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PREFACE

Contract N6onr-2116, Task Order 6, between the University of Minnesota
and the Office'of Naval Research, specified that the St. Anthony Falls Hydraulic
Laboratory:

Conduct research on the basic mechanisms whereby
atmospheric air is entrained into water by the
relative motion between the two fluids.

This report is & description of a large variable-slope flume in-
stallation designed and built at the St. Anthony Falls Hydraulic Laboratory
to further the experimental phase of the air-entrained flow study. The design
of this specialized testing facility was guided and supervised by Dr. Lorenz
G. Straub, Director of the St. Anthony Falls Hydraulic Laboratory. Professors
John F. Ripken and Richard B. Whittington conceived the basic design and worked
with and directed the various members of the Laboratory staff who prepared
detailed pians of the structure. Physical construction of the equipment was
accoinplished in its entirety at the Laboratory and was the charge of Frank
Dressel, Shop Foreman. This report was reviewed critically by Reuben M. Olson,
Research Associate, and was adapted for publication by Professor ILoyal A.

Johnson. Preparation of the manuscript was by Marilyn F. Larson.

In "acréord with rules and instructions of the Office of Naval Research
this publication is identified as a Technical Report. The applicable Research
and Development Board number is NR-062-052.



ABSTRACT .

A large open channel. designed’ for the study of self—aerationv of
high-velocity flows has been built and installed at the ILaboratory. This
50~ft channel has a cross section 12 in. deep and 18 in. wide and can be set

at any slope from horizontal to vertical. . - =

The slope is contfolled by means of a hydraulic;system and is indi-
cated with a servo system with an accuracy of : l/L; . The -initial flow depth
in the 'best flume is controlled by an electrlcally drlven slulce gate with a
}rounded entrance located at the head of the flume. This depth can be con-

) trolled and 1nd:Lcated wrbhln 0. OOl ft throughou‘o its l/h—ln. to 6-in. range.
‘ :V‘I‘he Wa.‘ber dlscharge 1s regulated by two hydraullcally operated gate valves in

the supply llnes and 1s measured within an accuracy of about 1-1/2 per cent.

The inlet region is demgned to produce an 1n1tlally um.form Jet at
. terminal velocity, and the flume is. long enough to permit the aer._afnl,on process

.-to reach equilibr‘ium for a range of discharge at all __slopes_o‘ T

' The selection of" these flutie .dimensions and petrformance 1imits of
' the installation are explalned from present knowledge of aerated flows and

“from aera’oed flow measurement requirementss . o oo LT

. 8
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AN EXPERIMENTAL CHANNEL

I. INTRODUGTION

Air entrainment or the self-aeration of high—veloéiﬁy,"'"dpen-channel
flow is influenced by channel slope, depth of flow, roughness of the channel
surface, inlet conditions, and other factors contributing to the turbulence
and tumultuousness of the flow. Experimental measurements of air-entrained
flows depend upon special equipment and techniques because the flows are es-
sentially movements of undetermined, nonhomogeneous mixtures of air and water
which do not satisfy the requirements for successful operation of conventional
instruments. B

The occurrence of aerated open-channel flows on large existing hy-
draulic structures such as steep chutes and spillways is often accompan:n.ed by
the distracting influences of nonsymme’c.rlcal inlet conditions, breaks in grade s
deflection of the flow by bends and curves, nonuniform reaches of the flow ‘
causeway, and changing characteristics of the boundary surfaces. It is impor-
tant in a general analysis of aerated flow to control or eliminate these
secondary effects and to present a considerable range of the primary variables
of channel slope, boundary roughness, and depth of flow or discharge. After
the behavior of the individual variables has been determined, the process of
synthesis necessary for design work on hydraulic structures will be facilitated.

The production of aerated open-channel flows under controlled con-
ditions is characterized by the large and versatile equipment necessary to-
achieve an appreciable range of the basic variables governing air entrainment.
Ordinary laboratory flumes may have variable slopes, well-designed inlets, and
precise control apparatus; but unless they have been especially designed for
the study of air entrainment, the range of slopes, the inlet capacity and
head, and the free reach of open channel over which self-aeration must occur
fall far short of requirements for the ‘extensive experimental program needed
in order to further knowledge of this subject. Hence, the experimental phase
of air-entraimment study demands not only special instruments but also a
special testing facility or channel. A high-velocity channel built in the
St. Anthony Falls Hydraulic Laboratory for the study of air entrainment is

described in this report.



II. CHANNEL REQUIREMENTS FOR AIR—ENTRAINMENT STUDY

The paucity of rellable data for flows in open channels at slopes
greater than those commonly referred o as "flat slopes" has compelled ex—
tenslve/checklng of spillway and flume de:ﬂgn by model studies. However,
similarity of air-entrainment phenomena between prototype and a model built
to .any feasible scale ratio cannot be expected. In precti_ce,_ self-aeration
of -flow is rarely observed on model-size structures although it may be a

dominating factor on the geometrically-similar prototype.

_ The actual occurrence of self-aeratlon in the flow is the f:Lrst
performance requ:Lrement of a channel for alr—-entralnment study° ‘Since self-
aeratlon does not take place on dlmlnutlve model structures, the determnatlon'
of the smallest channel which w111 still present valld entralnment character—
1st1cs for experlmental study is pertlnent Excessive channel dlmenslons
greatly magnlfy the problems of slope control water supply, and structural
support

Criteria for selection of channel size are available from observa-
tions made on.large hydraulie structures '[l]%.'where it ua_s proposed that the
ohset of ~entrainment in two-dimensional ~flows occurs where: tll,e turbulent
boundary layer from the channel bottom intersects the flow surface. Thus the
length of ‘flu.'me required is governed:'by the ' dépths“ of flow which are to be

" studied.’ From the p01nt where entralnment commences, a cons:.derable 1ength

of addltlonal channel is needed to allow a fully developed entralned flow.

‘ A rectangular flume section is geometmcally 51m11ar to most prac-
tlcal steep gradlent structures and also lends 1tself most ea51ly to two-
dlmens:Lonal analys:Ls at low—flow depthso ' Flume breadth selectlon is also
dependent upon flow depths to be used. To retaln an essentlally two—dlmen51onal
region at the flow centerllne, it is 1mperat1ve that any aeratlon in this
central portlon be supported from the turbulence generated at the “channel
bottom and not from a Junctlon of the entralmnent reglons supported by turbu-

lence orlglnatlng at the 51dewalls.

Once an air-entrained flow sufflclently large for detalled study

has been established, the general usefulness of the flow for either analytical

*Numbers in brackets refer to references listed on page 2l



inspection or for direct design reference is determined by the control,
definition, and variation of the flow components possible with the channel
installation.

Since flume length restrictions preclude allowing acceleration of
‘the flow from rest to terminal velocity for the set slope and discharge, the
flow must be jetted at the flume inlet at approximately terminal velocity.
With a Jjetted inflow, self-aeration conditions for various slopes and dis-
charges can be compared and analyzed most effectively with an initially uniform
velocity distribution. The rearrangement of velocities accompanying the growth
of the turbulent boundary layer can then be defined.

An extensive variation of channel slope is desirable for a compre-~
hensive air-entrainment study, but with every change in slope care must be

taken to insure against alteration of the inlet geometry and flow symmetry.

Support structure, control and indicating mechanisms , water supply,
and facilities for flow measurements and photographic studies are all neces-
sary appurtenances to an air-entrainment flume but do not necessarily influence

its hydraulic characteristics.

ITT. TLOCATION OF HIGH-VELOCITY CHANNEL

A. Original SAF' High-Velocity Channel

Air-entrainment studies were originally initiated at the St. Anthony
Falls Hydraulic Laboratory shortly after completion of the Laboratory buildizg
in 1938. A high-velocity channel was constructed which was used extensively
in the determination of air distributions in open-channel flows for various
slopes, discharges, and boundary roughnesses. The flume was rectangular in
section, had a length of 50 ft, a breadth of 1 ft, and a depth of 10 in., and
could be adjusted to various slopes ranging from 0° to LL° with the horizontal.
Three types of channel roughness were employed: a painted steel surface, a
sand-coated surface, and a surface obtained by lining the flume with two layers
of expanded steel mesh. A more complete description of this channel is con-
tained in a doctoral thesis by Delapp [2], who used a number of the data
~ obtained with the channel to illustrate his analysis of the air concentration
distribution.

*St. Anthony Falls.



B. Description of Site

The St. Anthony Falls H;ydr"auiicl' Labora'bory‘has available '_'L'ar’gé' Qﬁah—
tities of water for all experimental studies at the natural SO—ft'heaid of the
falls. Both the headwater and tailwater pools of the falls are ‘extended into
the'l".aboratory as canals. Variation in available head is negligible because
of the long wier control at the falls and the large inlets for the Laboratory
water supply ' ' o a o

The first hlgh—VelOClty channel at the Laboratory was located in a
lérge and open vertical shaft within the main building referred to as the
turbine pit. Free vertical height of the turbine pit extends from the ceiling
elevation of the balcony floor to the tallwater elevation of the river, a
distance of 66 ft at normal tailwater elevation: Free and ample access.from
the turbine pit to a large room at the lowest elevation of the Laboratory -is
prova.ded by a concrete arch between the two areas. At the lower slopes the
high-velocity channel extended out through the arch while at the h:.gher slopes

the channel was wlthdrawn back into the turbine pit area.

This same location in the Laboratory was selected as the most desir-
able site for the new high-velocity chamnel. It was planned to disassemble
the older channel and to rearrange miscellaneous. supply piping to other equip-

ment in order to provide the necessary space in the turbine pit.
C. Access to Supply and Waste Canals

The canal extensions of the headwater and tailwater pools of the
falls into the Laboratory are ideally located to service equipment located in
the turbine pit.

. The main supply canal is an elevated- reinforced-concrete flume 8- Tt
‘ wide, over 300 £t long, and, sufficiently deep to accommodate any seasonal fluc-
tuation in the headwater pool of the river. At the normal elevation of the
headwater pool, the static water depth in the supply canal is about 5—-1/2 ft
,Gates and control devices are avallable at both ends of the canal for flow
_ regulatlon or for any dewaterlng that may become necessary for 1nsta11at10n
or malntenance of equipment. A 1arge steel plate. forms the s:Ldewall of the
supply canal at the locatlon of the turbine pit, facllltatlng desn.gn of any
outlets at that 1oc,-a’o1ono The dep’oh of water available in -the supply canal
is sufficiently large to prevent gulping of air during heavy flows 1nto any
of the offtakes that are located near the floor of the canaL:'



5

The tailrace extending into the Labofatory from the tailwatér pool
of the fallsis a straight canal in the reach from the outer wall of the Lab-
oratory to its terminus at the wall of the turbine pit obposité the arch. The
arch is directly over this 10-ft wide canal and is so aligned thét the maximum
elevation of the arch can be utilized for the necessary movement of the higﬁ-
velocity channel ac¢companying slope changes. At normal tailwater elev'ab'iohs,
the water stands at a depth of L-1/2 ft throughout the length of the tailrace ‘
with the exception of that portion in the turbine pit where the canal floor
drops off to a considerably greater depth. The orientation of the tailrace
with respect to the turbine pit and the arch is particularly favorable because
the high-velocity channel can be built directly over the tailrace, ‘thereby
providing immediate disposal of the flow at any slope of the channel. ' The
depth of water in the tailrace is sufficient to provide effective dissipation

of the energy in the high-velocity streams discharged into it.

D. Physical Limitations on.Size and Movement

With the advantages of control and versatility obtained by conduct- -
ing an experimental study in a iaborato%y, there arelvassocia.ted Alimi‘ta‘bions
on phys_-ioal size and capacity of the experimental facilities. v»Al‘bho‘uéh,size
is important in an experimental air-entrainment study where _Siinilari.ty péra—
- meters have not been defined,v‘there is still the necessity of first outlining
the influences of changes in slope, depth of" flow, boundary roughness, and
distortion of the velocity profile on the entrainment characteristics of the
flow.. Maximum benefit can be gained from the channel by building it as large
as possible while retaining full control and variation of those char_acteriéti'cs

which are expected to influence the aeration process.

The back wall of the pit, the crown and face of the arch nearest
the pit, the floor of the tailrace, and the mezzanine ceiling form physical
- boundaries which limit +the size and movement of a variable;-slope' Qha{ﬂnel

located in the turbine pit. -

A 'channel approximately 50 ft in length can be fitted into this
space (Fig. 1) and turned through the cémplete 90o angle from horiipntal to .
vertical. A significantly larger variable-slope channel built in,»ain uncon-
fined area would present problems of control and structural supply far out of
proportion to any added benefits thét could be expected from the increased
physical size.



IV. SELECTION OF FLUME DIMENSIONS
A, Flume Section
‘A flume of rectangular section was selected for the basic experi-
mental study of air entrainment because:
1. Tt presented the simplest construction and structural de-
" gign of the>f1Umeo ' ' ’
v b 2, It could be used to approx:Lmate two—dlmensn.onal flows at
_ the 1ower~flow depths. '

3. A satisfactory design of headbox and inlet gate could most
easily be accomplished for the. rectangular section. Congiderable
- complexity would be -imposed upon these compohénts if any other. sec—:: .

tion were used.

. Computations with the bas1c experimental data would be
facilitated. Subdivision of a flow cross section for 1ntegratlon
" of ‘pointwise measurements to obtaln bulk characterlstlcs of the flow

'Would have to be more detalled for any other' sectlon.,

A 5. Where air, entralmnent is a major con51derat10n, most hy-
draullc structures are elther rectangular in. secthn or-are essen—

' ’olally two—dlmens:Lonal because of- their relatlvely great wmdth. ,

69' Comparison of - experlmental data- w1th data from other air-
entrainment studies would be more direct in so far as all reported
measurements ‘of proposed experimental programs are. restricted to. - -

flumes of rectangular section.

 Because of the advantages of a rectangular flume,’ no other section
was actively considered. However, as a better understanding of the problems
evolves, reasons for additional’ studies with trapezoidal or some other section

may become apparent.

B. Depth of FloW

The selectlon of flow dep’ohs that are to be used during the experi-~
mental program directly affects the width and length of the flume necessary
to-achieve significant aeration condi’r,lonso Hence, the upper limit of flow

depths that can be used is imposed by the practical limitations that must be



made on the flume dimensions of length and width. The lower limit of flow
depths that can be effectively employed is determined by the ability of the
measuring instruments to subdivide the flow section into individual points
or regions of measurement and thus define the vertical distribution of the

variable being measured.

The two basic instruments specifically designed for this air—
entrainment study are the air concentration meter and the SAF velocity meter
which are described in separate reports [3] and [L4]. The air _concentration
meter measures electrically the mean air concentration in a 1/4-in. square
filament of flowing air-water mixtures. Thus, measurements in a vertical of
the flowcan be spaced 1/8 in. apart for effective definition of the air con-
centration distribution. Fringe effects from the instrument invalidate read-
ings taken when the center of the measured filament is closer than 5/16 in.
from the channel floor. The velocity meter detects and times électrically the
passage of a diminutive, injected slug of saline solution past two electrodes
spaced 3 in. apart along a flow filament. The exposed tips of the electrodes
are approximately 1/32 in. square, dimensions which allow good differentiation
of the velocities at points spaced as little as 1/16 in. apart in a vertical.
Ordinarily velocities cannot be obtained in the upper 3/l in. of the flow
because of injection difficulties. Thus, from the stated measurement intervals
of these instruments, fair determinations of air concentration and velocity
distributions can be made in aerated flows having a total depth of only 2 inches.

The distributions can, however, be made more detailed with every increase in
flow depth.

Since the instruments permit effective definition of flows as small
as 2 inches in total depth, an upper limit of flow depths could be assigned
- which would give a sufficiently large range of depths and discharges and would
still permit a feasible limitation on the size of the installation. With an-
initial water depth of 6 in. jetted at the flume inlet at terminal velocity
for the set channel slope, the magnification of the depth due to aeration on
an available 50-ft reach of channel would result in a total depth appreciably
less than 12 inches. Initial water depths of )i in. would considerably more
than double the minimum discharges that could be effectively measured by the
instruments, thus presenting a satisfactory discharge range for the experi-
mental study. Consequently, the maximum inlet gate opening was fixed at 6 in.

and the height of the channel sidewalls at 12 in., thereby providing sufficient



freeboard for all aerated flqws that might be encountered. Chammel breadth and
length determinations providing both maximum aeration and a two-dimensional
region around the flow centerline at the discharge end of the channel were

based on a li-in. inlet depth of water.

C. Flume Breadth

The restriction of experimental measurement, computations, and analy-
sis to a two-dimensional region of open-channel flows represents a considerable
simpli-ficatioh of work and techniques and in a sense makes the results on a
particular channel more generally applicable to associated problems on other
installations. Strict two—dimensionality would, of course, occur only at very
large ratios of channel width to depth where the presence of the sidewalls

could not be felt in any manner over the large central region of the flow.

However, for our purposes a region of the flow may be cons:Ldered
’nwo—dlmensn,onal 1f there is no appreciable change in the profiles of air con-
centratlon or velocnty at successive intervals across the region, which 1mp11es
that the turbulent boundary layers from the 51dewalls have not yet :Lnfected
the reglon. This distinction is 1mportan’c. in entrained flow analysis because
observation has shown that aeration beglns prsmaturely at the s:Ldewalls of
flumes because the turbulent boundary layer from the vsldewalls is 1n1t1a11y
r;eér the flow surface. .The aeratioh then épreads outward into the fiéw fol-~
iowing the growth of this sidewall boundary layer. Thus, the channel width
must be much 'greater than the depth of flow in order to allow full.develop-
ment of ‘the turbulent boundary layer from the channel bottom and sufficient
time ._for aeration to occur in the central region of thé flow before the dis-
turbingA encroachment of aeration from the direction of the sidewalls occurs.
It is,. of course, realized thatb a small jet contraction will be present. in
_the flow as long as the sidewall boundary layers are still growing, so that
the entire flow cannot be considered two-dimensional; nor can it be considered
uniform in the sense that traverses across successive stations of the channel
would show identical distributions of velocity and air concentration. - Finally,
for any feasible ratio of flow width to depth, the commonly accepted open-
channel length parameter of hydraulic radius will be appreciably smaller than
the flow depth which represents.the mathematical limit of the hydraulic radius

in the case. of two~dimensional flow.



A flume width of 18 in. preserves a defined two-dimensional region
extending from 2 in. to li in. to each side of the flow centerline at the end
of a 50-ft flume length when an initially uniform velocity distribution is

assumed for the design L~in. water depth at the flume inlet.

D. Flume Length

The requirement for flume length in an experimental study of air
entrainment is greatly redﬁced by jetting the water at the inlet at terminal
velocity for the slope and discharge. The flume reach necessary for flow
acceleration is thereby dispensed with and provision can be made to obtain
constant conditions of inlet velocity distribution and inlet geometry for all
slopes of a practical-sized, fully variable-—slope channel. Both the o0ld and
the new high—velocitj/ éhannels at this Laboraitory were designed to op'erate
with jetted inlet flows.

The point where the turbulent boundary layer from the channel bot-
tdm intersects the flow surface can be satisfactorily forecast for a given set
of initial flow conditions. However, after this junction (assumed necessary
but not sufficient for the initiation of self-acration) has been established,
‘there remains a large uncertainty concerning the additional 1eng£h of flume
necessary for occurrence of maximal conditions of aeration. The maximal aer—
ation is defined as the state where%he flow is surrendering as much air as
it is entraining, thereby establishing a uniform condition of total aeration
at successive stations along the flume. The analogy can be made 1o a sediment-
carrying stream over a channel reach where no resultant deposition or dégrada-.
tion occurs although the individual particles being transported by the stream

are continuously being interchanged with particles in the bed.

Chief assurance that maximal aeration would occur at the design
depths in the feasible LO-ft to 50-ft length of channel was obtained by obser-
vation of flow on the older high-velocity flume. Data obtained with this
older flume indicate that maximal aeration on a painted surface will ocour
from 30 ft to 50 ft from the flume inlet at most slopes if the initial Jetted
depth of flow is between 2 in. and L inches. At greater initial depths of

flow, the total air concentration of the flow was still increasing at- the

station 50 ft from the inlet.
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On the basis.of all the aforementioned considerations, a rectangular
flume section was chosen for the experimental channel shown in Fig. 1. The

dimensions were fixed as follows:

Flume Width - 18 in.

Flume Depth - 12 in.

Flume length - greater than LS ft.

‘Flume Slope - Entire quadrant from horizontal to vertical.
Maximum Opening of Inlet Gate - 6 in. | "

‘ Flume Surfacing - Initially painted steel to be followed
_ at a later date by a definitely rough
sand surfacing.

V. PIAN OF CHANNEL STRUCTURE

A. Movement of Flume

Near the extremes of the desired 90° range of slopes, a 50-ft long
flume could be fitted into the turbine pit area at sevéral different loca—
tions. Photographs of the channel at low and high flume slopes are inclﬁded
as Figs. 2 and 3; respectively. At many of the intermediate slopes, ‘however,
this length of flume could only be fitted into the available space in a single
fashion. Successive possible posi’tion's of the flume, indicated with each
incremental increase in slope, outline the movement that must be incorporated
in the design of the supply, support, and elevating structure to obtain con-

tinuous and “direct changes . from one flume slope to another. The required
" movemer;o could be ‘achieved in a variety of ways with telescoping supply pipes,
ip’t.er’locking'dlrive' mechanisms, or pivotal ‘support devices; but most of the
arrangements considered became excessively complicated or demanded undue at-

tention and assistance for the routine procedure of changing slope.

The double—pivot arrangement selected has the advantages of mechan-
ical simplicity, continuous and posltlve action throughout the slope range,
maximum spatlal utlllzatlon of avallable water supply head, and freedom to
de31gn the flume inlet and water conbrol features independent of slope control.
The main water supply condults R 1abe1ed downcomers and monitor arms in Fig. I,
serve a dual purpose in that they are also the chief structural supports for
the flume. The inlet end of the flume is constrained to move vertically along

the downcomer tracks by the track rider wheel assemblies which attach to the
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flume body at the inlet station. A track rider wheel assembly consists of a
gimbal and pin arrangement (Fig. 5), which permits the full movement accom-
panying a change in slope or transverse flume alignment and prevents support
of any moment that might result from small misalignments in the supporting
structure. A slotted race for one of the pins in these assemblies allows a
3-in, variation in the distance between the face of the tracks and the brackets
attached to the flume. This added freedom permits the channel to be pulled
down to a horizontal slope from the minimum 7—1/2O slope allowable when merely
extending the main support cables. The complete force system of the structure
can be determined as long as there is a definite pull outward from the down—
comers by the flume at all slopes and at all conditions of water loading. Any
backward movement of the pin in its slot would indicate a reversal of force
at the track rider and the imminence of a possible unfavorable loading of the
structure. The position of this pin is under surveillance during all slope
changes to insure against damage to the channel resulting from any probable

jamming or sticking failure in the entire assembly.

The necessary outward pull of the flume from the rider track is pro-
duced by the overbalance toward the downstream end of the flume. With no water
loading in the entire flume assembly, the longer downstream end is heavier;
but when water is in the underflume conduit, the weight advantage is shifted
to the portion of the flume upstream of the pivot axis. This overbalance of
weight on the upstream side is compensated by the turning moment developed
by the rﬁain cable's tension force when applied to large quarter-elliptic cams
at the flume pivot location. These cams provide the greatest moment arm for
the cable force at the lowest flume slopes and proportionally less at larger
slopes. Comnection of the cables to the flume is shown in Fig. 6. The turn-
ing moment from the cable force and the cam connection is also incieased at
the lower slopes because the lower of two slopes requires the greater cable
tension in this structure. There will now be a considerable overbalance of
the flume in the downstream direction when there is no water 1oéding. This
must be compensated ly the x}ertical component of the outward pull of the flume

away from the downcomers

The main support cables are 7/8-in. diameter wire rope. The leads
from the cams on each side of the flume extend upward toward the tower sheave
assembly at the top of the downcomers. Between the tower sheave assembly and

the flume attachment a compensator sheave is inclnded in the cable system to



12

balance the load to either side of the flume structure. Turnbuckle adjust—
ment of cable length can be made at the compensator sheave attachments. After
the cablés pass over the tower sheaves, they proceed directly downward ba¢k
of the  downcomer pipes to the long h’ydraulic eylinders which are part of the
flume-elevating mechanism. Maximum cable tensions, totaling 21,500 1b for
the two wire ropes, are experienced at the lowest slope (7-1/2°) which the

flume assumes in its normal movement .

A con31derab1e 1oad1ng is placed on the monitor arms at all flume
élopés, At the higher angles the maJor welght of the flume is supported di-
rectly and at the lower angles the horlzontal component of c-able tension must'
be balanced, These loads must be transmitted through the same plvot joints,
1ocated at each end of the monitor arms, which are. required to pass the water
supply. Consequently, these joints had to be made free to rotate, watertight, '
and structurally safe. Adgustment was also furnished at the joints to correct
any transverse misalignment of the flume and thus prevent the undeslrable
situation of working with a test flow Whlqh”ls slightly deeper at one sidewall
than it is at the other. |

B. eometry of the Supply Conduits

, The supply condults ‘are oriented to form the structural support
for the flume and to conduct the water to the inlet of the flume in a manner
tha’c, mll facilitate design of an inlet headbox. The path of Water from the
I»aboratory s supply flume to. the flume headbox is somewhat indirect and has
-several abrupt transitions. However, the head losses that occur in the con-
" duits are tolerablé because the areas of the respective conduits are suffi-
ciently large to'restrict flow velocities to less than 15 fps in the smallest

‘section with the larges’o design water discharge tnrough the system of 20 cfs.

| Water is drawn from Jc,he supply flume through slightly rounded 1n1ets
by two horizontal 12-in. dlame’cer lines whlch span the 11-ft distance from
the supply flume wall to the main downcomers. The inverts of these pipes are
£t below the normal headwater elevation in the supply flume. All conduits
of circular section in the supply system are 11-3/L-in. ID by 1/2-in. wall
steel pipe. A right-angle welded connection between each horizontal supply
pipe and its respective vertical doWnc,omer,, forms a miter bend which directs

the water downward into the downcomer..
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- Forty-one ft of each of the circular-section downcomers are uti-
lized for water passage. Near the bottom of the downcomers, as can be seen in
Fig. 7, the water is abruptly offset through 12-in. gate valves to the monitor
arms of rectangular section with inside dimensions 6 in. by 18 inches. Each
section is again divided by 1/l -in. reinforcing plate extending the length
of the monitor arm. Offsets of 8-1/2° in the monitor arms, 2-1/2 ft from
elther ehd, serve to align the bearing surfaces on each end so that watertight,
flexible joints can be installed at both ends of the monitor arms. The mean

flow path through each monitor arm is approximately 20 ft long.

The flow transition from the 18-in. high monitor arms on each side of
the flume to the 18-in. square underflume conduit i$ made through a 1l-3/li-in.
diameter structural spacer cylinder that extends the 29 in. from one monitor-
arm bearing surface to the bearing surface on the opposing monitor arm. The
position of this spacer cylinder is shown in Fig. 8, a photograph of the channel
structure before the attachment of the flume section. The inflow from the
monitor arms enters through the open ends of this cylinder, and the ountflow
into the underflume conduit escapes through eight:2~1/2-in. by 19-in. slots
cut in the cylinder. A bulkhead in the underflume conduit Just beyond the
spacer cylinder prevents the ent;‘y of water into this conduit in the down-

stream direction of the flume.

Hydraulically the spacer cylinder serves to break up any large-scale
flow varia‘l;iéns or sinuosity that might be caused by unequal supply from the
monitor arms and that persist up to the flume headbox. At low discharges the
total water supply can be drawn through one side of the supply structure with-

out any noticeable effect on flow symmetry at the flume inlet.

The 18-in. square underflume conduit Ffurnishes a passage approxi-
mately 20 ft long for the water supply directly under the flume. The 3/h~in.
plate which is the floor of the open-channel flume in this reach serves also
as the top of the underflume conduit. This approach of the water supply to
the inlet of the flume is, of cowurse, constant in direction with respect to
the flume at all slopes. The flow in the underflume conduit will have a mean
velocity less than 9 fps at the highest water discharge, thereby providing

sufficient margin for flow contraction at the flnme inlet.
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C. Headbox and Gate -

The headbox at the flume inlet forms the flow transition from the
end of the supply conduit to the open—channel streams that will be ‘studied.
At the end of the underflume conduit the flow is dlrected ‘opposite to the
.,downstream dlrectlon of the flume and is at a much lower velocity than is
ultlmately requlredo Thus the headbox must turn the flow through 180° and
accelerate it unlformly to the jettlng veloc:.ty demanded at the’ infet. Per-
haps optimum flow quality at the inlet would be attained by turning the flow
at its slowest velocity and then accelerating it in a single step with a large
symmetrical contraction at the .inllét . However, this scheme would lead to an
extremely large and -cumbersome . headbox;, which would seribusly shorten the

available flume length.

The headbox shown by sketch in Fig. 9 was de31gned to place equal
emphasls on the turnlng and acceleratlon of the flow and on compactness. The
contractlon of the flow takes place in two steps——one constant reduction of
‘the flow sectlon from 18 in. square to 18 in. wide by 15 in. high, and one
'larger varlable contractlon at the flume inlet. The 3-in. initial reduction
in sectlon makes it possible to use symmetrlcal 90° bends- and also prov1des

space for a more nearly symmetrlcal contractlon at the 1nlet., '

The two 90° miter turns have 1nd1v1dua1 vane banks whose selection
was ‘based on recent flow diversion studies at this Laboratory [5]. Each vane
bank may be withdrawn through access slots at the corners of the headbox for

_inspection, cleaning, or alteration.

The inlet gate is‘a heavy sluice gate cantilevered from its mount-
ings at the top of the flume so that there are no travel slots or guides to
dlsturb the inlet flow. Lea‘oher seals recessed in slots in the sides of the
gate. prevent any disconcerting leakage between the sides of the gate and the
'51dewalls of the flume. The 1ip attached to the bottom of the ga’oe approx:L—
mately mirrors the final curve at the floor of the flume, thus contributing
"to the symmetry of the contraction. The lip also insures a full contraction
of the flowat the inlet so that the gate opening is exactly the depth of flow
at Station O of the flume.

Thé  overall area contraction of the flow through the headbox and

gate is 3:1 at maximum gate opening and from 9:1 to l.5:1 at-the. depths of



15

flow which will be most extensively used. A complete Pitot tube traverse of
the flow at the flume inlet with a 3-in. gate opening showed the velocity
distribution to be uniform t.hroughout the section. Meésuremerrbs were made as
close as 3/16 in. to all boundaries with no deviation greater than 2 per cent
from the mean velocity except in the bottom corners where slightly smaller
velocities were encountered. No mean transverse components of flow were evi-
dent. This flow quality is considered satisfactory to establish initial open-

channel flow conditions for experimental study and for analysis.

D. Water Supply for Higher Heads

Subsequent to construction of ;r,he high-velocity channel, higher-head
service mains were installed in the Laboratory. An increase in available head
of the water supplyto the high-velocity channel permits extension of the ex-
perimental program to greater flows at the higher slopes since faster jetting
velocities can then be realized at the flume inlet. These high;lqead mains
consist of two 20-in. diameter pipes’ suspended above the water level in the
main supply cha.nnei and extending the full length of the channel. At present
the pumped inflow into these pipes 'is furnished by two 12-in., single-stage,
axial-flow pumps at the Laboratory gatehouse site. Complete four-speed motor

controls for each pump are located in the gatehouse.

Two 12-in. offtakes near the ends of these higher-head supply mains
were bridged directly over to the supply lines of the high-velocity channel.-
A 12-in. DeZurich three-way plug valve was inserted in each oi‘ the horizontal
supply pipes of the> chammel, and the respective offtakes from the high-head
mains were attached to complete the Tee connections. By turning the plug
valve hand levers through 90° s the water supply to the high-velocity channel
can be changed from the supply éhanriel to the higher-head supply mains. Plat-
forms at the level of the mezzanine floor were built to provide easy access
to these valves. This bypass ‘and valve installation and the terminals of the

high-head mains are shown in the photographs in Fig. 10.

The available head added to the high-velocity channel supply by this
installation varies approximately linearly from 25 ft at 13.5 cfs down to

0 ft at 19.6 cfs.



16

B, Structural Considerations

Coinple"ce “and detaivled stress anélysis of every c}om’pon‘ent of thé
entire structure was necessary before the design could be fixed and construc-
tion started. Very little dependence was placed on exterior forces or moorings.
In fact, the only exterior structural ties outside of the foundation were at
the water supply inlet where the applied force is small because of the long
moment arms presented by the downcomers; and at the mezzanine floor where a
precautionary tie was made to counteract any unexpected transverse instability
of the downcomer columns. ' The maximum vertical loading at the base of the
downcomers is 85,000 1b distributed to 'give an a.wferage loading of 25 psi.

This foundation is on bedrock.

The flume section, composed of the open-channel flume and the under-
flume conduit and support members, is ‘all welded constructlon of standard
structural steel plates and channels. Extreme care was exercised in the fab-
rication of - this member to avoid any twisting or mlsallgnment.u Over "400.1b
of welds were .added to the flume sect.ioﬁ in its fabrication into a unit with~
out serious deflection. When mounted on the monitor arms, the flume's weight
is entirely supported at this one pivot, and a vertical-position res’_oraint is
applied at'the location of the track rider assembly. At maximmn loading con-
ditions (horlzontal slope and flume fllled with Water) the maximum downward
deflection . of the cantilevered dovmstream end -is less than- 1/2 in. and the
maximum upward deflection- at the critical point™ 6 i‘t upstream of the pivot
is 0,025 inch. Variation in plumbness of the flume sidewalls is less’ than
1/8 inch in the 12-in. depth throughout. the flume length at all different con-
dvitions of loading. Tfansvérse bending of the flume floor because of pressures
as high'as 80 ft of water head in the underflume conduit results in maximum
deflections less than 0.0l inch. Since all flume deflections. are decreased
as the slope is increased, the flume eosentially satisfies.the specifications
for a straight and true .open channel 'thrqug_hout the. range of testing condi-
tions. ' ‘

Many working stresseéfhrbughoﬁt the SUi)pOI‘t structure ‘are’ full
~allowable design stresses. However, extreme conditions of loading were con~
sldered for every component and operatlonal con‘orols were carefully stndled

so that no statlo, mpact, or v:Lbrational loads Whlch might lead to local
failures could be applied. ‘
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VI. CONTROL AND INDICATING FEATURES

A. Slope Control

Changes in slope of the high-velocity flume are accomplished with
a high-pressure oil-hydraulic system sketched in Fig. 11. The main support
cables of the flume are attached to the rods of two single-acting hydraulic
cylinders, each of which has a 22-ft stroke. Opposite ends of these cylinders
are moored with pin and clevis to the foundation structure at the base of the
downcomers. Direct alignment between the cylinders at all rod extensions with
the cable directions from the sheaves on top of ‘ohe_ downcomer coii:mns is thus
furnished. Each of the two Hydro-Line cylinders has a 5-in. honed bore, a
1-3/8-in. diameter rod, and chevron packings on the piston and on the rod
seal. The total length of each of the cylinders is composed of three shorter
flanged lengths which are separately matched. .Working pressures of 750 psi
are specified with allowable maximum pressures as high as 1000 psi. At the
cylinders' end flanges, 1/2-in. NPT ports and cushion adjustments are provided.
The total Ll-ft adjustment in support cable length provided by the cylinders
is sufficient to change the flume slope throughout the entire range from hori-
zontal to vertical. However, positive rod stops have been installed on the
cylinders to prevent slopes less than 7--1/2O from being set by cable extension
alone. Unequal loads on the two cylinders are prevented by the compensator

sheave in the cable assembly.

Motivation for ‘the hydraulic cylinders is provided by a Vickers
hydraulic unit consisting of a reservoir, a V134 vane pump, a 10-hp electric
motor, and attendant strainers, gages, relief valves, and return piping. The
output from the vane pump is connected through a variable—pressure relief
valve to a 3/lL-in., 1500 1b, Quick-as-a-Wink, three-way valve. This three-
way valve features a closed center position and U-type cup packiﬁgs which
prevent any leakage from the cylinder port to the exhaust port. The flume
can be suspended indefinitely with the load on this valve without any change

in slope due to leakage.

A single line of - 3/L-in. high-pressure steel tubing leading from
the cylinder port in the three-way valve is divided into two l/2—in. steel
tubing leads at the channel foundation which then are led up to the ports in
the rod ends of the main hydraulic cylinders. Both supply and return flows

from the rod ends of the cylinders go through these lines.
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The total capacity of the o0il reservoir in the pump unit is 35 gal
with an allowable margin for variable storage of less than 10 gal. The extra
storage necessary because of the large single-acting cylinders is in the ey1~
inders themselves. Low-pressure piping from the bottom of -the reservoir to
the closed ends of the cylinders provides the only connections necessary to
utilize this storage. Thus the.only change in the reservoir tank oil level
from the fully extended to the fully withdrawn position .of the cylinder rods

is that necessary to COmperi'sate for tHe volume of the eylinder rods.

The operation of 1ncreasn.ng ’t,he flume slope consmt*s of pushlng the
startlng bu’oton for the electrlc motor and pushing the handle on the ’ohree—way
valve to the "Up" position. To lower the flume it is only necessary to pull
the handle on the three-way valve to the "Down" position as no power. is neede.d
for the lowering operation, - The total change in slope from the horizontal to
the vertical positien can be accomplished in 2 min, but by means of permanently:
set needle valves inm the oil supply lines this rate is. throttled down con-
siderably: to: allow full observation during movement and to permit the channel

to be stopped precisely at any desired slope.

B. Slope Indicator

Continuous indication of flume slope is' provided by a synchronous
transmitter and receiver. Both elements are Type 5 AN 'Speeifiée,tions with
mechanical dampers. - The transmitter is mounted 1n 2 box on the side of the
flume with a 1lli=in. pendulum attached tc its shaft. To the receiver shaft on
the main control panelis attached a 6-in. diameter dial calibrated in degrees
of slope with' scribed marks at every 1/ 2%, The slope can be read on the dial
to 1/4°, the llmlt of sen31t1v1ty of the J.nst.allaﬂslcm° ' '

C. Inlet Gate Control

The flume inlet gate contr'ols the :Lnltlal flow. clept.h in the flume
and mth the complete headbox forms the main 1nf1uence on the flow quality at
the inlet. P051t10n of this gate 1s extremely crltlcal to the Water dlscharge
and to the set’olng of test flows in the flume.. The movement of‘ the ga’oe 1s
normal to the floor of the flume with travel . from a 1/Li-in. opening to an

opening of 6 incheg.
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Motivation for the operation of the inlet gate is from a Boston
Gearmotor located on top of the gatebox, as shown in Fig. 12. This unit has
a 1/12-hp split-phase (reversible) electric motor. The two output shafts from
the gear head deliver 2 1b-ft of torque at their rated speed of 172.5 rpm.
Worms on the end of these output shafts drive worm gears attached to the end
of 1-in. diameter threaded shafts extending downward parallel to the gate.
A speed reduction of 30 through the worm and gear linkage is reélized. The
l-in. diameter NC threaded shafts (8 threads per inch) extend through nuts
rigidly attached to the gate. .Thus the gate opens or closes at the approxi-
mate rate of 1 in. every 1.4 min. Rollers mounted on the gatebox and on the
flume sidewalls above the maximum opening of the gate provide bearing points
for the gate and help support the moment applied on the cantilevered gate by

the water pressure in the headbox.

The slow movement of the inlet gate is desirable for the purpose
of setting the gate opening precisely. The motor starting box, travel limit
switches, and a test-operating switch are located at vhe gatebox, but the main

operating controls for the gate are remotely located because the gate is
fairly inaccessible at most flume slopes.

D. Gate Indicator

Gate opening is transmitted to the- remote operating position by a
. Type 5 AN synchronous transmitter. This transmitter, also located on top of
the gatebox, is actuated by the gate movement with a spring-loaded, perforated,
steel float tape which is ahchored to the gate and passes over a matching
sprocket wheel on the transmitter shaft. A Type 5 AN synchronous receiver at
the remote control station has a 6-in. diameter disk attached to its shaft.
The disk is calibrated in gate opening in feet (range O to 0.5) with scribed
marks every 0.002 ft and with the hundredths ahd tenths of a foot accented.
The inlet gate opening can be transmitted and read accurately to 0.001 ft with

this installation.

E. Water Discharge Control

The two 12-in. gate valves located, as shown in Fig. 7, in the off-
sets between the bottoms of the downcomers and the 1ov§er ends of the monitor
arms furnish the main control of water discharge through the high-velocity
channel. These valves (originally common 125-1b, rising stem, flanged, water-

control valves fitted with handwheels) were converted to remote hydraulic
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operation in order to further fac:Llltate the precise regulation of the flume
flows from a central location. Double-actlng hydraulic cylinders are mounted
on. top of - the valve bonne'bs. Mth the cylinder rods connected to the valve
gates by means of short rod extensionsg ‘Bach 1500-1b-test hydraulic cylinder
has a 15<in. stroke, 2.12-in. bore, and 1l.5-in. diameter rod. With the cross-—
sectional area of the rods one-half the-cross—sectional area of the eylinders,
it was found feasible to connect the high-pressure source to the cylinders
differentially. With this type of connéction there is available for opening
the 12—:'Lna. gate valves the same force that is available for valve closure,
thus preventing the possibility of. jamming the valves. shut so that they would
have to be disassembled to free: themo ‘The o0il hydraulic pump and the two
four—-vs'ray. routing valves for this syétem are entirely-separate from the slope
" control system. Independent operation of the two 12-in. gate valves is fur-
nished by the twolfour-way routing valves in the high-pressure oil lines. In
preference. to a motor-driven pump, a s.mall—capaciﬁyv hand\vpump was employed
for this }ralve-ope.rating system té pérmiﬁ ver‘y' small adjustménfs inwater dis-

charge while testing flows in the flume are being set.

F. Measurement of Water "Discharge ,'

Pitot cylinders mounted_ in the downcomers are employed as water
discharge meters. These cylinders are installed about one-fourth of the dis-
tance up from the bottom in each respectlve dowmcomer. Sé‘parat‘iOn of 'the
Pitot statlons from conduit’ bends by 30 diameters of stralght plpe in the '
upstream direction and 11 diameters downstream assures flow centerllne read-
:Lngs in a fairly flat portlon of the turbulent velocnty distributions in the
downcomers. Thus Pitot readlngs at the flow centerline can be used to 1ndlcate
water dlscharge mth falr accurac"y when callbrated over a range of Reynolds

numbers .

Four 1/8-in. galvanized pipes, one from each cylinder's dynamic tap
and one from each downcomer's wall tap, are strung along the turbine pit wall
to the central control station for the 'channel. ‘These pipes have a slight
sl-bpev throughout their lengths and have no points where -air would collect and
be trapped. At the control station a bank of four 50-in. Meriam differential
manometers is installed. For each downcomer there is one manometer which will
record the entire range of diééharges and’ another more sensitive manometer

‘which can be used to record single downcomer discharges up +0 T:cfs, .',Valviz"ig

»
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at the manometer station is arranged to permit either switching of manometers
or flushing of manometer lines. . The manometer bank is located so that it may
be observed while regulating the discharge, as is being done by the observer

operating the water—discharge-control hand pump in Fig. 13.

Calibration of these Pitot cylinder installations as water-discharge
meters was accomplished by effecting a temporary connection from the under-
flume conduit to the large lLaboratory weighing tanks so that all flow through

the downcomers could be discharged into these tanks.

Each discharge meter was calibrated separately with flows from 1/2
to 10 cfs. Errors in the weight of discharge with these Laboratory‘ tanks are
only a small fraction of 1 per cent of the total weight measured and are
entirely insignificant compared with possible errors in observing velocity
heads on the liquid manometers attached to the Pitot cylinders. Thus a dis-
charge calibration for each discharge-measuring station was obtained with an
accuracy in the neighborhood of 1 per cent of the discharge passed. This ac-

curacy is commensurate with other variables in the setting of the test flows.

G. Control Panel

A cabinet housing the channel controls (Fig. 13) is conveniently
located under the turbine room arch at the same floor level where most of the
experimental work is conducted. The entire length of the flume during slope

changes can be observed.from this location.

Hydraulic lines leading to the control station approach through a
trench in the floor underneath the cabinet. Electric leads to the cabinet are
through a flexible cable loop from a junction box on the wail behind the cabi-
net. The cabinet is on casters so that it may be rolled aside exposing the
hydraulic pump installations underneath for repairs or maintenance. Pump and
valve controls extending up through the cabinet are easily-‘removed for this
operation. The electric starter buttons, switches, and syﬁchronous receivers
are mounted on the vertical panel of the control cabinet. The manometer bank
is immediately adjacent to one end of the cabinet but separate from it and is

not disturbed when the cabinet is rolled away from its normal position.

Controls and indibating devices for the three separate operations
of changing slope, altering inlet gate opening, and regulating water discharge

are grouped so that any one operation can be managed from a single position.
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VII, TEST PROCEDURE

A. Access Platform

That phase of the experimenﬁal program defining air concentration
and velocity distributions in fully aerated flows will be conducted near the
downstream end of the flume where ffhe condition of maximal Va.era‘tion will occur.
The flume movement, the full utilization of the a{railé.ble Watei" supply; and
the effectlve disposal of the water after its passage down ‘bhe flnme are among
the conditions conspiring to retain thls downstream reach near the level of
the turbine room flogr for all slopess Access to this lower testing region
of the flume was provided by constructing a floor over the tailrace, retaining
“an open slot along the tailrace only slightly wider than the flume. At Lower
slopes the discharge from the flume falls through this slot, while at higheér
slopes the flume itself extends down through the slot at various locations
depending upon ‘slope. At all slopes the d"ovmst'ream.end‘ of the flume will be
élose to this floor over the tailrace so that an observer on the turbine room
floor level will have ready access ‘to the normal testing region of the flume

as well as to the control panel. .

Access to reaches of the flume further upstream is now difficult at
all but the 1oﬁfest slopes. Temporary platforms or other methods of access to
the flow_ at these upstream stations will be devised as needed during the ex-
perimental Stuaiesov' Vantage points for photographic studies of the flow are
provided by the several ledges and floor levels that are in close prezdmity
to the turbine pit location of the channel structure. |

B. Experimental Measurements,

Measurements in the aerated flows set in the flume are made with
the aforementloned air concentration meter and the SAF veloclty meter, as well
as with other types of special purpose 1nstrumentso ngh—speed pho’oographlc
studies of the flows are conducted in parallel with the experimental measure-
ments to illustrate the experimeﬂtalf results and to obtain a basic insight
into the flows. Although detailed descriptions of experimental testing methods
and techniques --ai'e beyond the ken of this report, it is ‘significant that.the
accuracy and control attainable in the experimental measurements fully justify
the care and precision which characterized the planning and construction of

the channel and its control features. The precise mounting and traversing

®
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characteristics of the instruments would be compromised if any appreciable
undulations or irregularities had been allowed in the flume boundaries. Im-
portant measurements close to the flow boundaries would be meaningless, as
would measurements in the flow, if large-scale sinuosity of the flow and inlet
disturbances had not been carefully avoided. 7Determinations of flow surface,
maximal conditions of air content, and uniform testing flows would not now be
possible if laboratory methods and care had not been exercised throughout the

building phase of the project.

Figures 1l and 15 are photographs of typical aerated flows that may
be readily set in the high-velocity channel. The profile view of the flow in
Fig. 1l was taken through a small Lucite extension that is easily clamped to

the end of the steel flume section.
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Fig. 1- High-Velocity Channel

and Control

Cabinet

27



28

Fig. 2- Flume at 7-1/2° Slope Extends Out Over Tailrace

Observers at Control Board Setting Test Flow

Canal
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Fig. 3- Flume at 82-1/2° Slope Crosses Four Laboratory Floor Elevations

Vantage Points for Pnotographic and Visual Observation Available Throughout Flume Length
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Fig. 4 - Channel Layout with Flume at 45° Slope
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Fig. 5-Track Rider Assembly

Pin and Gimbal Arrangement Restrains Flume's Outward
Pull While Allowing Freedom of Movement During Slope Changes



Fig. 6—Junction of Mdnitor ‘Arms and Flume Body

7/8-in. Support Cables Pass Around Quarter-Elliptic Cams
and Are Attached to Flume Body with Clevis



Fig. 7-Base of Structure

Hydraulically Operated Gate Valves in Offset Between
Downcomers and Monitor Arms Furnish Main Control of Water Discharge
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Fig. 8- Structure Before Attochment of Flume
Spacer Cylinder in Place Between Monitor Arms
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Test Flume
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Fig. 4 - Channel Layout with Flume at 45° Slope

Flow Directlons Shown by Arrows and Flume Movement
Illustrated with Dashed Lines
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) a) High-Head Supply Mains Inside Laboratory's
Main Supply Canal at Location of Offtakes to High-Velocity Channel

b) Selector Valves Control Source of Water Supply

Fig. 10— Alternate Water Supply Sources for High-Velocity Channel
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SINGLE ACTION HYDRAULIC CYLINDERS
LOCATED BEHIND DOWNCOMERS
5-in. BORE - 22-f{ STROKE
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Fig. 11— Schematic of Hydraulic Slope—Control System
This System Used to Set All Flume Slopes Betwsen 7-1/2° and 82-1/2°
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Fig. 12— Flume Inlet Region Showing Inlet Gate Controls

Gearmotor and Gate Opening Transmitter Mounted Atop Gatebox



Fig.

Control and

|3— Control Cabinet for Channel

Indication of Slope, Water Discharge, and Inlet Gate
Centered in this Cabinet
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Fig. 14. PROFILE .OF AERATED FLOW AT DOWNSTREAM END OF FLUME
Lucite Flume Extension Permits Selected Photographic Studies




Fig. 15. AERATED FLOW TAKEN FROM ABOVE AT 1,100,000 SEC EXPOSURE
Station Numbers Refer to Distance in Feet from Flume Inlet
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