together with the associated operating hand-
wheel, may be seen extending from the tunnel in Fig. 3. Each plate moves 1/8
in, per turnof its handwheel, The plates rideon the top portion of the noz-
zle. The plate edges have been machined to the same shape as the nozzle in
the overlap regionso as to make a mechanircal seal under pressure, thereby re-

ducing leakage. (The plates aremoved only whenthe tunnel is not in operation
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TABLE I

CO-ORDINATES OF JET NOZZLE

y
X

X, in, ¥, in. x, i, ¥, in.
0,000 0,000 1:02% 0.987
0.0L40 0,130 1.63 1,119
0,071 0,190 2,25 1.253
0.113 0,260 3.32 1.392
0,176 0.3L3 3.68 1,420
0,256 0.427 L.1L 1.L48
0.358 0.52l L.76 1.467
0.498 0.631 5.90 1.503
0,676 Oae | 800 | . - (end of nozzle)
0,91l 0,863 © 1.532

so that there is no water pressure above them during movement.) A theo-
retical computation has beenmade, using two-dimensional, free-streamline the-
ory, giving the relation between plate opening, jet width at the test body
location, and jet width at infinity. No account has been taken in the com-
patation of the effect of gravity, but it is believed that this effect is at
least partially balanced by boundary-layer development on the fixed faces of
the jet, Some resultsof the computationare shown in Fig. 1L, It is practi-
cable to operate the tunnelin a range of jet widths from 6 in. to 15 inches.
Although the jet may be placed asymmetrically in the tunnel, it is planned
that operation will usually be with a symmetrically placed Jjet.

In order to control the test-section pressure, air is admitted to
the free space on each side of the jet through holes in the nozzle casting.
Admittance is through a pair of symmetrically placed 2-1/2-in, pipes fitted
with valves and noise suppressors, one of which is visible in Fig. 3. Vapor
pressure is obtained by closing the air valves and higher pressures are ob-
tained by openingthem to various degrees, Pressuresat both sides of the Jjet
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are equalized through a ring intercomnection located immediately below the

transparent test section,

The test station is centered 5-1/2 in. belowthe end of the nozzle,
on the lateral centerline of the test section., It consists of a 3-11/16-in.,
diameter hole in each wide face of the test section. The holes will accept
blank covers, simple trunnions, or a combination of trunnions and dynamometer
elements. Figure 16 shows the tunnel in operation with blenk covers at the
test station; Figure 17 shows a 1ifting foil in place, supported by simple
trunnions; while a circular cylinder supported by trunnions with dynamometer
elements is shown in Fig. 15,

Covers and trunnions are Plexiglas disks, 2 in, thick, designed to
form a smooth continuationof the inside tunnel walls, Each trunnion disk is
especially built to hold a body of specific shape, A new pair of disks is
required for each test body., Cover plates and simple trunnion disks are made
to fit snuglyin the holes in the test sectionand are aligned with the inside
tunnel surface by the use of flanges cemented to the outsides of the disks.
Sealing is by O=rings and a coating of grease. The trunnions may be rotated
to change angle of attack; angle of attack is fixed by clamping the flanges.
When dynamometer elements are used, they are used with trunnion disks whose
diameters are smaller than the hole diameters. The dynamometer supports and
seal rings are fitted between the outside of each trunnion and the inside of
its receiving hole., The dynamometer is described in more detail beginning

on p, 19,

Since test bodies extend through their supporting trunnions, it is
a simple matter to provide bodies with as many integral pressure-measuring

tubes as desired.

Two sets of pressure taps are provided in the test section; these
are indicated in Fig, 1lli, One set consistsof a pair of taps at test-station
height, each tap being in the center of one of the narrow faces of the test
section, When compared with each other, these taps can be used to assure e-
qual pressures in the free spaces on both sides of the jet., When manifolded
together, they form the basic reference pressure for work in the jet. Abso-
lute tunnel pressure is obtained by comparing the pressureat these taps with
atmosphericpressure through a U-tube manometer and by determining atmospheric
pressure from an adjacent barometer. Tunnel velocity is determined by cali-

bration; using the difference in pressure between these taps and a ring of
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taps near the topof the approach pipe, visiblein Fig. 3. Comparison is made
through another U-tube, The calibration process is described below. Cavity
pressure, for use in determining cavitation number, is also measured with

reference to these taps through a U-tube.

The second set of taps consists of a row of five permanent taps a-
long the centerline ofone of the wide faces. These can be supplemented with
a sixth tap insertable at the test station and a seventh in the pressure e-
gqualizing ring. The taps are used for measuring pressure gradients in the
bare tunnelor within a cavity, for measuring cavity pressufewhen a test body
does not have integral pressure tubes, and for admitting air to cavities to

change cavitation number by changing cavity pressure.

The inside surface of one of the wide faces of the test section is
inscribed with tick marks on a 2-in, square grid. The marks are visible in
Fig. 16, for example. These marksare used to facilitate making cavity meas-

urements in photographs.

There are six access holes in the test section, three on each nar-
row face. The holes are used for servicing test bodiesand for inserting in-
struments, In Fig. 3two of these holeson one side can be seen covered while
the third is occupied by a Pitot tube. Hole covers are made flush with the
inside facesof the tunnel, although only leakage flow runs down these narrow

faces, Hole covers are sealed with O-rings and grease,

5. Quality of the Jet

Some effort has been given to studying the quality of the two-di-
mensional jet without test bodies. The first investigationwas concerned with
the actual width of the jet as compared to the predicted width shown in Fig.
1L. As may be seen in several of the photographs, the jet is surrounded by
a frothy region, This gradually merges into a narrow region of cloudy water
flow, sometimes with air bubbles, near the jet. The cloudy flow penetrates
slightly farther into the jet near the corners than elsewhere so that the
clear, free-jet surface appearsto be slightly curved across the 5-in, thick-
ness of the jet, and the jetis not exactly rectangular in shape. The cloudy
part of the jet also fans outward from the jet into the foam in a thin sheet
along the rigid walls., Jet width has been measured as the average width of

clear water for several operating conditions and is given in Table II.
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TABLE II

MEASUREMENTS OF JET WIDTH

Jet Width at Bottom of Jet Width at Test Station,
Test Section,; Inches Inches
Plate
Opending Measured Measured
Inches Predicted Low | High Predicted Low | High
_ _ Vel, | Vel. Vel. | Vel.
9.63 6,00 b+ | 5= 6,01 6+ | 6
15,47 10,00 10+ | 10 10,06 32 11+
18,09 12,00 12 | 12 12,15 13:5 | 13.5
21,62 15,00 16+ | 16+ 15,285 18+ | 18+

The discrepancies between measurementand prediction are believedto be caused
by two phenomena, First, there is some leakage between the sliding plates
and nozzle, especially for wide plate openings, This leakage tends to widen
the jet and produces the foam surrounding the jet, (As may be seen in Fig.
8, no foam is produced in the axially symmetric test section where there is
no water leakage.) Second, the region of cloudy waterflow is really part of
the jetand eats farther and farther intothe jet because of turbulence as the
flow goes downstream, reducing the apparent widthof the jet. Apparently the
second effect overcomes the first onlyfor the narrowest jet. Hereafter, the
Jet width will be designated by the predicted width at infinity as given in
Fig. 1k.

There is no difficulty in balancing the pressures on the two sides
of the jet. The pressure-equalizing ring at the bottom of the test section
does the major part of the balancing automatically at most flows regardless
of how the air valves are manipulated., Whenthe air valves are nearly closed
and the tailwater rises into the equalizing area, careful balancing must be
donewith the valves to prevent the jet from clingingto one side or the other
of the test section, The minimum pressure surroundingthe jet can be brought
to within 0.2 psi of vapor pressure for the widest jets and even closer to

vapor pressure for the narrower jets.
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There is a small pressure gradient along the centerline of the jJet
when the tunnel is operated without a test body. The gradient; as measured
at the wall taps, is illustrated for the 12-in, jet in Fig., 18. Figure 18
also shows the theoretical pressure distributionfor a two-dimensional jet of
12-in, width at infinity. The measured and theoretical distributions are in
fair agreement for the first 9 in., below the test station, but the measured
pressure appears to be slightly too large thereafter until the pressure-e-
qualizing ring is reached. It is believed that the pressure rise below 9 in,
is attributable to the fillingof the two-dimensional section with foam below
that point. The remaining discrepancies are probably attributable to three-
dimensional effects, including boundary-layer developmenton the rigid walls.
Jets narrower than 12 in, show smaller pressure gradients, while wider jets
show larger gradients than illustrated by Fig. 18,

Velocity in the jet has been calibrated and velocity distributions
have been measured by use of a Pitot cylinder and a Pitot-static tube. The
Pitot cylinder is a 1/4-in. diameter circular cylindrical tube with a single
pressure tap at the stagnation point. It can be insertedat the test station
so that the stagnation hole can be traversed across the 5-in. jet thickness
between rigid walls, The Pitot-static tube was described in Fig, 12; it may
be seen in place in the tunnel in Fig. 3. The tube can be inserted through
any one of the three access holes on either narrow i’ace‘of the test section,
but only the two upper positionswere used in this investigation. The upper-
most position placed the stagnation hole of the tube L in. above the test
station while the next lower position placed the stagnation hole 6-1/2 in,
below the test station. The Pitot-static tube could be traversed in and out
across the width of the jet and swung sideways to cover the thickness of the
Jet from wall to wall,

In calibrating the jet velocity, the total head reading on the jet
centerline was obtained at the test station using the Pitot cylinder for a
range of jet widths and water discharges., Total head readings were also ob-
tained at the two positions above and below the test station using the stag-
nation hole in the Pitot-static tube, The readings above and below always
differed by 10,5 in, of water, the distance between the positions, and when
interpolated tothe test-station position agreedwith the Pitot cylinder read-
ings., Totalhead was compared withstatic head measured at the reference taps

to obtain velocity head, Vo2/2g, The reference manometer reading Ah was
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obtained from the mersury U-tube connecting the pressure tap ring near the top
of the tunnel with the reference taps as described earlier, The calibration
fermula for this test section is

v %/2g = 1.05Ah + 0,4 (2)

where V02/2g is measured in feet of water and Ah is measured in inches
of mercury, This formula is valid for all jet widths and for tunnel veloci-
ties between 25 and 50 fps within one per cent. The corresponding formula
for velocity, Vog in fps is

0.19
v, = 8,22./An <1 - ) (3)

h

ihe velocityhead and velocity given by these formulas pertain to the edge of
he free jet at the test station., At the center, the velocity may be lower

2y 35 much as 2 per cent, depending on jet width.

Total head distribution ascross the 5-in, jet thickness at the test
stztion as measured by the Pitct cylinder is uniform within a small fraction
of one per centat all velocities and jet widths except in the boundary layer
at each wall, The boundary layeris of the ordercof 17/l in, thick, Traverses
with the Pitot-static tube acrossthe jet thickness and width were made at 1,0
fps velocity for 6, 10, and 12 in, wide jets; these show velocity variations
up to one per cent, The variaztions appear %o be random and it is believed
that they may actually be attributakle to errors in the tube which vibrates
and cavitates when used at such high velocity. The Pitot-statiz tube could
not be traversed closer than 1/2 in, to eitherthe solid walls or free bound-

aries,

C. The Dynamometer

The following minimum specifications were established for the dyna-
mometer to be used with the two-dimensional test section:

(1) Measurable load:
a, 1ift--100 lbs maximum with sensitivity of 0,5 1lb,
b, drag-=20 lbs maximum with seusitivity of 0,1 1b, and
c, moment--=100in, 1lbs meximum sbout axisof test station

with 0,5 in.-1b sensitivity,



19

(2) Model supports must not fail under twice the loading in
(1) above.

(3) Surfaces of test bodies are to be visible while the dy-
namometer is in operation. The largest chordto be tested
will be 2-1/2 inches.

(L) No leakage of outside air into the tunnel is permitted.
Circulation of tunnel water or wvapor within the dynamom-

eter must be held to a minimum,

(5) Angle of attack of hydrofoils is to be set from outside
the tunnel using a simple scale, Angles of ¥ 20 degrees

must be obtainable with a sensitivity of 0.1 degrees,

(6) Because some of the hydrofoil models will be very thin,
the dynamometer system must support models at both ends,

(7) The inside surfaces of the dynamometer are to be flush
with the inside tunnel walls under all operating condi-

tions.

The general appearance of the dynamometer designed to meet these
specifications may be seen in Fig, 15. It is a null-balance instrument in
wiich the test body under load is returned to its position under no load by
application of external forces and moments. The external forces are applied
and measured using hydraulic load cells which are calibrated in place.

The piston of the load cell, the face of which is visible in Fig.
15, is in contact with the bottom of the test-body trunnion and is in posi-
tion to measure drag. Drag is measured by turning the screw visible at the
bottom of the cell, thereby pushingthe cell and its piston against the trun-
rion, mtil the trunnion is lifted from its supports; the pressure-gage reading
then indicates the drag. The same cellis used for measuring 1lift by placing
the cell in the empty cupat the right side of the dynamometer-support struc-
ture seen in Fig, 15, The piston of the cell then presses against the bell
crank, above the empty cup, and moves the‘trunnion off its supports to the
left. The same lift and drag apparatus may be used on the rear face of the
test section, Moment is measured in the same manner as drag and 1lift by a
cell, whose side is just visible at the right of Fig. 15, acting against a

long moment arm extending from the trunnion of the dynamometer. The moment
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arm is also usedto set angle of attack., Cells of various load ranges can be

used to measure 1lift, drag, or moment,

Total moment is measuredby one readingon the moment cell, but 1lift
and drag are the sums of the readings obtained at the two ends of the test
body. Sinceall test bodies are uniformly loaded across the spanin this two-
dimensional tunnel, it is only necessary to read 1ift and drag at one-end and
to double the measurement. (Doubling is actually obtained in calibration as
is the small moment correction to drag.) Lift and drag measurements may be

made at either end using the same calibration curve,

As already noted, a test body is supported in the dynamometer by
Flexiglas trunnion disks at each end of the body. Supports and seal rings
are locatedin an annular space between the trumniondisks and receiving holes
inthe test section, Figure 19 shows schematically some of the details of the
dynamometer arrangement, The support structure, consisting of a collar and
cage assembly, is fitted to the tunnel walls, while the seal-ring assembly
is attached to the trunnions. Aftera test body and trunnion assembly is in-
stalled in the tunnel, the seal ring is locked to the support structure by
locking pins actuated by the locking ring,

Trunniondisks are permanentlypinned to each testbody so that their
inside faces are maintained at L.975 in, apart, The dimension L,975 in, is
usedinstead of 5,000 in, because measurementson the tunnel with blank covers
in the dynamometer holes showed that under the normalrange of operating con-
ditionsthe two tunnel faces deflected inwardly a totalof from 0,020 to 0,030
in, at the test station. The given dimension allows for a 0,025 in. average
total deflection. The trunnion and test-body assembly can be shifted span-
wise in the tunnel and held in position by thrust bearings as shown in Fig,
19. By adjusting the positionof the thrust bearingsdwing tunnel operation,
the inside face of the trunnion on which 1lift and drag measurements are being
taken can be made flush with the inside face of the turnel. The other trun-
nion is then within *0,005 in. of being flush; and any influence this pro-
Jjection or recess may have on lift or drag is very small becauseit is so far
removed fromthe point of measurement, The spherical thrust bearings are free

to roll and produce no 1lift, drag, or moment on the trunnions,

The cage assembly shown in Fig., 19 contains three rollers, two at
the extremities of the horizontal diameter and the third at the bottom of a
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vertical diameter. There is also an adjustable stopat the top of the verti-
cal diameter. The rollers are tangentto a circle whose diameteris 0,00l in,
greater than the outside diameter of the trunnion assembly at the roller posi=-
tion. Under load, the trunnion tendsto rest on the bottom roller and on one
of the two side rollers. (The seal-holding ringis more than 0,00L in. great-
er in ID than the trunnion so that it takes no lift or drag load,) Contact
between each roller and its trunnion, as well as between the top stop and
trunnion, is indicatedby a light. When drag is being measured, the trunnion
is raised by applying force through the load cell until the bottom roller
light goes off, but not so far that the light on the top stop goes on, Lift
is treated similarly, Under moment, the trunnions rotate very slightly on
the rollers, twisting the formed rubber seal, DMoment measurement consists
of restoring the trunnionsto their original position and untwisting the seal
oy applying force to the moment arm., To set angle of attack, the tunnel must
firstbe shut down, The locking ringand pins, clamping the seal-holding ring
to the cage, are then released and the trunnion and seal assembly may be ro-
tated freely to any desired position, using the moment arm as a lever., The
setting is completed by reclamping the seal-holding ring, For purposes of
setting and measuring angle of attack, the moment arm together with its load
cell is rotated up and down by a screw and rack attached to a corner of the

test section, -

The formed rubber seal performs its sealingtask by expanding under
the action of the pressure difference between the outside and inside of the
tunnel and thereby blockingthe annular cavity. The greaterthe pressure dif-
ference, the tighter the seal, When a trunnion is returned to its null pos-
ition for load measurement, the seal itself carries no load, (Even when de=-
formed, the rubber seal carries an insignificant load.,) No leakage has been
detected from the outside through the seal, Since atmospheric pressure exists
symmetrically everywhere outside the seal, thereis no net force on the trun-
nions from this source,

There may be an unbalanced pressure in the remaining annular space
between the seal and the insideof the tunnel, however, The annular clearance
in the two narrow gaps near the inside face averages about 0,003 inch, (An
indicating lightis used to show whether the gap is closedat any point, This
light is necessary only during initial installation and adjustmentof a test-
body and trunnion assembly to assure that allof the load is supported on the
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roliers,) Because of its large diameter the annular opening is exposed to a
nearly uniform pressure around its periphery, except where a cavity crosses
the opening., The uniform pressure is tunnel ambient pressure while the cav-
ity pressure is less than ambient, the difference between the two decreasing
as the cavitation number decreases as shown by Eq, (1), p. 5. At zero cavi-
tation number, when loads are smallest, there should be no unbalanced pres-
sure, The maximum imbalance occurs when a cavity is so short that it just
crosses the annular gap before closing. The effect of pressure imbalance
should be felt in the drag measurement, A rough estimate of this effect may

be made as follows:

Let it be assumed that, because of the two small annular
gaps on each trunnion, the full effect of pressure imbal-
ance is felt only over that partof the gap equal to max-
imum cavity thickness and of depth equal to the depth to
the second gap, while there is no imbalance elsewhere.,
(Actually, the pressure imbalance will never reach the
full difference between ambient and cavity pressure be-
cause of pressure drop through the gaps,but the pressure
difference will also be spread over a larger part of the

gap than assumed herein,) Then, on each trunnion,

0.25

Drag = (p, ~ p) © (L)

12

where t 1is cavity thicknessand the depth to the second
gap is 0,25 inch, Since the drag is measured at one end
of the body cnly, only the drag at that end needs to be
subtracted from the total drag as may be seen from the
drag-distribution sketch in Fig., 19. If Eq., (L) is put
in the form of a correction to body drag coefficient,
C'Dg by dividingby the dynamic pressure times body area,
there results:
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where ¢ 1is the characteristic body length and the body
spanis 5 inches, For a 1/2-in, diameter circular cylin-
der, where t/c = 1, the cavitycrosses the gap at o =
0.5, Here c, = 0,75 and C'D/GD = 3 per cent. For a
flat-plate hydrofoil of 2.5-in, chord at O8-degree angle
of attack, the cavity first crossesthe gapat o = 0.3,
C, ® 0,06, and t/c = 0.2, giving C'D/CD = 5 per cent,

D
These are estimates of maximum error.,

A few tests of the drag of the 0,5L-in, diameter circular cylinder
shown in Fig, 15have been made, The measurements were compared with earlier
measurements in a tunnel with a different test-section configuration using a
strain-gage type of dynamometer [5]., Both the earlier data and present data
scatter and overlap sufficiently that a 3 per cent difference would not be

recognized, No other test comparisons are available at this time,

Thereis also a taredrag on the inside facesof the trunnions, This
is readily computable with small error from turbulent boundary-layer theory;
the method of computation has been given in Reference [5].
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Fig. 5 = The Control Stand
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Fig. 13 = Velocity Survey in the Axially Symmetric Jet

39



LO

‘ Width of Jet
] in Inches
B bo b

| IR
| ~p—— ———' 8.06 5.00 5.00
b ] ! : L. 9.63 6.00 6.0l
I,:L____ B I2.63 8.00 8.03
[ 11 15.47 10.00 10.06

18.09 12.00 I2.15
24" 21.62 15.00 15.28

! 22.73 16.00 16.36

30" j 30u
=B -8.06"
| *
== - (‘b %\—Cust Aluminum Nozzle
% l % . %\—Sliding Plates
- | )
r—Reference Pllre ure Taps I ‘ \“ﬁ“:zlgi“e'ﬂ Air
/ ; \ |
b L o—

I

ET T

;;—“—Dynumometers and
\ Test Body Supports

T —~Free Jet
Boundaries

~ F—Plexiglass (2"thick)

——-
36“

~— Pressure Taps 5@ 6"— 3'"-5.5"--— g8"'—

B0

o
o
i

Y Y
Pressure Equalization Ring

\\ ' J\llé |

Fig. 14 = Schematic Drawing of Two-Dimensional Test Section and Appurtenances



®8. 15 - Flow in Two-Dimensional Test Section with Circular Cylinder and Dynamometer



Fig. 16 - Flow in Two-Dimensional Test Section without Test Body

Fig. 17 - Flow in Two-Dimensional Test Section with Lifting Foil
but without Dynamometer
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