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IIYDRODYNANIC STUDIES FOR A LARGE, HIGH-SPEED,

VARIABLE PRESSURE, FREE SURFACE PLOW FACILITY

\ 
I. INTRODUCTION

The naval surface ships of the future will operate at progressively

~‘r-~~~ter o~eeci~ which ~-,il1 entail increasingly serious hydrod~~amic problem3.

.tho’~~h analytic-al solutions to these problems will also progress. model

stu-ites will continue to provide much of the practical understanding of new

h:~ ii-speed design concepts. Accordingly, the potentials of naval model test

~~ 
-•u~ t be up~T-aded from tL:~e ~o t~ae to oro~; e~~ or ;he se rubure

needs. To this end, definitive action, based on preliminary studies which

had been under way at NSRDC for several years, was begun in 197]. to determine

whether existing NSRDC facilities could be satisfactorily upgraded. As part

01 this effort the St. ~rithony Pails Hydraulic Laborato~~
r contracted in

September of 1971 for a study of the feasibility of upgrading the performance

potentials of the existing 36 inch cavitation tunnel at NSRDC. This study

led to a feasibility report~~which concluded that the 36 inch tunnel could

not be practically adapted to provide the desired performance capabilities,
but that these needs could probably be fulfilled by a new channel facility~
of the form shown in Pig. 1. - 3- An extensive model testing program was advocated

to develop a design for such a facility.3 The program was implemented by

contract extensions covering the period from May 1972 through August 1973.

~ This report summarizes the findings of this model test program~ The model

employed for the tests is shown in Pig. 2.

The objective of this program was the bydrodynanii c delineation of a

~t ~:-~ t1L~ :. ~~~~~~~~~~~ a ~;es -
~•c~~~ ~ - i t t~~i :l~~~-~1::~ -i~~~~~ toas - - ::1

• Depth : approximately 3 f t

Width: 3 ft

:• ro::Lr~~bel;; 23 f~
Speed Range : From zero to 100 fps

Free ~uri a ca: Essenbiaiiy planar acid wave—free at all spead~
above critical (ii

~ 
10 f ps)

Velocity Profile: Essentially flat over 85 per cent of the cross—
• sectional area

*Ripken , J. F.;  Wetzel , J. M.; and Schiebe , F. R .,  A Hydrodynamic Feasibility
Study for a Large, High-Speed, Variable Pressure, Free Surface W~t-er Test
Facility, Nemorandum No. I’I—132, St. Anthony Falls Hydraulic Laboratory. Univ.
of Minnesota , April 1972. ,~~~
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Turbulence Level: Minimal to simulate an infinite protot ype flow
field

Pressure Range: From near vapor pressure to 2 atmospheres abso-
lute including operating Si~ ua values down to
0.02

Free Gas Content : Minimal observational impairment, non-critical
d~fiiamic effects , adequate nucleation

Free Gas Capacity: Ingest at test section exit and remove up to
200 cu ft/m.tn. of air supplied by venting or
exhaust of test models

Flow Stability: Essentially steady state or devoid of low
frequency pulsations or drift

Figure 3 depicts the form and major dimensions of the channel test
facility which resulted. from this study and defines the flow lines of con-
stituent parts of the channel loop. These parts are treated more fully in
separate sections in which additional d.imensiona]. details are given for each
part. The design dimensions are derived from both prior art and new designs
built and. tested on a complete operating model channel of size ratio 1:4.8.
Because this model was assembled largely from existing available components ,
the model as shown in Fig. 2 does not agree in all dimensions with the pro-
posed final recoimnendations of Fig. 3. The differences are most notable in
the first diffuser and elbow, which were shorter and smaller in the model
version.

Included, in Fig. 3 are the major dimensions of an alternate test section

which may be added to the proposed tunnel at some later date. This alternate

section would. provide a 4 ft deep by 6 ft wide by 35 ft long flow facility
for variable pressure model tests of larger assemblies of components at
speeds up to 50 fps. No tests were rnn on this proposed alternate, although
suggested major boundary dimensions are given in Fig. 40 and some features
are discussed in Section XIII.
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I. TEST SECTION ~~:~~i ~~~ 
~~~~~~~••

The test section , depicted as tunnel component II in ‘ig:. 3 and 4, is
in cross section a simple rectangular box with horizontal floor and roof ,
vertical side walls, and generously rounded lower corners. It begins at the

-terminus of the contraction exit and ends at the skinner entrance. Dimen—

sional and. operating features of the test section ~rc d~~~~ i~~’~ in :~io ~~c tions
.-hi~h follow.

A. Width

it is : i~Lcd th~ t tne no~inal wi~~tn of 5 ~ ; - ~~~~~
-
~ ~~~~~~

be maintained constant for the 20 ft length of the test section, with no

attempt being made to taper to compensate for a growing bounda~ r layer

displacement. In the model the 3 ft (prototype) flow section width was

maintained fr ~~ the floor to the roof oi’ the air cha be~ . These arbitrary

dimensions were a compromise between providing adequate space for housing

and manway access to the models and instrumentation and. providing for a

minimal elastic air dome above the water. Variations of the topside width

and height are not considered critical , although they were not model tested.

B. Depth

The specified prototype depth of 3 ft  is nominal only. The depth

of the flow entering the model test section was made to be slightly con—

trollable Py altering the length of the top of the contraction nozzle exi t

which slopes downward at 300 toward the test section. To provide for such

control and to assure the maintenance of a finely machined sharp edge at

e- i :~ -e : ~~~2 -~;0: 21~ .3~~ ~~iC ~~~~ : - ~~~ ~~e1 ~~~~~~
~~-~~ ; r i  ‘~~~~1i~~ . ~j., ~ ~~~~ -~~; - ~ t_ ;~: ~-1:ee-~:-~ :~~r

the prototype. Because the contraction lip slopes at an angle of 30° with

the horizontal , the issuing free water surface continues to contract for a

~n .~~cui5 ~~ ;tu-oe b-~for~ flabtming and. boccmi~1T r~ralle1 ~e the t~~ t

~~~bJorL ~~~~ rf~j~j contraciing ien~-th is app~oximabely 2 tLn~ s he

~~~~~~~~~~~~~~~~ do~~h , -~~~~,ou ; ~ fU :e::e~~~~~~. O~ the b~~:~ - ni ~~~ :~~i~~ sr:iy

is recommended that in the prototype , the sharp-edged terminal lip be placed

3 ft 6.85 in. above the floor to produce the desired 3 ft depth. Provision

should be made for this height to be varied by about ± ~ 
per cent through

the use of alternate lip block lengths ranging from zero to about 6 inches.

~~ ‘ - . 0  ~~~~4 -  - •
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From the end. of the free surface contraction the depth begins to rise

slightly in response to the displacement caused by the growth of the boundary

layer. Model observations of the a~cia1 variation in depth or water surface

gradient are shown in Fig. 5a, and lateral variations in depth are shown in

Fig. 5b. Additional statements relating to these gradients are included. in

s~-c~tie-ns Il—I—i and 11—1—2. On +i~e basis of this it is ~ecommended that ta

the prototype the surface skimmer at the d.o;mstr~a~a end of the test section

be set ~~ a val’~e o 5 ft above ~he floor ~- -~th ~~~~ ~isic~ns for

of ± 5 per cent.

In hi:~~ p:c~; --~~ ?i L L~ri ~o ir~~ L~i~r- has h~en m~’ie ho ~u.j r -ar nior~o

in the depth. Consideration was given, in early studies, to including major

depth change as a possible test variable. However, in view of the high test

velocities proposed it was considered unwise to complicate the flow boundaries —

uit-h variable depth provisions. Th3 test section as evolved does not

preclude the possibility of future additions of fixed liners in the con-t rac-

tion , skimmer, and diffuser to accomplish this. No definitive plans or

model tests were made for such concepts.

C. Length

The 25 ft test section length shown in Fig. 4 is greater than the
nominal length of 20 ft originally required by the NSPLDC specifications for

meeting their eventual test needs. As the foregoing discussion of test

section depth indicates , model development studies have established. that

approximately the first 6 ft of this test section length experiences sig-
nificant depth change due to contraction effects. The useful free surface is

fo~-~cb~rtened c c c ~hi~ly . T~over~ir , ci the (hnmstreao end of the

u’;t ~e~ ;L~n ;h~ re ;)2s:~~ La~-~ L~ ~-s~ e~ - c;n -~1_ i-~-~: -e~ -
~~~~~ s-~~~~

’:

length between the end. of the test section and the skimmer lip. This length,
and possibly even more , will on occasion be disturbed by skimmer control

functions. Thus the 25 ft sho’rn in Fig. 4 is an arb i r-ry coarronise which

O o ~~Ln -
~O :‘erc~~~ full te~ b 1oa~ th of 23 f~ for neet C i~~hY~ 

ii. ~~ LOO C

In the proposed prototype test section a horizontal floor with no

drainage slope or slope compensation for boundary la~yer growth is recom-

k- mended. The proposed design includes a generous radius fillet in each

corner where the side walls join the floor. For the prototype this radius

‘7
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has been taken as approximately i/b or the section width , or 8.3 inches.

These radii are extensions of similar fillets in the corners of the contrac-

tions and are intended to inhibit the disturbing corner vortices which have

frequently been observed in square-cornered contraction works . The propo~ed
fillet terminates gradually, leading into a square corner at the d.ownstrear’i

end of the to h; cce U L-on . Tho t nmoir ion  from round to souare wa: n:~1~ l
tectod for a transition lcn~~h equivalent to 3 f~ nrotot~~e. ~~ cavitation

or o r  ndesi!aLi’-J flo~, eiic~ts were oboervsd. to so caused. ~y uhe simple

transition of the corner fillet. In the model the fillet was a bolt—on

n-hLit  Lam to a : eu  :‘ — cO ~ ir re i h:r. fit ’er a roLLr-d - cnec i c::n-3r -c r’ a

bolt—on corner could be used, in a prototype construction, although the

latter type is believed. to provide somewhat better dimensional control.

E. Surface Finish

The high test section velocities intended. will, together with low

test pressures, promote severe cavitation conditions on all test section
flow surfaces. This will necessitate high quality surface finishes and

joint aligmments. Due to the large size of the test section it will not

be practical to machine finish all contact surfaces , and it will probably

be necessary to fabricate most surfaces using weldxnent and essentially

“as is” stainless steel clad plate. Suggested. surface finish specifications

for the test section are included in the tabular sum m ary of Pig. 39.
4-

P. Auxiliary Physical Features

Operation of the test section will require that its surfaces be

-i - -r; h-’ ~-d aJiT-i  a nnn~oo~ of h~- chin ;: end. -~pnenlaT-n i~:in.~ ~rcc :n~cll 

~~~ r~~— . - -
~~~~~: J n ) : -~~~. i c s ~

1. Visual Access

Visual access to the test section for both observation and ~hotoerar
’-y~

~o s L J n l l -~ on one or h~ h: waflo for ie~si of the test - ; L i c n  1 ;rh. v-j r

the model tests with pressures ranging to ± one atmosphere, one large window
in one wall together with three small ports in the roof allowed adequate

observation for test purposes and. presented no structural problems . How-
ever , for the proposed large prototype, which is to have a pressure range

of —l to ÷4 atmospheres relative, structural problems will be more serious.

In consequence , window area may have to be more limited. Viewing windows in

~~~~~~ -.~ -.~~~
-- -‘- 4 - _
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contact with high speed flow must be flush fitted. in :uri’ace ali~rment and.

edge fitted with minimum gap if edge cavitation is to be avoided. This is

particularly true near the upstream ~nci .

2. Man Access

nod , ::nIr1 - n e :  bhro i:~*: the ~a] Is or :co-:f t o  -~ nit :e- eiol inrtal a—

t Lon and maintenance ~heu1d. he provided. However, model ore r -at toec hav e

inaicatud. that iIj:-i ±n~~ Wile~i~: cay Su ~r~~~ o a ~ L a roaeue _ - of ooera—

tional possibilities and. that such instabilit ico may lead. to flooding of the

- th hir-h n:~ -is L j  h~ a rid
• process , and it is not recommended that provision be made for personnel to

a be in the chamber during operation.

3. Model and Eaui-pment Access , Mounting. and Protection

Smaller test models and equipment may fit through the manway hatches ,
but on some occasions larger openings than would normally be available

in rnanways may be required. The model has thus been provided with a

large removable hatch in its roof. Similar provisions , including crane

- ~ handling facilities, should be made in the prototype. As was indicated

earlier, the test section chamber may be subject to violent flooding.

Accordingly, all equipment mounted in the test section must be able to
- 

~ withstand flooding and, severe water forces. It is recommended that the

roof and above-water areas of the test section walls be provided initially

with a liberal distribution of substantial bolt anchorages for the future

attachment of appendages and equipment support.

f ’ - - ~ ee c h e~nhL : t d L~~~ .~ a-et-:t fee ;h~o r:ceu-t a

~~~~~~~~~~~~~~~~ ~ • -~~ n~~ .L e :~~ ;;c:-ea - -a n j - e ~~L ::  ~:_ io -: n eo

tions in the model test section. For this purpose a basic stronlined

-‘ support strut and. cylindrical nacelle were provided as shown in Fig. 6.
:eiic. -

~
a. For injecting substantial quantities as air into the omarinel

for studies of its influence on stability of veloci ty (see

section II-G-7) .

b. For mounting drag discs to increase flow resistance in ener~~r

evaluations (see section VII I ) .

- 
- ‘-‘ 

~-r

~~~~~~~~ ~~-‘~~~~~.Lk. *. - — ‘ -  — - 4 - -, ‘ ~ ~ ~~. ~~~~~~ - - ‘ ,-. ~ -~•.0 - . - - 
•_-. - . 

-
~ ‘F ~-,

— ~~~- - -~~~ ~~~~— -- -~~---~~ • -—~--- --- — - -~~-~ -~~--— - ~~~~~~~~~~~~~~~~~~~~~ — —-— —
~~-~~~~~~~~~~~~~~~



.‘-~~~~~~~~~~~~~~~~~~~~~~~~~~~~ --—~-.-.-.- - 

---~~~- 

~~~

‘

L~~ Pressure Relief

Prior experience with recirculating water tunnels has shown that

operational problems sometimes cause severe pressure surges. These have

blown viewing windows and. caused other structural failures. Given the large

energy content of the test section jet (16 , 000 I~~ at V = 100 fps) and the
lare-e , relatively uns table frce surfac e that will e:-:ist in the fi-co surlase
turx~cl , pressure :er~-eo i-ac to operational n.lf’oncsions ma:,- bo ewite sub—
stantial. To avoid structural damage, a relief valve of substantial
ceca-eit:.- is aced-ed. Since dynamic conditIon: will nnnit the tact section

- - to o;-ava~o wi :h lover pr-cscuaco than Tao ross of aae hanusel lo- .p, th~
test section is a logical location for sensitive relief venting. In the

model tunnel , in which the test section was exposed to ± one atmosphere

relative , the relief vent was designed for a 20 psi riupture differential.

i~ e relief vent in this case consisted of a sui-talle j la:~ ic diaphra~ n

mounted between the flanges of an 8 inch pipe. This pipe was attached.

near the upper corner of the back wall of the test section near the up-

stream end. The other end. of the short pipe was vented to the outdoors.

- 
- - Desp ite numerous violent floodings of the test section during model test

operations, this rupture diaphra~~ did not become loaded enough to vent.

Since prototype test pressures, like those in the model , will rarely exceed

one atmosphere relative , a similar low pressure relief setting is suggested

for the prototype. For the rare tests at higher pressures a higher rupture

disk setting could be used. Rupture disks are commercially available in

a wide variety of sizes arid pressure differentials.

5. S’~o~ ee’-~~~a a~d liv Retn rn

‘h~~ ac’ i - ; c c ’ -:. a;’r~::~ er c-s-: :o~n~. ; - • O u  0~~~~~ - ~- e - - i~~~n -ar --- : ’

to control or supercharge the ambient pressure is most advantageously accom-

plished by tapping in to the test section air dome . A co2reection at any
— — 

~~~~ 
1 S

u~~-2 • -~ur is e-Ia: .Lasre -i  rahLsfact ouç ~- in it wiL. not Ji~ ar-b ~ne - -rater
• 

flow or” ingest water into the vacuum system. Since normal operations of

a tunnel do not require high rates of transient variation in ambient pros—

sure , the requi red. gas tap , air plant , and vacuum plant can all be of
f4 modest capacity. This auxiliary plant will be discussed further in Section

XIV. 
-
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Normal operations of the skimmer and zuany types of test bodies will
entrain substantial quantities of air into the flow. The NSflJ)C specifica-

tions require that the tunnel be capable of ingesting and subsequently
separating out not less than 200 cu ft per minute as a consequence of
test conditions. A small part of this volume will be returned to the test
section directly through the return vents of the skimmer system, but most

of the gas must be extracted from the water in the gas separator and re-

circulated by piping back to the test section. For this purpose the gas
dome in the test section must be tapped for an air flow return line of

- - sufficient capacity to permit entrance without significant disturbance.

In the model -this entrance was provided by a valved 1-inch pipe on a side

wall at the extreme downstream end of the channel. This location was

selected because of the possibility that in some cases water might be

• blown back with the returning air , and this water would be least disturb-
ing if released over the skimmer. Such watered releases have been seen

during window observations in the model. The size of this return line
is considered in section XIV—R—l.

6. Piezometer Tap for Speed Indication

In the case of a free surface tunnel the pressure in the domed gas

- - 
should be employed to measure the velocity. A simple pressure tap anywhere

high on the walls or roof near the upstream end of the test section should

be satisfactory.

7. Splash Guard

Maintenance of a high quality water surface in the test section

requires that disturbance sources be minimized. One such source is splash—
back water originating from the nommal actions of test models or of the
downstream skimmer. Most sprayed or splashed water is dominantly directed

downstream , and substantial upstream backaplash is the result of rebound

from either the skimmer mechanism or the downstream end of the test
section chamber. To minimize this return a splash guard has been provided for
just upstream of the skimmer drum . This guard is to consist of nine tent— ‘

shaped struts , each having a symmetrical triangle cross section with a
height of 6 inches , a base width of 3.5 inches, and a length of 5 ft , 6
inches welded to a heavy bar frame which is bolted to the side walls. The

wedge-shaped bars are to have a clear space of approximately 5/16 inch
between them. The elements of this assembly are shown in Fig. 14.

~~~~~~~~~~~~~~~~~~~~~ —_ _ _ _
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G. Velocity Operating Characteristics

1. Range

The velocity range requirements are nominally zero to 100 fps. Actually,
the available forms of pump drive probably will not permit effective speed

control at speeds near zero. Moreover, speeds of less than 10 fps will

provide sub-critical-energy conditions with a 3 f t  flow depth , arid the

rosuliing ~Tav±tatlonaJ. vave disturbances will prove troublesome in the free

surface. Low speed tests may also require an increase in the test section

deeth to compensate for shifts in the free surface contraction. Therefore

a workable minimum test speed of 5 fps is more significant than speeds
closer to zero.

The selected maximum speed of 100 fps is a workable compromise between
testing possibilities and the mounting fluid dy~iamic problems that accom-
pany high speed performance. These problems result from the fact that

dynamic pressures increase as the square of the velocity and driving energy
- 

- 

requirements increase as the cube. Both of these factors ultimately pose

problems in the designing of the recirculating pump.

V 

2. Starting Conditions and Control

The flow speed is to be controlled through the adjustment of both the
- 

~1 blade angles and the shaft speed of the recirculating axial flow pump . For
stability of velocity it is essential that the pump blade mechanism be

capable of maintaining eiiy desired preset angular value within its range.

Moreover, it should be possible to preset the pump rpm and maintain it

automatically . An infinitely variab le control car ability is desi red in

95 5 ?~ .~ ~a-e ccn~vo - - -ral ::a -~ hos t -‘:~~ rn a r l e  c- s:ro -

in the remaining 5 per cent of the range . The required constancy of the
- - 

speed setting in the upper 95 per cent is ± 0.1 per cent at any setting,

~e;t con~~ an o:r athainacle ~-r~uht fo~- th~ r-~aain1er of the

3. Measurement

- 

— The most satisfactory method in common usage of evaluating the mean

test section speed In a water channel is measuring the pressure drop across
the contraction upstream of the test section. This pressure value , together

I . with a suitable continuity equation, permits solution for the test section

speed through application of a Bernoulli energy equation. In the model

_ _ _ _ _ _  
‘F
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study , the pressure was read from a simple manometric system fitted to a

tap upstream of the contraction and. another tap fitted to •he test section

gas dome. Since the contraction ratio of the proposed. channel is unusually

high (approximately 100 to 1), the potential for a high degree of measurement
accuracy is unusually good.. It should also be noted that use of the test

section gas pressure over a free surface provides a velocity value that

applies over the entire length of the test section core flow. This is in

contrast to a un~.foxm closed jet test .~ection, wherein the core flow must

accelerate to accommodate the displacement effects of the growing boundary
-

. 
l yer .

14. General Stability

One important factor in a water channel test is the constancy of a
selected velocity value. To promote such stability, rather severe sp~cifi—
cations are laid down for the operational stability of the pump blade angle

setting and the shaft speed. These specifications have been described pre—

- 
-. viously and are the principal controls that can be exercised. Tests in the

- -. - n~odel indicate that the stability of control is generally quite satisfactory.
This is attributed principally to the relatively large mass of water involved

in a channel flow circuit containing an air separator of the type employed
in this case. This large mass provides a substantial flywheel effect which

suppresses or inhibits rapid changes and thus contributes to stability.

The model studies have disclosed two potential causes of instability

or drift that must be allowed or compensated for. Both are associated with

the elastic effect brought on by air in the flow circuit. The first is the
sres-e~ice o~ air in collected volumes in the test section dome and at o ther

~~~ ro~nts in ;~e reci rcuiatin~ loop . Those coilecred -i3_~~~CS are capable

of some degree of elastic pulsing arid possible resonance from a variety of
sources. The simplest way of treating these centers of instability is in

b--~~
_-~~r_2~ to ~~~~ri~L~e th-e~ r cces — ~rco cr ;~ohone . Li-t -

~~ air ~- hLoh r~:-~.r ~ 2 nd. ~-e
collec t in the crown of the first elbow downstream of the test section

should be prevented from collecting through provision of a venting pipe
- 

_

~~; to return air to the test section dome. In addition , the dome of the gas
separator will collect air. This dome may in some instances be operated

with a minimum volume arid rapid return of all separated gas to the test
section. In other instances, it is desirable to have a substantial volume

~~~~~ ~~~~~~~~ 4 — * -* -~~ 0 -~~ - - ~~~~~~~~~~~~~ • .  - - -~~~ - - 
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of gas in the separator dome to provide displacement space for the tunnel

water when large quantities of gas are introduced into the flow. Limited
tests in the model indicate that venting of the gas from the separator col—

lection dome to the test section dome may require some type of modulated.

rate control. Undamped venting of the gas returning to the test section

led in some instances to the generation of pulsing in the domed . gas both

in the separator and in the test section. This in turn generated large—sized
waves on the test section ourfaoe with osc~ llaci~ns at the : i - .;hLoh

triggered flooding of the test section. This undesirable instability was

readily controlled for near steady state co di~ionr b:~ suitaaie rot;i_n~

- :  of the air returning f rom the separator. Whether stability can a readily
achieved in test models which breach, vent , or exhaust with rapid rates of
change has not been determined in the limited model tests conducted to date.

Fvrther information relating to preferred air volumes and control is to be

- ; found in section XV.

The second. situation in which the elastic effects of free air create

- -. a problem is that which exists when the air content in the water flow is

high. This case is treated separately under item 7 below.

5. Turbulence

The level of turbulence of the flow entering the test section should be

as low as is practical in order to provide optimum test conditions . Fortu-

nately , the presence of the very large gas separator with small tubes just

upstream of the contraction tends to lower the scale of the approach tur—

bulence and provide good decay time. This turbulence will, upon entering

the very large ratio (areas 100 to 1) contraction, inherently tend, to

U ’ or trans~~on~ rsrt~ en o: the ~cai cosponen ; of t r o

velocity and will amplify the v ’,w ’ lateral components. Because of the

difficulties encountered in measuring turbulence in water as impure as

in the r2odei faoiiity . no atterap~ -;as nade to : 
~~

i
~tr the tnrb i-an~o

o}iaraorerist ics.
4-

6. Velocity Distribution

Because of the very high area contraction ratio (approximately 100 to i)

employed in the design of this facility and the very flat velocity profiles

obtained in a pilot model study of the contraction , there was every reason

3’
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_

- - - -  ~~~~ ‘F
- -~
.-.~~~~ .-~-.-- ~~~~~~~~~~~~ — ~~~~~. ‘~~‘- 4 - - - V~~~’ ~~~~ 4 - ~• ~~d~Jk~~ ~~ ~-. -~~

- ..~ - 
~. 

- - - .

- - --- ---——-- —— — -.~— - -  _a_____ - - - ,— - ‘-—~~~~~~
--

~ ~~~~~~~~~~~~~~~ V~- ~~~~~~~~~~~~~~~~~~ - -~~ —~~~~



n
---T 

-12- 
- - -v--I

to believe that the observed profiles for this model study would be very
flat . It was , therefore , rather surprising when the model test profiles
of Fig. 7 were first established. These profiles were measured with a

flattened Pitot tube of 1/8 inch diameter. The tube was attached to the
downstream end and bottom of a streamlined flat support plate. The plate
had an axial dimension apDroximately ~q~oal to the channel depth . During

the course of measuring the vertical profile of Fig. 7 it was noted that
the cianozieter neasurin~ the nozzle pressure drop haa a small progressive

drift as the Pitot tube was traversed. from top to bottom. Because the

in:dtin~ -~~-et! controls of the :od~l channel -drive ;~re rel~,t~. ~ly ons,de,

fine adjustment of motor speed is not possible, and no attempt was made to
correct the basic test section velocity. In consequence, the frictional

resistance of the Pitot support plate varied with the insertion depth and.

si~niuicantly influenced the channel flow to the end that the velocity

profile was skewed as shown. Later tests attempted to establish the profile

for a velocity of 50 fps , but the drift in nozzle pressure differential was

considered excessive , and motor speed adjustment was attempted. This proved

too erratic , and the test was abandoned.

In the pilot model study, which used a gravity flow nonrecirculating

system , frictional resistance in the channel did not influence the inflow,

-~~~~ and the velocity profile was very flat. Similar flatness can be expected
in the eventual prototype if the system is provided with sufficiently sensi—

tive pump controls and if these are activated to maintain a stable pressure
differential across the contraction nozzle.

The horizontal velocity profile of Fig. 7 was also disappointing in

~
-
~
orin

~ ~. sli~nt flm~~H”y rth i o ~~~~~~~~~~ i~~~~~-t ~~~~ ~~ t i~ t~ai to
e J±aanoe cho;m hi tns lateral cur~ ace c Lores of j ti~~. 5~~ 

ml, ci

discussed in section 11—1—2 , is attributed to the slight axial mis—alignment
- - between the nozzle and the test section. The data of Fig. 7 indicate the

s-~ai t~ n~t-enot~ o.~ b~~-naa ~~,r l~~i~~:o -ilsn~ s otL ~ :~i~s to th ran

increasing flow length.

7. Influence of High Air Content

Pumps are not usually required for operation with significant quan—

titles of air in the entering flow. In view of the substantial air flows
anticipated in the proposed facility, it was considered desirable to know

1t~
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whether the introduction of abnormally large quantities of air into the
circuit would produce a significant shift  in the test section velocity for
a fixed pump operating condition. This was checked by inserting into the

test section the strut and nacelle shown in Fig. 6 and discussed in section
II-F-3. The upstream end of the nacelle was fitted with a sealed ping and
the downstream end was left unplugged. The nacelle was mounted in the

test section with its downstream end positioned about one depth unit (7—1/2
inches in the model) upstream of the skimmer. Compressed air was then

released in metered amounts into the upper end of the strut and vented to
the tunnel flow at the rear of the nacelle. The metered air flow was

varied from zero to O.Li, per cent by volume (equivalent to the specified
200 cfm of air at the maximum prototype water flow of 100 fps). Evalua-
tions were conducted at three arbitrary test section velocities (30, 50,

and 70 fps) and. with the test section held at atmospheric pressure. The

air was metered to provide volume measurements which were then adjusted to
test section pressure. During the process of increasing or decreasing the
air flow from zero to a selected volume in the test range, the preselected

differential pressure across the velocity measuring manometer was monitored.
Naximum deflections were noted and interpreted as velocity changes. The

resulting relation between the volume of gas injected, and the ensuing change
in velocity is plotted in Fig. 8.

These tests indicate that the injection of air into the test section in

the amou~Ls required by the specifications does not have a significant effect
on the basic test section flow.

H. Pressure Operating Characteristics

1. Range

The pressure range required by the NSBDC specifications is from near
- - vapor pressure to 2 atmospheres absolute at the tes t section water surface.

Since the range of probable operating water temperatures lies between 600

and 100°F , the minimum pressure will correspondingly be between about 0.25

and. 1.00 psia. These values are dependent on the available vacuum plant
and may be difficult to achieve in practice because of air leakage possi-
bilities in the large prototype structure. However, values of about 1.5 psia

were achieved in the model channel without undue difficulty, this value being
limited, by the vacuum pump’s limitations.

t
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The upper limit of the pressure range of 2 atmospheres absolute
exceeds the requirements for all normal tests , but might find, ultimate use

in an all—purpose facility. The primary reason for specifying the high

value is that when the large components of the pressure housing of such a

facility are designed for negative or vacuum pressures, they will also
sustain approximately 3 atmospheres of positive pressure. In consequence,

the specified 2 atmospheres of absolute pressure will not involve additional
costs for most of the tunnel elements.

2. Control

The pressure control system will provide for pre’-setting .~.nd automatic —

maint enance of the pressure in the test section. The pressure will be kep t
within 1/2 of 1 per cent of the setting over the range of 5 to 60 psia and
within 1/2 of 1 per cent or 0.01 psi, whichever is greater, below 5 psia.

It should also be made possible to temporarily divert the pressure control

to the gas dome of the gas separator. Such a diversion may prove useful for
various operational problems.

Considerable capacity should be provided in the controls and the com-

pressed air and. vacuum connections to permit a moderately quick response
when changes are desired. These values are discussed in section XIV.

3. Measurement

The channel boundaries should be liberally provided with pressure

measuring taps in regions where pressure evaluations may ultimately be
needed. In general these regions would be in the test section and in the
vicinity of the pump. The taps should be of sufficient size to allow
measurement of both mean pressures and transients. The pressure tap for
the main pressure control of Item 2 above should. be placed. in the domed gas —

-~ 
- 

above the test section, preferably high on the upstream end. of the chamber
to minlnize water flooding. Head-out of transient values of this pressure
should be routinely possible so that preferred ways of modulating air
flow in and cu t of the test section can be established,. Such modulation
may be necessary for the attainment of general flow stability.

-
~~ Li. Stability Problems

Because of the large volume of air that can be entrained in the flow
and. the limited volume that can be domed over the test section, any change

I-
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in the distribution of the total gas in the system will produce transient

pressure conditions in the test section. With slow rates of change, air can
be taken from the atmosphere or vented to it without disturbing the general

stability or the system . However , if rapid rates of changes are required——
as with test models which may suddenly vent or exhaust or models with large

pulsing supercavitios-—the test section and circuit may begin pulsating.

Many of these conditions may be tolerable, but others may need to be limited
or approached ~,ith caution. Operations with the test section at aLmosp heric
pressure and. generously vented to the atmosphere will probably prove quite I -

etable . Hj w e -r er , ~-~ith a limited vacuum or compressed. air su~ply ±3 bhe

test section dome , the response time may not be adequate. Under these con-

ditions rapid changes in model gassing may lead to oscillations in the

dome pressure.

I. Free Surface Operating Characteristics

If model tests in the ultimate channel facility are to provide reason— - 
-

able simulations of’ ship components operating in the infinite ocean , the
model should be exposed to a test stream which has a near-planar surface

and homogeneous velocity characteristics. In the discussion which follows ,
these planar qualities are evaluated.

1. Axial Gradients

The free surface axial centerline gradient is shown in Pig. 5 under
Item B , relating to test section depth . The values were determined by visual
observation of a point gage contacting the free surface. Since the surface

was not glassy smooth , but had a very slight flutter, these surface eleva—
- r’-~ n ~r - C- ~~ ~s::aa~ es. ‘~hil’~ :he a ~~r~—atdcas ot -~~ c,’. 5 ~-c~~~in~-

~-j -he firs; i - ~~ -i fee± of ~he free :‘arface are interesting, it is also i;::aoc~ —
ant to project these variations for the full length of the test section.
The vcria-t ion in the depth for the prototype tunnel has been estimated from

-
~ :1 -~~aL~~~. c as s~:~’n± th~~~aiess aion~ Ln~ Co ;±c’c ~~~f-~c

The estimates obtained for the 3 f t  test section 25 ft downstream of the
lip were for a growth of 0.020 ft at 30 fps and 0.017 f t  at 100 f ps. The
estima~ a for the alternate test section at L~0 f t  downstream of the lip
are for a growth of 0.032 ft at 30 fps and 0.029 ft at 60 fps.

dC~
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2. Lateral Gradients

Lateral gradients of the free surface slope were measured in the

model at x/D0 values of approximately 2 , I~, and. 5.6 (see Pig. 5b) for
velocities of 30 and. 50 fps using a traversed point gage in the manner de-

scribed in Item 1. The lateral gradients of the slope are shown on an

expanded scale. The alope is small in the vicinity of the minimum c1ep~h

rc-4on (x/D 2) and. increases slightly as the flow aro6-resses cic-~n—

stream. An asymmetry about the centerline is attributed to a mi,a—alignment

of about 15 minutes of angle between the ade of the nozzle and the axis

of the test section. fhis occurred. during i~~ie aasembly of the ~aociel c~ an—
nd and demonstrates the need for careful alignment in the prototype.

The surface effects evident in Fig. 5b involve normal boundary layer

influences and influences from secondary flows and. capillarity at the juric—

tion between the window, air, and water. The manner in which these scale

up to the prototype is complex and indeterminate. Hence the percentage

values of the figure apply to the model , but may or may not apply to the

prototype.

3. Smoothness and Stability

Disturbances in the smoothness or steadiness of the test section free
surface may be due to either long-time pressure and velocity variations in
the total recirculating flow or relatively short—time turbulence fluctua-

tions superimposed on the general flow. The problems of stabilizing the

longer-time pressure and velocity variations have already been discussed in -

sections II-G-11, and II-H-L~. Turbulence problems are related mainly to

i~~-irhy ; tre-~is ccniiiiocs.

S5uJies by others relau~ve to the breakdown of the surfaces of free

jets have shown that internal turbulence conditions in the water lead to
the initial roughening of the surface. It i~ only af ter  the sur f ace ~ias

p 

~~ h~~ th ;ha~ aJ . th~~r -;-
~~~
‘ 

~~ C_ - j Ci-.3 Jefa.l to contr t~ate  s . i i - ~~-a;;b-

to such deterioration. It is therefore important that upstream tur~ zlence
generation be minimized.. In the present channel design, flow disturbance
has been reduced through the use of a small-size tube system in the gas

separator and in the honeycomb flow straightener upstream of the contraction.

With these a relatively quiet flow enters the large area ratio flow contrac—

tion , and if there are no significant adverse pressure gradients on the walls

- 
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of the contraction, the discharge from the contract ion should possess a
low v’ velocity component.

Preliminary ctudies* of this problem employed a circular free jet

with a similar 100 to I contraction ratio and. a low turbulence approach to

the contraction. Visual and, photographic studies at velocities up to 100

Los indicat’ed that the Cia-st few feet of j e t  surface would be essentially
onooth . Downstream of this, increasing rippling and. loose spray would.

occur. However, a~ a u stancd of 20 ft , surface disturbances did not rise
more than roughly one inch above the mean surface.

Obae a~ion~ in the scale uod.el tunnel with a free surface length of

L~ f t  and. velocities up to 96 f ps have shown surface conditions similar to
those which existed on the free jet. The four feet of exposed surface

did possess small longitudinal surface ripples with heights of the order
of 0.01 to 0.02 inch. These grew slowly in the direction of flow. There

was, however, no evidence of free spray in the four feet of’ length available
in the nozzle. It is therefore presumed that the break-up further do~-mstream

will not materially exceed the one inch observed in the free jet test. It
should be noted that in most test studies in the eventual prototype channel

only the first few feet of surface will be of major importance.

The above surface stability conditions depend upon absorption of the
splash by the splash guard at the downstream end of the test section..

~~~ Side Boundary Fillets

The description of the slightly rippled free surface given in Item 3
applies only to the central portion of the surface. \‘Jhere this surface

- o t o th - :v a e  -~li~ . ria~ions from a d a n e  :urfac~ are varkedly

~-reaaer. The~ -~ d~ ri~ tions consi,~± of a ~lll~ t -s~ e-~pi uoward. from the

- - 
surface and. rising slightly on the side wall. Both the disturbed region

on the surface and. the rise region on the wall increase in ma~ iitude with
inc : o -  ~~~~-~c~ aj ± : e ~n ~~s~~~;c -~ na aae il:$0±iJas of ~i c- - ~~~~~~~~~ 1h~
turbed region diminishes the useful area of the free surface and impairs

observations through side wall viewing ports. These disturbances not only

fillet the water surface, but in this region also project free spray above

the surface and entrain air bubbles below. The approximate dimensions of

the obscured and disturbed. region , as observed in the model , are shown in
Fi-.~ 9. Plotting (not shown) of the tabular values of f i g .  9 indicates that
*Ripken , J.P.; Wetzel , J.M . ; and Schiebe , P .R. , A Hydrodyrnmic Feasibili ty Study
for a Large, High-Speed, Variable Pressure, Free Surface Water Test Facility,
Memorandum No. 11—132 , St. Anthony Falls Hydraulic Laboratory , Univ. of 1-linnesota ,
April 1972.
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the u values increase rapidly in the first 2 ft  of X distance and there-
after settle d.own to a near-linear growth rate. ~ ctrapo1ation of this linear
rate to the prototype test section length of 25 f t  yields a u value of 2.0
inches at a velocity of 30 fps and. a u value of L~.O inches at a velocity
of 50 fps. The value of u appears to increase rather directly with speed.

On the other hand., w aepears to incr oa-se li n~ arl y 1’rem X 0 , and ~x raD-

olated to X = 25 f t  yields w = 8.5 inches for a velocity of 30 f~ s and.
w = b .2 5  inches for a v a tcc i y of 5Ci f p~ . flee valLlc of ~ cfl3~~~ Cd inversely
with the velocity. The mechanisms leading to fillet growth are complex , and
the abo -e t~xtraro iat ions ~re ase-culati-,-~ . hey r~y, ~r~~ver , 

‘c~ co:~ ~ ii i-e

for rough estimates of the usable width of the water surface and the height
which is viewable through a wall rort.

The extent of the disturbed region is believed to depend on capillary

effects , turbulence, secondary flow processes, and surface and. axial mis-

alignment (for the latter see also Item 2). The first three factors are not

controllable , but a high degree of accuracy in alignment is very desirable.

In the model , values of only a few thousandths of an inch of window mis-
alignment had marked effects on the disturbance dimensions .

J. Temperature Characteristics

Temperature variations in the test water of a recirculating channel

are a consequence of the energy added to the flow by the pump to maintain

recirculaGion against internal frictional resistance. Since viscosity is

a significant variable in the mechanics of fluids and is a function of fluid 
-

temperature , it is important to have some concept of the range of tempera—
tua-e vo.riation. The-se variations can be estimated. frea the iuaut om~rc~y

-~~~~ :hc ;cce , the ?~ annei : as  be~.a ~eai ed, -~ :-h tb~ he~t 1~ ss ~-ate to toe

exterior. For a given flow condition the first two factors can be calcu—
lated fairly easily, but the third item is relatively obscure. However, it

is not ~iffioult ~e neesure ~ :-naer-ature rise md. -to-f t the hi -the u-c e ~~~~~
an r~~se vaiue ray be use~i~i in ttma thru~- prsaot~~e comaitions . b-ompera—

ture v&ues fcund in the model channel are therefore shown in Fig. 10.

~~cperience with other recirculating flow facilities has generally

indicated that temperature rise is not a serious problem in most channel

operating programs and that expensive heat exchange auxiliaries are there—
fore not justified.
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K. Air Con-tent Characteristics

1. Total Air Control

~~perience with water tunnels without a free surface in the test region

has shown that the amoun t of total gas that it is possible to maintain con-

tinuously in the ti -m el flow can be controlled.. This may permit the use of

water with a gas content ranging from a high which apQroximates the satura-

tion for a given test i~ec ti-i n pressure and. temo~rature to a low i-thioh is a

small fraction of this value. This control possibility provides for a

mcefal variable in cavitation tur_ael operations . Lho ua~ure -of this ~ain roi

pi)soability, along with other inherent characteristics ol an ind.ividual

tunnel, has much to do with the size of gas nuclei that can be maintained

in the flow and thus has a marked effect on the conditions under which
cavitation inception or desinence may occur.

In a free surface channel facility with gas separator such as the cur-

rent design, the water is continually being exposed to substantial amounts

of entrained air. Thus wide ranging control over the gas content is not

normally possible , and an inherent saturation stability of air content can

be expected for any selected set of velocity, pressure, and temperature

conditions in the test section. This stability level is not subject to

analytical determination, and so limited tests were carried out in the

model channel to provide background information. The following three

tests were conducted:

1. The channel was operated at a test section speed of 30 fps

with the test section vented to the atmosphere until the air
content st-abiliced. ~t thi s t ime a semole o;as d.rawn from

~~~ tost sectien ;-T!fa a ?ito ;y-ee ore ~~~~a-frawing u b e .
The sample was subjected to a Van Slyke total gas evaluation
which yielded. a value of 27 .6 ppm at a temperature of 79°F.
T h i 5  i-d.lue is upr foxmately 2~ ear c ent hreat~u thai-i :-i.eom a_
saturation at this aei~eraoure an-a pressure c ui-Ii:ion .

Similar tests were run at pressures of 1/2 and 2 atmospheres

absolute. The values were l6.L1, ppm at 81°F at 1/2 atmosphere

and Lt6 .2 ppm at 81.5°F at 2 atmospheres. These values are

respectively 158 and 106 per cent of normal saturation for
Ii these conditions.

•~~~~••4_ ~~- - —~~~—.-———— - — -~~~ - - f l -  . •0-~~~ • • - -- •ø.~I • _ _. -. •- - •~~ ~~~ 
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2. The channel was operated until air content stabilized at a test

section speed of 30 fps and under a pressure of 1/2 atmosphere.

Gases collected. in the test section dome were extracted by vacuum.

Upon the achievement of stability, the test section :~—ressure was

raised. to atmospheric. The velocity of 30 f ps was continued.

At ten—minute intervals following the raising of the pressure ,

water samples were again withdrawn from the test section. These

samples ;~ere subjected to ~Tazi ~~~~~ total gas ei-ai-sation. The

resulting time progression is plotted in Fig. 11.

3 . Jest ho. 2 uas repeated using an initial eese section t-ressure

of 2 atmospheres rather than 1/2 atmosphere.

Comparative study of the values of the three tests in Pig. 11 indicates

the following:

1. The channel inherently stabilizes the total gas content to a

value significantly greater than the standard saturation value

for the pressure and. temperature conditions prevailing in the

test section. This is due to the fact that throughout most of the

channel recirculating loop, the water is exposed. to large quanti-

ties of free air at pre ssures considerably greater than that in
the test section.

2. Stabilization takes place in less than 100 minutes whether the
water is markedly undersaturated or oversaturated. at the beginning

of operations. Note that the initial rate of change of air con-

tent is very great when the air content is significantly greater

or less than -the stabilized value. Hence the stabilization time
:~~~~ -j  ~r°atly by “jve~-co fr-e’~tirig the -or - soure ~or

- 

- 
short reriod. oi time when changing test conditions to force the
air content -to reach the desired level more rapidly.

~
?. thar-acteristi-os of fn~-e:±ng :0C C

Small air bubbles in the test water of a cavitation test facility are
usually essential for the proper simulation of cavitation. ~‘ctensive studies

conducted for the Navy at the St. Anthony Falls Hydraulic Laboratory have

- : - established that under the low pressure conditions in most tunnel tests,

meaningful inception cavitation data require free aIr nuclei in minimum

concentrations of about 2 to 10 parts per million by volume in diameters
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ranging from about 0.02 to 0.15 mm . Such bubbl es will readily serve as

nuclei for the rapid growth of vapor cavities encountered in limited or

transient cavitation withou-t significantly hampering visual or photographic

observation of test subjects or impairing the dynamic performance character—

is-tics of either the mod&~s or the facility. For studies of more fully
developed or suparcavitatien , small air nuclei are less importan t , but
excessive air continues to impair Droper performance and. observation.

The free air characteristics of the proposed channel design in the

model facility were evaluated in two steps. First, the bare chasinel --‘as

oc-~ ra1p d. at p rogres sively iucreas~ r~g test section soceds reiig-ing from 10 to
70 fps and with the test section pressure varying from 0.2 to 2.0 atmospheres

absolute. During these tests the water passing through the test section

was observed under stroboscope light and flash photographs were taken to
characterize the optical impairment caused by the bubb les. Pi~ure 12(d)
is a photograph taken through 7-1/2 inches of water under the worst

conditions observed. The general conclusions are that bubbles inherent
in the channel action caused some optical impairment as indicated by the

overall lightening of the background. Some of what appear to be bubbles

in Fig. 12(d) are actually blisters in the painted background. These

blisters can be seen in the “no flow” photograph, Fig. 12(c).

The second. step was similar to the first except that air equivalent to

the maximum specified prototype value (o. L~ per cent) was injected. at the
downstream end of the test section. The photos in Fig. 12(b) were taken under

the worst conditions observed with this injection. The general conclusions

regarding this test are that the injected air causes no significant optical

ant .

1-
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III. CONTRACTION AN]) NOZZLE

A. Flow and Dimensional Requirements

The contraction is provided in the flow circuit to accelerate the low

speeds required in the air separator to the high speeds required in the test

section (1 f ps for low with 100 fps for high). The prime objective is to

accomplish the acceleration In such a way -that in the test section the veloc—
ity ~Lfo~ hity is  h u h  uni the turbulence level low . Vel~ uity u h i o~-hity

is largely controlled by an interplay of velocity, pressure , and. ener~ r con—

dt-tioxfls in the con tr-as t ion ex~J ireproves ~-uth an in-orease bn the- oontraotim

ratio (entrance area : exit area). Since the contraction ratio for the pro-

posed channel is exceptionally large (approximately 100 to 1), flow will
be unusually uniform if the contraction length is sufficient to permit full

contraction to take place. The proposed cont raction is shown in Fig. 13.
The axes of the approach flow and the discharge flow have been offset

vertically by the 12 ft  7 in. dimension shown. This was done because

a. More f avorable pressure conditions can be maintained between
the air separator dome and the test section dome .

b. The length of the roof boundary is thus minimized.

c. Less water is drained in unwatering the test section.

All four corners of the nozzle have been provided with generous
-
~~~~ fillets in order to minimize the generation of longitudinal vortices that

would otherwise occur with sharp corners. These fillets are large at the

nozzle entrance and diminish with progress downstream. The upper fillets

progress to zero radius at the downstream end of the nozzle.

‘hi ~ -e :~~~:-i h~~t ~~-ot :. ~ i hyhi ~~~~ ~:vo io te
contrac tion 0i the top -of the flow within its bonndaries , but depends on
additional free surface contraction after the flow leaves the closed circuit.

Thu s it ~.-ht- ~ di~~ e~ znt fra n o-orav—ritional ~a:~r ~:urn~l o3air:stl~-C -~~t~-:s

:n t~~e f - j L 1 ~~-.-iJ a~

a. To allow complete contraction of the flow, the solid boundaries

must usually be quite long, and a substantial amount of boundary

layer growth occurs due to the high velocities present. This

boundary layer growth is detrimental, because it consumes energy

and diminishes the effective area of the test flow. In the

free surface channel the downstream part of the roof is replaced
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by an air boundary. The flow then contracts and the velocity
‘ profile normalizes in the test section, where air shear is

modest (see section II—G—6). This requires increased. housing

length for the test section. The amount of increase necessary

is discussed in section Il—C.

h .  If a solid ~u-o~~1arj is eaoioyod for the full 1-mi th :f a corh;—mc—

tion , the do~rnstreain portion usually invol-~es a I-ev~ rsal of

~ur : -~ r-o ~u cri-~r ior the :lo,; to ea±t :;- :-el!cl to
If this boundary reversal is not designed and constructed
p : : ’ L-u~r , c t h e z - e  ;-siai ie Lg p ::-eo~ ure L T ~~~~ l i - - r : t  v~ y

These can generate separation eddies which nay be seriously

detrimental to stability in the exiting flow. This would

particularly disturb a free surface flow. Removing the down-
st ream portion of th~ solid heun-dary elso r-~os -- -es the

tions which cause flow separation.

- 
- 

For the proposed prototype channel the dimensions of the contraction

cone and nozzle are as detailed. in Fig. 13. The major area and shape

cnanges of the contraction occur in a component referred. to in Fig. 13 as

the “shape transition.” In this large component the cross—sectional

shape changes from circular, with a 3L1. f t  diameter , at the upstream end to

rectangular with dimensions of 9 ft 7.2 in. by 8 ft 0 in. at the filleted

downstream end. The geometric form of this component has been kept rela-

tively simple to permit fabrication by weld-up of structural plates. The

plates would be made of rounded brake-bent corner pieces and flat triangular

r gore pieces.

~~~~~~~~~~~~~~~ :. ~~u - r - - - eo~~~L - - ~~L e re- . _ - -t f-ap e

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
Th) - 5~~~~~ ncss~~ o Lfl

13. In this smaller component the shape changes are less pronounced than
in the e’haDe transition, but the com~1exity of change is markedly greater,

h - - - ‘ ‘- - ‘ L: b -h ~~~v fl--- ~ t r :- -:- h— ~ f l :  -

~ hin~ of the nossle coup-enent , based on joining t gomt i f l fL  em-i lInes vi tii

simp le  mathematical curves , are given in the table of Fig. 13. These
- -

~ dimensions define the curvature of the roof , f loor , and. side walls and

the joining fillet radii.

The curve of the roof joins a horizontal tangent line at the entrance

I 3~- to a tangent at 300 with the horizontal at the exit .  The connecting curve

IL ~ 
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is given by an equation of the form Y = AX 3 with the origin at th~
upstream end.

The curve of the bottom jo ins a tangent line of 38° 51’ slope at the
entrance to a horizontal tangent at the exit. The connecting curve is a

portion of a simple ellipse. The side wall curves join a tangent line

which is at an angle of 23° 17’ with the test section axis to a tangent

which is parallel to the test section axis. The conxte-s ting cur-Ta is a

- - sLum of a SLSLO1C -elli’j~ -e.

The geometric for-rn and mechanical finish of the extreme downstream
the r oof  suia-e of ihe me ~;:le i-~ a ~r iJh -~~I :- t e r  La h:-

and stability of the water surface as it enters the test section. It is

recommended. that the last 2 inches of this curve be a removable straight

tangent “lip block” with a slope of 30
0 with the horizontal. A removable

bleek is considered desirable because

a. Unlike the nozzle casting, which may not be subject to machine

finishing, the lip block can be machined and finished with a

high degree of quality control.

b . In the event of damage to the delicate knife-edged. lip , it can

be replaced without major field efforts.

c. The lip can be replaced by other geometric forms to achieve

other types of water surfaces if future requirements dllctate.

It should be noted that while a 2 inch long block has been included in

the total dimensions of Fig. 13, the model studies employed a straight 3Q0

lip with an axial length of only i/s inch. The latter figure is the basis

f-n-- The 1-~st X v-~lua in the tablo of Fig. 13.

Achievement of low turbulence flow in the water surface in the test
— 

~i~ -~~r- -~ - - i - - -s t ’~~t t h -  :::,v e::se ~m’i - -v ;:~ s : - o L --. : e le--~i che _~-
r-o ; s~~c ~ -e r~oieei . ~~1 5  o in n~~~ . -;e t ~~~::- r~~~~~.o :o

at the downstream end of the nozzle and especially true for the surfaces
of the roof. As the surfaces extend farther upstream , t:e surface quality

standards can be relaxed, but adherence to correct shape remains incortant.

It is practical to hand grind or machine finish the surface contours of the
smal l nozzl e, but initial surface deficiencies will be more difficult to
corL’ect in the formed structural plates that will constitute the shape

I,

~
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t ransition. If care is taken in aligning joints arid. welding, finishing

will be necessary only at the welds arid at the break plane at the dowristr-ecm

end- of the shave t ransition. Values for the finishes of these surfaces are

given in Fig. 39.

C. Auxiliary Features ~
—

~.
--- -- - -- ‘  - f~~

‘ - -  ~~~~~~~~~~~~~--~~~“- - - - -- ~— - --~~~

fl -~~ - ~~
- :y~ a - - :u .  ~~-~~

-
~

- ~h - Ic - cr:. ~~c ~~~~~ :_~ _ ~~ 
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It does this fairly effectively, but not completely. In consequence , some

- - coalescence and gravit—itional concentration of part of the remaining free

~:v ~~ —~ir iv ~~~~a- ’~~ c rc-: s e  fl~~~~~~~~~~~~~ I ei~~- v t  v - en -. c~- ;-ies a--:-

Th~ la L e ccv: .  :~~i ci, ~n ~~a .  ~~ ~~~~c-c~eo Ca:  af  ~n - aesca n s of ihi~
nature and may promote a modest collection of free air along the roof

boundary. It is suggested that a collection slot or perforated area be

provided at the crown of the roof for air collection and removal. This

collection point should be located just upstream of the break plane

between the shape transition and the nozzle. The surface at the collection

point should be porous or permeable, but without significant misalignment

or openings exceeding 1/8 inch.

2. Break Plane
4 -~

• 
It is suggested that a physical break plane or flanged joint be

provided. between the shape transition and the nozzle. This is a logical

ji mct cn r s - Ja t  fcc -  t :- c- ~-hd-J : .~ ffnrhe 1 febricatimf mater-dais of th~~e cc--c--

ponents. It should be located where velocities are moderate and modest

surface irregularities will not be as detrimental to flow as they would

at locations farther downstream.
r

iuo u - _ - ce e~-~- -: - - h c ~ as cc: u:-: t~ c- u-r i e rca a- - -: I ce the I~e ::;t ’c
and remo iabie test section units depicted in 11G- 3. It also provides a

~- :::hl~ a c -c en - - c— ” m~ - -- f-cr - iv  till ]rc ~~~] ] e t i r n  and :atcr rcs~ ih le  m m t e—

r~asco (ci the elbow guide var-es , diffuser acreevo . gas separators, and flow

3. Piezometric Tap for S-peed Indication

As is noted in section Ii-F-6, a piozometric tap should be provided

just upstream of the shape transition. This tap will contribute to the

evaluation of’ the pressure differential. across the total contraction and to

subseru~nt ova] uation of the test accti c-n velocity .

I
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B. Velocity Characteristics . - — 
~
—- ---- -

Although the very important velocity characteristics of the test

section, as described in section 11—0, are fonned in the contraction, no

direct internal velocity measurements were made in the model channel study.

However, the very important boundary velocity conditions in the nozzle were
d~ -t~ ctod inii secctly throucb the boundary rre::ure mea--eremer±z which are
discussed in the following section.

E. Pressure Characteristics

:-; ~teci in -c - - ti - cr -~ i. ctb-evo , vaecLal1 :mc In Ice ~~~ e alum; :h~
boundaries of the contraction are important, because :he presence of adverse

pressure gradients indicates the possibility of separation eddy generation.

To establish the nature of the boundary pressure changes, the nozzle of the
model chonnelt ‘,-;as fitted with eleven 1/16 inch diameter otezometric taps

along the centerlines of the roof , the bottom , and one side wall.

Subsequent runs at test section velocities of 20 and 30 fps estab—
lished the pressure data which are shown graphically in Fig. 114. In this

nonnalized plotting the local pressures are related to the pressure at the

upstream end of the contraction and to the velocity head in the test

section to provide a dimensionless pressure coefficient. The following

points relate to the data offered in Fig. 114:

1. Only the data for the test at 30 fps are shown. The 20 fps

data were virtually identical and would- only have oomph -

cated the plotting.

2. The data for all three boundaries appear to form smooth

-~ ~
- -

~~~~~~~
-
~

- . - .h ~ - c: - . - -
— 

ci cr-Ltto- , or ~o :-~~~~ : fcc- - -~: - s L - j v

3. The low pressure coefficients for the roof taps suggest
:~ - -~~ -e~~ t~i e~~orf ~~~ : r c h i a c  until  ~~~t

— c ’~ — - 
—

test section velocity is achieved. Rapid acceleration to

a pressure coefficient of unity must occur in a very short

distance with minimal opportunity for boundary layer

growth. This is supported by the observed boundary thick-

ness shown in fig. 7.
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14. For flow along the bottom , test section velocity is pre-
sumed to be achieved only when the contraction has com-
pleted itself as shown in Fig. 14. The pressure data of

FL~ . 114 have been extrapolated at the right-hand side to
reflect this possibility.

5. F-er fio.-; a1on~ the side \-.vii3, tect ~-:-hi toa ~~ij~ lty

- - been presumed to be achieved midway be tween the end of

- Lhc ~soaail and ti:~ end of sha surface ccr aivaohi;n. The

curve has been extended. beyond the actual data to reflect

ilaL o aeccihidit

k
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IV. SKfl’IL€R AITD TRA1~SITIOH SYSTEM

The skimmer system is an assembly of sub-components whose primary =

function is to re—introduce the free surface flow of the test section back

into the closed conduit loop which recirculates the flow to the test sec-

tion. The r.e-introd.uction process must not cause degradation of the flow

quality requirements discussed in section I. In order for stability to be

rca Lntain-~-d , the cecilait muet be essentially full of c-cater and c-rizLccrct a

discrete free surface. This was achieved using a sharp-edged roof plate

which io d- crLo:ated as the shiiccmer h f ,  compo nent 1 in -i - . 15. Th-- h o

which was adjustable vertically, was positioned so that -the flow passing
beneath it no longer possessed a discrete free surface. The flow skimmed

off above the lip was a two—phase flow containing a substantial percentage

of free air. The objective was to set the lip as high as possible in

order to minimize the amount of skimmed flow which had to be processed
and returned to the flow being recirculated in the closed conduit. On

the other hand , the lip had to be low enough that a free surface would not

occur in the main diffuser , since such an occurrence would cause reattach-

inent or jump type flow in the region of the first elbow, and a violent and

unstable flow process would. develop. Because a most favorable lip setting

depends on a number of test section conditions which may vary with different

test studies, it was considered- unlikely that one setting condition would

best serve all needs. Accordingly, the h p  was made adjustable to about

5 per cent above or below the nomal test section depth.

The various sub-components of the proposed prototype skimmer , assembled ,

are cchcc- rn in Fic . 15 with their dimensions . The slntem cc- lc ,~~d icc th-c mo -~cl.
: -  cc evc~ie;r th~ :ca acc’e--d c~~ ; : c -  ~cp -n ~~~~~~~~~~~~ ~c- -:.c Las-c cc ,unicrtt

shown in Pig. i6. In the write—up which follows , the rationale, functional

operation, fabricat ion , and selected dimensions of the signif icant elements
ccl t~ c-tll be c’ic3cussed.

A. Housing Chamber for the Ski er-Transition

The flow passage into the chamber has the sane 3 ft width as the down-

stream end of the test section and continues to be 3 ft  wide for the f irst
6 ft of chamber length. The transition curve between the parallel walls

of the test section and the 3
0 38’ flared- walls of the diffuser should take

up the next 3 ft. The transition curve is a simple parabola with a

- - -S
..- ~~~
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beginning which should be tangent to the test section wall and a terminus

which should be tangent to the diffuser wall. The arrangement is shown

in the Sectional Elevation and Section A—A portions of Fig. 15.

The height of the chamber should accommodate the 3 ft  deep test
stream and the 7 f t  high air dome discussed previously with regard to the
L e s t  section. The main reason for the high dome in “chic s~wnbes is - :

it c ccc t house the laccue cLlc cre :- . T~ci~ is art -c~ s~~cbi~; of camrccoc~-~rcta 1.

3, 14, 5, and 7 as shoi~m in Fig. 15. The roof of the chamber should support
tEa ohicacc-? r adjusting reechonism (corrironent 5) at a. hi~ Ii 1e-rel cc-cc-i s E c- l i

-cc$u c to a he -r em level In the io-.mct:cam cci. The !at -~~ viii -

jack screw (component 6) and the viewing window (component 13) to be
placed closer to the skimmer.

A break plane (shown as component 16) or flanged point should Ee pro-

vided to permit insertion of the prefabricated splash guard (component 15),
skimmer (component 2), and flexible roof (component 9) during assembly.

B. Adjustable Skimmer

The adjustable skimmer is a large cylindrical sub-assembly whose key

part is the laiife-edged skimmer lip (component i) which spans the entire

width of the flow channel. In the prototype this lip is to form the lower

side of a 14.75 inch high flow passage which will serve as the entrance for

the skimmed flow passing into the skimmer housing (component 2). The

skimmed flow is to be carried upward and to the sides by the outer wall of

the skimmer housing and by inner partitions , a flue tube (component 3), and -

a chimney tube (component 14 ). The skimmed flow is to discharge from both
: c ~v~~ c “ )vcec~ (~~-

~ .eo n~ni ~
) ic~e -s :— - i c c ~hicccc~ c

(- :-;meccen: c ’)  on se-a d of the cE~~zn e L .  Iiev - -~ -a ~ cb~ n t i : - l ~sccn; of

the air in the skimmed. flow is to separate from the water. The water is
-to d— in from Il-ce bottom of the sarcarators throuch atteched discharb-e p in --s 

eras :~~~~- -~L c h  va cc :- s-c -, fo ils  -‘Li-c :, -u~ u-c -;a ~~~~~~~~~ --

line. The separated air is to be free -to return to ti-j e test section by way
of the air flue (component 3) and. the air chimney (component L~) following
the route marked by the dashed line. Air undoubtedly will also return in

substantial quantity via the top of the initial skimmer entrance.

Original planning for component 17 was based on the assumption that

the skimmed flow would be discharged from the skimmer and would proceed- with

7
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a definite vortcxing action around the periphery of the cylindrical chamber

17. The vortexing flow would be discharged from chamber 17 via discharge

pipe 12, which is tangential to the cylindrical chamber. The vortex action

was presumed to promote both separation of the air and water and flow into

discharge pipe 12 wit-h some remaining kinetic ener~~r . Observations in the
ccud-,l did not sho~r such vortexing no Lion. Thus there is no l:L ciuauhic reason
to O’ihe L-~ to a cylindrical separation chamber or a tangential location for

u ie o _ h ~~~~
-
~~e pipe in a pro:obype d-csi~n.

m n the c-c Id studies the ol:J c=cce-c lip (o-c-:oocent 1) -cod the fle::ible
cC. ~-: 3uc5ccenc 9) c-~.e ue ~eii-:i this cn~ ;~ eJ thalnth-cs

The cylindrical skimmer housing (component 2) was fitted with integrally

welded large end flanges (component 7),  and the total length of the assembly

was m achined to a snug sliding fit between the walls of the h-cuscing chamber.

The fit enabled the entire skimmer asse~nbly to be freely adjusted up or

down for vertical positioning with major leakage across the flanges avoided.

The flanges were made large enough to cover the fixed holes through the
chamber wall for all adjustment positions. The edges of the flanges were

faired to a small thicirness for those portions contacting the flow as it
entered the lip.

The skimmer assembly ~as raised and lowered by a lifting stem attached

to the top of the air chimney (component 14). The lifting stem ‘.-;as activated

by a hydraulic oil cylinder located above the housing chamber. The pressur-

ized oil was supplied and- controlled by a small packaged- motor, pump, and

valve assembly activat ed by an electrical push-button for up or down motion.
Th-e c -~~-mer cosition was r-aacl out by a dial rcicrom -~1~ r -ittached to the -:aeer

tb -~~I - u- - c cL c~~~hir~~~s. i ;s~~~~t -  c - ~~~~~r c  

i~~~~ccC :CL-y for all o~c c . -ac_ -cn s s coc~ c c-on in the cest ~co~ ei , SL-a £ ~ moe a

trave l of ± 2.5 inches is recommended for the prototype. Nost of the di—

-csi-c-:s o L  “;h-~ c I i c - c c e u  -c~~ci  ~‘i - - ~5 c-ne cot  -cl-ie :-~d hi I-cL ocItical .

- - -~~-~coiunc ;i cii uh~ c :-e~~~~cg ::::c ~~: i~~ I~~1 a L~-e :oi~~-

shown ~~od performance with no serious problems (see separate discussion

do-alicr-j with difficulties in the skimmed. flow pump return circuit). It

was originally anticipated that under high speed cavitation conditions the

skircvcr lip would generate substantial large cavities with resulting instabil—

ity cccnci high noise levels. Actual observations through the viewing window

below the skimmer lip have shown only small cavities and no significant

~~~~~~ ~~~~~~~~~~~~~~~~~~~ 
-- -~ ‘ 
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signs of instabilities or appreciable noise. The continuous presence of

substantial quantities of free air in the flow in the vicinity of the lip

appears to produce acceptable working conditions even though some cavita-

tion seems to be present.

Although very substantial skimming can be accomplished with the system

described , deep skimming does not appear essential to achieving good test

section flow. This fac t can be actr ibuted o the lauge air separating

a ~j -~sj  ~cg of~ lice cc uiri sepu_ -~ cou , ‘chIck reluc- C3 -c~ -~-e ct eod for cEo :I:La er to

skim and. de-aeccate.

The roof of the condui t proceeding downstream from the skimmer lip

becomes -part of the fixed- roof of the main diffuser. Since this roof must

be rigidly fixed at its downstream end and have vertically adjustable

support at its upstream end, some part of it must be flexible. In the model

studies the flexible roof was component 9 of Fig. 15 and had a length given

by dimension 10. This component was also made to serve as the transition

curve between the horizontal free surface and the main diffuser roof , which

was at a slope of 3~ 30’ with the horizontal . Accordingly, the end supports

of the flexible roof confined the end-s to these slopes.

In the mod-el the roof was made from a 1/2 inch thick plate of annealed-

T—l6 stainless steel. Lateral grooves of 1/14 inch width, 3/8 inch depth,

and 1/2 inch spacing were milled across the width of the plate. The result-

ing plate had- sufficient elasticity to flex without permanent deformation,
but was presumed to have enough mass and- lateral stiffness to remain dynam- -

ioall:r stable. The f lexible  roof was originally bent (‘eerzanentl--- dofarciecil
-, — r — 

-, -- — — ~ - 
— -i. -

~ — 
— 

— —

The edges of the flexible roof were contoured- to fit the shape of the
o c-r - ’~~~~~~. I :iaaI:-us c -o~-c ace otcccI~n: :uc c -h-~ t c  ~~~~ . -:cc - : - - c ~~~~~ -- - e c o ’ c : s.

~cls fi t u - s ~ce J~~s f c - e~~ vertical .cocion of m-e roof , ~- c~s ~:eo : us

tight as was practical to minimize flow leakage.

During operations the flexible roof was maintained in a state of

modest tension by suitable use of two jack screws (component 6). The exact

shape of the roof under these conditions is not known , but the overall opera—
tion seemed- quite satisfactory.

—~~ - _ _ _J -  
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miring the limited. test program with the model channel there was no
evidence to refute the worth of the above described design concepts. How-

ever, because of the large amount of ener~ r available in the prototype

stream (16 , 000 HP) and the large forces that could be generated by a mal-

function or detachment of moving parts, the prototype flexible roof should
be designed very conservatively.

T). T
~ound.ary Transition Curves

The boundary transition curves are provided as a means of gradually
-cIcaco~rcag from the ecdal direction or tangents of the test  section bounduries

to the flared direction or tangents of the boundaries of the main diffuser.

Prior experience has shown that rapid changes of direction will produce low
negative local pressure values and- boundary cavitation. This can be pre-

vented if a low rate of change of boundary pressure is used. In the pro-

posed design a conservative approach was employed by starting the flow

expansion only on the roof and floor (in the mod-el , the curvature of the

floor was initiated- upstream of that on the roof; that is not advocated
for the prototype as shown in Fig. 15). It is recommended that these

transition curves have a prototype length of 6 f t  with a gradual-starting

parabolic curve (components 8 and 9 in Fig. 15).

Transitions on the side walls were made only half the length of those

on the roof and- floor , but with their terminus in the same plane. Because

their origins would- be in a region of slightly greater pressure than those

of the roof and floor , the danger of cavitation was considered less. Ob-

servations in the model channel have not disclosed difficulties with this

design .

I’ :t-e:c f-enerator s

The vortex generators are located within the confines of the skimmer—

I 
- 

tcc~a-’~si1ion system . but their flow function is more critical t0 the main

a l - e r lecased .~us; - to ’, cream . They a:e~ tnecef-o:e . uiscccs-sed aLo ng

the main diffuser in section V.

F. Surface Finish

The surface finish requirements for the skimmer—transition are slightly

relaxed compared to those for the test section (see section II—E); they are

tabulated in Fig. 39.
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0. Auxiliary Features

1. Splash Guard.

The splash guard shown as component 15 in J?ig. 15 is located in the
skimmer transition housing chamber, but is functionally related more closely
to the test section. Therefore it is described in section II—F—7.

2. Visual access

In the model studies four viewing windows were provided to permit
visual observation of interior conditions. They were located in the floor
below the s�cnmer lip, at the top downstream end, of the housing chamber ,
and- at both end-s of the separator chambers . These windows proved to be of
considerable value in observations of operating conditions in the model
study , and- comparable provisions are recommended for the prototype.

H. Skimmed Flow Return System

In order to maintain continuity and stability in the recirculating
flow of the channel, it is necessary to return all the flow skimmed from
the surface of the test section to the main stream. The return of the free

air has been described in section IV-B. The return of the water , however ,
is somewhat more complicated- and. involves an external pumo flow circuit.

The model study version of this flow circuit is shown in Fig. 16, and- its
function and operation axe treated- in the discussion which follows.

1. Return Piping Circuit

The nature of the ski=ed flow and. the operations of the skirmner
—e cc-~vide a discharge flow from the skimmer which rossesses the test cection

-;tai:~c -cressure end. ~. low l, ?’TCJ. of k~neoic ~-nero7. If ohus secondary flow
is to be returned to the main recirculating flow stream, it should be

returned at a point where it will not detrimentally affect the main flow and
here a minsmal boost in energ~J head L,3 needed. he fir s t c-e-:u fo-emen ; cic,~-

g~~ zs tna~ re—intro duction snould avoid. (a) the c;er.51t17e iugh—sreed ;low

of the diffuser , (b) the complicated high-speed flow of the first elbow ,
and. (c) the sensitive inflow side of the pump . The second- requirement

establishes preference for introducing the flow somewhere upstream of the

main recirculating pump . A flow route proceeding from point 1 to point 3
of Fig. 16 was therefore selected as a possibly favorable compromise.

~~~~~~ — 
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The objective of the return flow circuit is to continuously and.

steadily provide for drainage and. return of the water being skimmed from

the free surface of the test section. The circuit must provide good

stability of the total system for either steady-state or slowly changing

conditions in the test section. In the first pass , it was not considered

advisable to strive for the high response , high capacity system that might

be needed to match high rates of change in the skimmer flow.

In the oversimplified system used. in the model studies as shown in

Fig. 16, three key components were provided: a reservoir (component 10),

a cu~~o (component ~
), ~-c~~ a -control -rat io (cumDonon s 6). -:‘Ee :-es~ rcroir

was a chamber in which a free surface of limited extent was provided for

control purposes. When arranged as shown in Fig. 16, the reservoir was

intended to provide constant gravity drainage of the flow skimmed. from

the test section regardless of small controlled variations In -the skinner

pump flow. Any variations in pumped flow were accommodated by small
fluctuations in the height of the free srrfac e (area 6 sq f t )  which the

valve operator could observe and make valve adjustments to stabilize. The

reservoir was also provided with baffles allowing the pump to withdraw

water from which the air had- been largely eliminated by separation at the

free surface (until this air was removed the centri fugal pump performed

very erratically because of air binding) . The separated air was returned

- 
- to the test section through a separate vent pipe. The free surface ~e~er—

voir was placed- as high in the system as possible to provide a maximum

net positive suction head on the skimmer pump for suppression of cavitation.

Progressive work with this system has indicated that in its present

term , flow rate char~ges at the skimmer must se veo-y d O w  if the stabolity

cc :rie skimmed fl-sw i-s to ce mac ntained.

- The sizing of the circui t piping and the booster pump was directed
toward skimming 5 per cent of the test section depth or assuming 5 per cent
- f  he teso sec c~on -discharge ~t :caximicm reed .

While test section conditions were being changed in the model studies ,

the skimmer was continuously monitored manually and. proved to be extremely

sensitive to changes which were not made very slowly. i-Ialadjustments in

skimmer control resulted in flooding of the test section and loss of the

test. These sensitive operating conditions would not be tolerable in the

3’ prototype, and a fully automated. system is suggested. The following

‘S
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improvements in the system of Fig. 16 are believed to be essential for con-
trolled and stable operation:

a. The d.iameter of the free surface reservoir should be large
enough that the change in level of the free surface can be

followed by a sensor which activates the pump (component 14)

or the control valve (component 6) shown in Fig. 16. This
signal should regulate the flow discharge so as to maintain

the operating range of the free surface level within selected

limits controllable by the sensor.

‘0. r
~~1r~~ u~~~~~ shoaii be of such a t~me , or be so operated., that
significant cavitation does not occur and modest levels of
free air do not “air bind” it. A fixed speed pump may prove
satisfactory if other controls are adequate. However, if

hifh rates of change are to be accommodated , pump speed
variation may be a necessary part of an automated system.

c. The discharge control valve should have a capacity and time of

response adequate to control the flow sufficiently to satisfy

the command- of the free surface sensor.

d. Rates of change in return flow discharge should be such that

de—stabilizing pressure waves are not imposed on the main flow
circuit.

e. It was originally thought that the region downstream of the

skimmer housing and above the flexible roof would flood with

water from leakage around the edges of the flexible roof. This

water would. then either leak into the interior of che 3kcr~mer

ho ’~ s c c ~- , -~rd be bl ed -off, rr c-iell ci-s 3nd. or o r  che to~ uf ~ce

skimmer with drainage into the test section. Later high—speed
- - model tests established that under some operating conditions

the ~~~~
j -

~~ c-r er the ~oe of the skimmer was rubstan-cial ~-cd ih~t

c;ccen it dropped cn the surface of the high-speed flow , si~-

rilficant splash was driven upstream . This splash occurred- at
too low a level to be intercepted by the splash guard-. In

order to minimize this splash effect and. also the destabilizing
conditions at the skimmer lip, it was decided to drain off this

leakage water downstream of the skimmer housing and prevent its

overflowing the housing. This was accomplished in the model

~ 
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study by attaching a 2 inch drain pipe to the side wall of the
skimmer chamber. This pipe was carried down and. connected to
the reservoir of Fig. 16 to allow gravity drainage . This flow
was not metered for quanti by, but i b was assumed that an 8 inch

pipe would suffice in the prototype.

2. Return Flow Discharge Diffuser

The skimmed flow , which may amount to as much as about 5 per cent of the
main flow , should be returned to the main flow in a manner which will not

abno mally disturb the main flow. This has been discussed brief ly in section

IV-H-1, which explains why the skimmed flow was returned to the main flow

at point 3 in Fig. 16. The details of the diffuser itself are discussed in

section VII in relation to the downcomer .

3. Skimmer Booster Pump

This pump is required to process a flow which may range up to 5 per
cent of the main flow (~ 145 cfs in the prototype). The effective head against
which the pump must work is essentially the difference between the test
section pressure (presumed to exist at the free surface of the reservoir)

and the pressure in the downcomer conduit at point 3 in Fig. 16. This
pressure difference varies with test section velocity; for pump selection par—

poses it is estimated. that this effective pump head- should be about 0.9
times the test section velocity head . The total pump head will be this

effective head plus any losses incurred in the eventual prototype skir er
circuit. A centrifugal type pump will generally fulfill these requirements -

most simply, and. if it is positioned low with respect to the test section ,
ca~ri ati-sm ran ‘cc urevented.

~cLJustnng the pump to meet r~ e variaole demands or ;~:e s-crsser system

- ~ . - 
- 

requires either a throttling of the discharge of a constant speed pump or
prorision of a variable speed ~~~~ In the simplified —co-del :et—u shown in

1-i .  cc ~‘t r e  d : r r i e d  ~ c — - ncd r r ’. o~~~~~fh :~ -cc :r - ~~~ -crrs . .- v c c c c c 2 9 c:1

- ~ monitoring this system worked. fairly well in the model study, but it is not

- 

- advocated. for the prototype. A system using a single large , variable—speed
pump or a complex of several smaller pumps , one of which is a variable-speed.
pump, is recommended.. The latter type of system is commonly used. in water
supply practice and provides good. ener~~r economy with wide ranging flow

I. flexibility. Such a system of pumps controlled. by a level sensor in the

1-
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reservoir might provide the necessary control without valving. The more

sophisticated system has not been investigated in the current study.

14. Flow Meter

A constriction type flow meter (component 5) was provided in the
model studies together with a meter in the purge circuit to establish the

rate at which water was skimmed. These meters were not used in the model ,

and there seems to be no reason to provide a discharge meter in the prototyoe

circuit.

5. Co~ttrol Valve

As mentioned in sections IV—H— 1 and —3, the control valve in the model
study allowed adjustment of the pumping rate to match the rate at which
skimming was taking place. In the manually monitored procedures employed

-
~~ in the model , some problems were encountered in maintaining a rapid

enough response by the flow to the changes in the valve and pump to

- -. prevent flooding of the test section. ~:Jhether a valve will be necessary
in the prototype depend-s on the controlled. sensing of the water level
stage in the reservoir and the accompanying response that can be provided
by a variable speed pump.

In initial model studies the responses of the pump and control valve
were materially aided by the addition of the purge circuit sho~~ as component
8 in Fig. 16. Subsequent addition of the reservoi~ shown as component 10

eliminated the need for the purge circuit, and it is not advoca ted for the
prototype control system.

--
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V. MAIN DIFFUSER

A. General Considerations

The principal objective in d.esigning the main diffuser is to assure

the conversion back into static head of as much of the test section

dynamic energy as practical. This is important to minimize both the oper-

ating energy input requirements and the circuit destabilizing forces that

accompany high energy losses. The most notable requirement in the latter

regard is the prevention of major boundary layer separation and. the accom-
nying flow instability.

Diffusers are most commonly desi~ ied as simple area expansions. A

large fund of analytical and experimental data is available regarding the

designing of diffusers of circular cross section and large aspect ratio ,

h’ut little is available on square sections such as that needed in this case.

A study of the literature indicates that the following considerations are
important regardless of the specific geometric fozm:

1. Pressure recovery requires that the expanding flow work against
an adverse pressure gradient.

2. Boundary layer shear concepts recognize that the flow velocity
- 

— approaches zero as the boundary is approached.

- 
- 3. Plow elements nearing zero velocity or kinetic energy must move

upstream in an adverse pressure gradient unless existing momentum
exchange mechanisms (turbulence) are sufficient to maintain

forward movement .

.. J?streSm boundary flow ccay triy~-er major separation of the

u L 1 2— ~ i~ u -~ -~nd :~uj : ‘:-c±u ---

5. Effective inhibition of separation is dependent on a balance

between the available turbulence mechanism and the geometric 

i~-~ ~~~~~~~~~ t :— -~ -~-aalenr c~ : : 1 e :c3 e O~ ?-C s5uL’-~~.

6. In a specific case, the turbulence mechanism available to combat
— separation is the natural turbulence of the upstream boundary

layer along with random disturbances from other upstream sources.

7. The occurrence of separation also depends on the length of the

expansion. Diffusers inherently amplify the peakedness or
I’
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asymmetry of entering velocity distributions, and the ability
to suppress separation accordingly deteriorates with length.

7 8. A combination of diffuser dimensions and input boundary layer

conditions which has not been thoroughly vindicated by previous

investigations can be suspected of contributing to separation

and should ‘cc experimentally simulated and studied before
acceptance.

B. Selected Dimensions

-th~ dtheuoions ct the proposed main d i t h s~: ~_ -e hj c~~ in i~;. 17.

The dimensions are fixed mainly by the entrance requirements, the exit re-
quirements, and the length. The entrance dimensions in this case are deter—
mined. by considerations relative to the upstream skimmer-transition; these
are treated in section IV. Similarly , the exit reiuirements are fixed by the

desired perfomnance conditions in the downstream elbow , which are treated in
section VI.

The length of the diffuser is arbitrary and. should be a minimum con-
sistent with achieving a non-separating flow. Diffuser experience indicates

that a total internal angle of 7

0 as shown in Fig. 17 produces a rate of
area and pressure change which is recoguized as stable and conservative for

the turbalence mechanisms that are usually available. The diffuser length
is thus fixed by this angular selection. It should be noted that , for a
number of reasons , the model diffuser length is relatively shorter than

(about 83 per cent as long as) that proposed for the prototype.

C. Turbulence Mechanism

~~ 0~~~~~~~~~~~~~~ - - 

~- o - ~~~ - - c - ~-i ~- r -
~~~~:~ ~~~~~~~~~~~ 

- i-c~-cc  ~~~~~~~~~~~

servative based. on prior art , early studies of the velocity profile at the
downstream end of the diffuser disclosed major separation (see Fig. l8a).

the o- ~~c~a~;Loa - urred thom th:~ t~ and -~o - -~ es~ ~i~l y  ~c~ro f’7 o ~ in

-/c r l/~ o~ the cross 30 ton. ozudy c t  the ooooaole oous cc -oc~~~es co

the following:

1. In the mod-el the transition curve between the floor of the
test section and the floor of the diffuser began 7—1/2 inches
upstream of the beginning of the roof transition. This m ad-

vertent geometric selection involves pressure conditions which
could promote separation in the floor boundary layer.

-r
~., ~~ ,—~~~-—. -—-—-.. - ~~~~- -5 - ~ ~~~
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-: 2. As shown in the velocity profiles of Pig. 7, the boundary layer
on the test section floor was much thicker than the boundary layer
in the free surface. This initial asymmetry may contribute to
the separation.

3. As discussed- in sections II—G and Il-H , the general level of tur—
bulence in the c-ore of the test ~eotion flow is c-:-:treme!y low
because of the very high contraction area ratio employed. This
provides very little external stimulu-.3 to momentum exchange at

the boundary. Iloreover , the large contraction ratio is designed
to ~;orcera~e a minimal boundary 1oy~ o : h i n cj .  ~n
far lower than normal values of turbulence and momentum exchange
can be expected for the flow entering the diffuser in this case.

All the above potential sources of flow separation could possibly be
corrected for by an artificial increase in the mixing or ~xch ge at some

point downstream of the test section , but upstream of the diffuser. This
possibility has been studied using vortex generators as described in the
following section.

D. Vortex Generators

Various forms of devices have been used- in the past to generate longi-

tudinal vortices which appear to provide a desired mixing in a simple manner.

On the basis of an illuminating design stady’~, a vortex generator described
as a triangular plow was employed to correct for the observed model flow
separation. In the initial mod-el tests a single row of two model plows
was used. This choice followed the findings of Schubauer and Spangenberg~

-
. that a f-ow larte c~enerators in a ~t~i~-l~ row -~eneral1y ‘cooduo-e’i better

-
- 

~o :can -u~:ipic o~~- -i~ - 2  toeace: - ‘omoeL - o -:a_ th: - - .~ :a~o -o

row. In the model tests the two plows were made i/2 inch high, 1-1/2
inches long , and 1 inch wide. This arrangement yield-ed the test velocity

- c-o:11~ s -ho~r, Tths. ita ~ cd. 1<31). The ‘~rofile-~ in i~~;. ~~~ o-~~~ - c

ia:ora l :cmeory cu-ut acceo:ac~ e veLo~~-cies in the ricLci :y of cl- c ~~~~
The vertical profile was materially changed by the vortex generators , showing

— small but positive velocities near the floor, but still some aoymmetry and

*Schubauer, G. B. and Spangenberg, W. G . ,  “Forced Mixing in Boundary Layers,’
Journal of Fluid Mechanics, Vol. 8, Part 1, ~-iay 1960.
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conside oabl~ peaking. In order to improve the latter conditions , additional

model teots were conducted with plows 50 per cent 1ar~-er. These tests, as

is also shown in Fig. l8a, improved the floor velocit~- , asymmetry, and

p ikcthies~ in the vertical velocity profile , hut caused major separation
from the left wall as shown in  Fi g. 18b . It ap~ eared that the modest level

ct7 : -:cr~; o~ o’thcL i in t ii-~ -cuall-3r ole -i s waa a be t te r  c~-e :all oo 1 ution than

th~~t tu-ovided by the 1arc~er nlows. since they ecoentially eliminated- separa—

tion hil~ :in~ a on~~ler drag toll.

0 ~iLo~~~h~ vortex -~nc :c~oro - - -~~-e i~c~ to ri t-j tie ;-

i ‘~~. o-u-in J n  ~ t. 1). ~~~~i O x I O  i Oi t OYL ~~~-i/  c:e O c J < ariy i ’c t h, :rci,
anticipated, under low pressure conditions they showed very visible and

stable cavitating cores along the axes of the four longitudinal vortices that
were generated.

~iiui-er come combinations of pressure and velocity, considerable noise

could be heard in the diffuser. The noisy region was not visible , but the
noise was presumed to be caused by the collapse of the trailing end of the

vortex cavity as the vortex moved into the rising presou2e field of the dif-

fuser. It is believed that the noise could be readily damped by supplying

a oma!l quantity of a~ r flow to the topside of che vortex generators .

The possibility remained that the entire diffuser separation problem

coul d be satisfactorily solved by moving the ori$n of the transition in

the model to a downstream position beneath the origin of the roof transition.

Unfortunately, tim e did- not permit this revision, and so the smaller vortex
:-ener-ators were used. in all model operations. Thus it i~ not known whether

oth:-: - ; e r 3 2 a 0 3 c3 oho~rn oro~ ot~r’-e sioc in Ft~. 1~ 
- -~t1l b~ necessary.

-
- - t Lt - o  ~ o-’ ~~~J O ~~~~t 0 - :  - ~ecc — C

origin of the floor transition curve in the prototype , i t  j O recognized.
that there will be some flow changes due to bound.ary layer scale—up . These
- - -

~~~~~~~~~ j~~~~~
-
~~~~~ i 

- - -~~; rao : :c-c m ~ ~—~c -~~: ti ~~~~~~~~~~ 
— :r ~~~!

-_ i - _
~

~~~~ ti i c ~~ o ’ : .  -
~~~ ire , .~u ; io~ o- -~- nT:~J. ~~~ m~io~ -ou~i in 01y

be readily remedied by judicious trial use of vortex ~onerators. In view

of the significant drag contributions from the generators, it is not
roco~x-~ nd.ed that they be used until their necessity in the prototype has
been established. To this end. it is suggested tint the prototype difi oseo

provide centerline acceo-c for a velocity probe at the downstream ends of

3 all tur boundaries. Theoe could be short , snail—diameter probes for simply
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determining whether positive velocities existed near all boundaries. In
the event of velocity deficiencies, vortex generators could be bolted or
weld-ed to the appropriate boundary in the general manner shown in Pig. 15.
The velocity profiles shown in Fig. 18 relate to test section velocities
of approximately 30 and 50 fps.

B. &iergy Recovery

The relative ener~ r recovery of the diffuser was approximated for a
low skimming rate by appropriately evaluating the ener~~ flux per pound of
tic,., a t  t~~ ~-ntrcun c e ood o:-:i~ o~ the -diL ihiOCr . These ralue~ in.tL-cace
the diffuser is reasonably efficient. More specific data are given in the
head loss analysis of section VIII.

F~~ Surface Finish

The surface finish requirements for the diffuser are relatively high
in the high velocity regions of the upstream end and diminish toward the
downstream end. Quantitative values are tabulated in Fig. 39.
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VI . FIRST ELBOW

A. General Considerations

The flow turning elbows of a recirculating test loop are normally

employed to provide 360° of controlled turning action. For practical use

in a water facility the important requirements of an elbow design are energy

losses which are not excessive , reasonably compac t size , a minimum of detrimental

contributions to the discharge flow quality (in the form of velocity profile

abnormalities, large scale turbulence, flow instability, etc.), freedom
from c-r~-i caiicn , ar! a lur r  :u!~ ab1-e jar praotiaa± fabrioation. A 1-on~
history of study and development in wind and water tunnel practice has led

to the current satisfactory employment of the varied 90
0 
miter elbow.

For the proposed facility the first elbow is being treated separately

from the other three because of ito diff~rent shape and higher operating

velocity. The high velocities in this elbow are the result of foreshortening

the length of the main diffuser to improve the diffuser’s stability. The

higher velocities impose heavier hydrodynamic loads on the turning vanes,

and because of the low pressures accompanying the high velocities , cavita-

tion is possible. Due to the heavy vane loading in this elbow it was con-
sidered desirable to use a thickened profile rather than a bent flat plate.

The square shape of the first elbow follows from the square shape of the

preceding diffuser exit. Since it is considered unwise to expand the flow
in the turning process, the selected design has the same cross—sectional
dimensions upstream and downstream of the turning van~s.

B. Selected Dimensions

Thc sice of t::e -~1~ow cross oe-:tio~ o~ cho~n in sic.,- . j O a
minimum based on estimates of the largest tolerable velocity that might be

achieved without vane cavitation. The cavitation limit is in turn based

-n -~~c -t i -~r :~udies conducted at i~~. ‘ chosjr ?e.11s ir. -hi-ti t i  -~ s e-~ta’j —

liched -tiat the pressure distribution on the c.-ane surface nean-t a critical

value of 2.25 for the cavitation Sigsa based on the local mean velocity.

The shape , orientation , and spacing of the vanes were taken directly

from the earlier findings*, but the absolute size and number of the vanes
*
Ripken, John F., “Vaned Elbow Studies , ” Ch. 5 of Design Studies for a
Closed-Jet Water Tunnel, Technical Paper No. 9-B, St. Anthony Falls
Hydraulic Laboratory, Univ. of Minnesota, 1951.

~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .*.~~ • ‘ ~~ d ~~~ *5~ - * 5 S.. ‘ 
-

- ~~

-

~ 

- —  - - - ---—5- ----—-5- - -~~~ ~~~5- — -—--—--
~~~~~~—~~~~~-- --  - - - — --~~~~~

--
~~~

- 5-—.—- - - - - 5 - — - -- - - -



..———-- -—-- 7 “5- - ——5- ———-- --—--- ..—-;-—-“ 5-—
~~~~—T—-?r.—----- —~~~~~~~~~ 

—- —~~~~

are arbitrary choices bounded by the fac t that a large number of vanes would
lead to small and weak cross sections for the given span of 8 ft , while a

small number of vanes would lead to a large and stiff structural section , but

also to a coarse pattern of wakes in the flow with large flow end effects

or secondary flows between vanes. In this case 9 vanes and 10 vane gaps
were decided upon. The resul ting dimensions, ob tained by ~u1tip1ying

model values by scale ratios and. rounding off , are shown in Fig. 19.

C. Auxiliary Physical Features

1. Visual ~ccess

Viewing windows in the elbow are not necessary for normal operations,
but might prove desirable for monitoring special tests. Two windows positioned

as shown in Fig. 19 were quite useful in the model study.

2. Air Vent

Because the top of the elbow is above the test section, air will collect

at this high point when the tunnel is filled with water. For stability

of operation , all collected gas pockets should be eliminated. To this end

it is recommended that the top of the elbow be vented to the test section

with either a small continuous bleed or a larger capacity float-operated

valve.

3. Break Planes

To permit removal or insertion of alternate test sections it is recoin—

mended that a flanged. and bolted break plane be provided at the entrance

to the elbow as shown in Fig. 19. For purposes o~ assembly ±t may also

cc.~ sirabie to have a similar break Dlane at tie elbow exIt.  ~Lohoug1i

this is probably not necessary.

i Fabrication -and Surface Finish

rIrl.1C exterior pressure walls of the elbow are expected to be a welded
assembly of flat and rolled plate. The vanes can be either a welded assembly

of rolled plates and a formed nose or a cast or forged assembly. The pre~
fabricated vanes are presumed to be welded to the walls.

Design values for the water load on the vanes should be computed for

a local velocity of not less than 35 fps. The model vanes , which were cast
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bronze bolted to the housing walls , operated at local velocities up to 143
fps with no evidence of noise or vibration.

Because of the high velocity on the vanes and the accompanying
potential for cavitation and- flow separation , smooth finishes and close
adherence to dimensional values are necessary. Lower velocities and.

simpler shapes permit relaxed requirements for the housing walls. The
required surface finishes are listed in Fig. 39.

B. Observed Velocities and Cavitation

The velocity profiles for the flow entering the elbow are -the same

as those for the flow exiting from the main diffuser. These profiles are

shown in Fig. 18 and discussed in section V.

The velocity profiles for the flow downstream of the elbow are shown

in Fig. 20. These profiles appear quite accept&cle, as do the energy loss
values calculated from the profiles and summarized in section VIII.

With the velocity data of Fig. 18 and the previously established
critical Si~ na value of 2.25 for the vane , computations can be made to
determine the vane ’s probable susceptibility to cavitation. Such cavita-

tion should occur, if at all , with the highest test section velocity——lOO
fps—-and the lowest operating test section pressure head , or about vapor
pressure. For such computations the data of Fig. 18 relating to V 50 fps

with the 1/2 inch vortex generators are most pertinent. These data show

about a 142 per cent ratio of mean to maximum elbow velocity. For the given

dimensions this gives a maximum elbow velocity at the varies of 35 fps.

If a Bernoulli equation is written between the centerline of the test
section and a saint j ust upstream of the ~~~~ using inc ~oove data ~md na

aouropriate va .ue of diffuser head lo~~ from the enerry surma~~ of sec icn

VIII , local pressure conditions at the elbow can be computed. If this local

pressure and the local velocity of 35 fps are applied in the expression
‘2

= 
~~~~ 

— P 1- ’~/h /
‘2~~ a Tu na ~aiu-e o -u’i be csmput e~1. For :~3-S e -arm —

ditions ci will be several times greater than the critical 2.25 cited

earlier. Hence the possibility of local cavitation on the vane does not

exist. This conclusion has been confirmed by visual observations through

the elbow window under high speed conditions . Cavitation is suppressed

in this case primarily by the large pressure regain through the diffuser.

While cavitation does not appear to be a problem in the elbow when it is
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I

connected to the 3 ft by 3 ft high—speed test section of Fig. 3, the alter-
nate low— speed test section routes much more flow through the elbow and. has

a diffuser which provides much less pressure regain. Cavitation may or may

not be a problem , depending on the velocity profiles issuing from this dif-
fuser. The current tests did not extend to the alternate test section.

I
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VII. r~ WNC0I -~ R

The downcomer has three principal functions:

1. It accomplishes a shape transition from the 8 f t  square cross

section at the elbow discharge to the 8 f t  + circular cross

section at the pump entrance.

2. It provides the necessary cross—sectional area change between

the elbow discharge and the pump entrance.

3. It pr-jvides a diffuser connection for returning the skimmed.

water  flow to the main recirculating flow.

A wide variety of shapes and dimensions could. be employed to accom-

plish the flow functions listed above . The final selection depends very
much on the size of the pump entrance or suction and on the form of elbow

used in the pump. Since these dimensions will remain to be established

later by the pump builder , this discussion will relate to the model tests ,

which employed an available 214 inch diameter pump . The configuration of

the downcomer suggested by these tests is shown in Fig. 21 wi th prototype

dimensions.

From the dimensions shown it is apparent that the flow generally

contracts in going from the elbow exit to the pump entrance. More energy

economy might have been obtained if the elbow had been made smaller.

However , because of the potential for cavitation in the elbow vanes during
operations with the large alternate test section , the elbow dimensions

were inc re ased to those shown . Thus the shap e transition at the top of

the downcomer also serves as a mild. contraction. In the model, the shape

-
~~s 

--reid faorica ed from uiijed, br e—fo ~
-.- ’ ed ~sr ner t ienes 5 - t i

triangular flat gore plates. The lower portion of the d-owncomer was made
in a simple cylindrical form.

B:oak olanes a~i-s probably not essential Ln the ~rotot~~c fish tabri— a
ca;~ori or for future use of the do~ ecomer itself, but it uay be desirabie

-
~~ to include a break plane at the top of the downcomer where it joins the

elbow. Field assembly of the pump and. possible future pump maintenance

needs wall probably make it desirable to include a break plane at the

pump entrance.
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The details of the str.icture which diffuses the returning skimmed

flow into the main flow of the downcomer are shown in Fig. 21; the structure
is associated with the return system sketched in Fig. 16. In these two

- figures the skimming pump discharge pipe bifurcates just above the control
-: valve , thus slowing the flow. These two pipes discharge into the large

- cylindrical portion of the downcomer just below its junction with the
- shape transition. The two pipes are arranged so as to be both normal to

and symmetrical to the large pipe at points diametrically opposite each
- other on this pipe. Within the large pipe the exits of the smaller pipes

-
- 

~~~-e shrouded by a steel liner cylinder which constrains the skirmed fThw
-~~ to pass up and over the shroud plate or axially downward. at the bottom.

- 

- 

This provides two exits for the flow , both through 3/14—inch—wide throttling

slots in an axially downward direction. Area restraints in the exits
force the flow to become somewhat uniform around the peripheral slots.

t.

No detailed measurements have been made to evaluate the output
-~~ quality of the diffuser , because Pitot velocity profiles made just above

- the pump intake in the model have indi cated an acceptable general distribu-

tion of velocity. Dimensional tolerances and surface finishes are not con-

sidered. critical; their values are listed in section XVI.
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VIII. E~BRGY A~D PtJMP REQU REM~~TS

A. General Considerations

The function of the recirculating pump in the channel loop is to supply
energy to the water in such quantity and. manner as to maintain the desired
fthw conditions in the facility test section. The primary problems j~
arriving at the best selection for the pump are

1. Establishing the maximum or critical performance demanded of
the rump ln terms of discharge and head necessary to satisf y
the operational requirements of the facility.

2. From the established demands and prior art , determining the
preferred type and size of pump .

3. Examining the performance characteristics or criticals of the
selected pump with respect to its suitability in satisfying the
facility flow needs at other than high or maximum flow rates.

Important secondary requirements to be considered are

1. That the velocity of the stream discharging from the pump be

as precisely controllable and as free of fluctuation or drift

as possible. Since the flowing mass in the channel loop is

very large , the mass inertia or flywheel effect is also very

large . Because of this, short time variations are not con-
templated , but long-time drift could be generated by various

sources. It is assumed that suitable controls in a variable
speed drive could adequately counter such drifts.

? . That iow in he tes’ sec ;iori -e sub s n:!-o~~i j free a:’ ~ o~~a--

tion. Such rotation is suppressed rather than generated by
most of the tunnel circuit components aside from the pump.

-hrmain tyres of ~munps , ::o~ t nota~~.f the ~x!al fls-i ; :;De ,

iniaerenti:j -~- onari~ute rotation to their discnargi~~ f iow ~~~~~-

less fitted with corrective vaning. Specifications should

require that the vaning correct most of the dischargo rota—
tion at all rates of flow. Pump discharge rotation is prob-

ably of less importance in the proposed loop of Pig. 3 than
it was in previous NSRDC tunnels because of the substantial 

~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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rectification provided by the proposed. new air separator

and its diffuser.

3. That normal channel operations be possible with the pump operat-

ing at a relatively high energy efficiency. This is important

not only for conservation of input energy and reduction of

thermal build-up , but also because low efficiency introduces

pressure pulsations or turbulence as a by-product of separa-

tion and vorticity.

‘4. Thai the pump be as free of cavitation as possible. This irrlies

not only to the substantial cavitation that could. yield reduced

performance , but also to any minor local cavitation that might

produce significant background noise in the channel system.

In considering the above requirements it is important to appreciate

that the pump for the proposed facility will be a custom-built machine of a

type that can be supplied by only a few specialized makers . It is unlikely

that any maker has supplied a machine that closely duplicates the needs of

this pump . It will , therefore , probably be necessary to require model
studies by the pump maker to clearly establish his ability to meet the above

requirements. Since the desired information is not available to the consumer—

engineer prior to such tests , he is confined to formul ating somewhat idealized.

specifications which the maker may or may not be able to achieve precisely.

D 1’.~ -..---.-.- U .-~~~ 1)
. ~~~~~~~~~~~~~ ~e~a ~~~~

The maximum discharge requirements of the channel pump are fixed by the

test section size and the maximum test speed initially specified hy NSEDC .
- .~~~ Liscus-se .i .- -~:hie: , ~o -~-~ t sec ti-~ns ~ere - :ms i i~ r-ed : ~ssen~iai j  a

by 3 ft ~est section ;~itn a maxi~~cm ~sean velocity of 100 fps and a discharg e

of 900 cfs and a 6 f t  by ‘4 ft test section with a maximum mean velocity of
5f l  ~-~s and a dischar ge of ~2OO cfs .

2h~ head. a~ alns~ which the pump snouir3. opera;e woui J. be var±aole and
would depend on the selected discharge. This head is a function of the
desigu flow efficiency of the total channel loop constituted of various loop

components. In an attempt to evaluate the ma€nitude of the total energy

head requirements for the purpose of preliminary pump desigu, prior art was

examined for the energy losses which might be contributed by each of the

3. major flow components of the channel circuit. This background involved p ipe

~~~~~~~- 

_ _ _ _ _  

- 
~l’

- - - -~~~~~ 55~~

~~~~~~~~~~~~~~~~~~~~~~~~ -~ ~~~~~ . - - - -

— -- 5- _____ ’________&__._______ -___
~ J_____~ __t____A —--— 4—----— - - —.5-— —-5- —5-- ___ _s_ p - ._. - -~~~ 5- ~~~ - 

_A



- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -- --—----

— 51—

friction theory , related. component studies for wind tunnels, and. previous

water tunnel studies, most notably those done at St. Anthony Falls for the

development of the present NSRDC 36-inch water tunnel. In addition to

prior art investigations, limited special experimental tests were conducted

under the current study to evaluate head loss in Lhe i~ew type of separator

and diffuser and in various components of the model channel . The informa-

tion obtained has been summarized for the proposed new facility in conformance

with a metho d developed many years ago for wind tunnel studies. According to

this metho d., energy head values are determined and expressed for each sig—
- 

- ~iificant individual energ~r coaponen~ of the 0h3n_-lel lsop and. :hese compo-

nents are then summed to yield the total energy needs. To facilitate corn—

parisons , all losses computed by thi s metho d. are arbitrarily expressed. as a

portion of the kinetic energy that will exist in the test section jet at a

given velocity.

The test section kinetic energy per pound of water, E, is given by
2~ . . -E = V0 ,2g where V

0 
is the mean test section velocity in fps.

The total energy of the test section flow, expressed in horsepower, is

UP = Qj’E/550

where Q is the discharge in cfs and can be expressed as Q. = V A 0 where

A0 is the cross—sectional area of the test section and ~‘ is the specific

weight of fresh water (y  = 62. 14 lbs/cu f t ) .

For the maximum desigu flow of V
0 = 100 fps in the 3 f t  by 3 ft test

section the jet energy is

- - 7 _  - /

- ~
- 

-=  3 ~ 5) h 2 . L  x iG~~,/~~ j1 550 -~~ ~~~~~~ 

The rate of energy input required. to maintain the above jet energy is

the summation of the losses of the individual circuit components and. can be

~ co res3ed ~.s

= V0A~~[~~ K0 V0
2
/2g]/550

In using experimental data to establish K in this equation , it
is usually convenient to first interpret the local loss of a component as
K~V 2/2g, where V~ is the local mean velocity through the effective

‘5
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cross-sectional area A~ of the particular component . These local energy
head loss values can be normalized to the K

0 base by employing the dis—

charge continuity equation

Q = Q V  = A V-n n  0 0

This leads to a relation between local loss expressions and the loss expression
in terms of test section values of

= K ( A / A ) 2

On the basis of this method of summarizing the energy demands , the K
values for the various circuit components are tabulated in Fig. 22 for bo-bh

the 3 ft  by 3 f t  test section and the alternate 6 ft  by ‘4 f t  test section.
These values relate to the prototype dimensions of Fig. 3.

As previously noted., measurements were made of the velocity profiles
and pressures at various locations in the model channel for head loss evalu—

- -
, ations. These measurements were made at the entrance and exit planes of the

first elbow , at the entrance to the pump elbow , immediately downstream of the
pump diffuser , at the entrance and. exit of the lower leg elbow , at the
entrance of the upcomer elbow , and in the air separator. The velocity pro-
files were integrated to obtain kinetic energy correction factors , a , at
each of these locations. The total head. loss then determined was divided
into two components , a form loss and a friction loss. Friction loss was
calculated for the model channel component and subtracted from the total
loss to obtain the form loss. This form loss was assumed to be independent
o~~ .— - e l o c L l y  (an assumption generati :] -rali-d.aiea o-r tha asuremenca) ,  3ca~ e -i

-~o the prototype , and added to the calculated friction loss in the Drototyre
based on a 250 rms surface finish. Losses in the test section were calcuJ ated

using skin friction coefficients from two—dimensional flat plates \-lith the
— cria~e ~urface -irea :-ind :2ou~hzi-ess.

- It should. be further noted that some of the components in the small

scale channel are not truly models of the prototype. Thi s is particularly
evident in the case of the main diffuser, which will have a higher area ratio

in the prototype than that modeled as a result of including the possibility
of the larger alternate test section. The loss coefficients shown in Fig. 22
for the main diffuser are based on the model measurements for form loss with

- 
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added friction losses for the higher area ratio di ffuser. Elbow values were

ext rapolated. from the model measurements. These values are subject to question ,
as a change in the diffuser will also pro b~ibly resul t in a change in the loss
in the elbow due to mutual interactions. However , the form loss in the mo del

diffuser was higher than expected; this was assumed to be associated with
the desi~~i of the floor transition, as previously :~entioned. ~urthermore , the

drag of the vortex generators installed in the icodel ~-;as not subtracted due
to the difficulty in estimating the drag under various flow conditions. Thus
the tabulated diffuser values are felt  to be conse~~ 3ti-r~ .

It should also be noted that the energy loss values are ~iven for coth
the bare test section and a test section fitted with a high drag test body.

- - For purposes of calculation, the test body was assumed to have a diameter

one—sixth of the test section dimension and a drag coefficient of 1.00 . In

addition, the test body was considered to adversely influence the diffuser

loss .

In the model, los~e~ were measured in the main diffuser with the test
body shown in Fig. 6 installed in the test section. This body added a loss

to the flow circuit of about 0.015 11
0
2/2g. Measurements at test section

velocities of about 30 and 50 fps indicated that the diffuser loss remained

essentially the same at 30 fps , but actually decreased slightly at 50 fps
rather than increasing. However , time did not permit further investigation

of this effect , and. thus for calculation of the prototype losses it was

assumed that the form loss in the diffuser was increased by 50 per cent due

to the presence of the test body .

The energy u s c  coei’f~.cients for the :~~iennate 6 ft Ty ~ f t  test sect ion

ha-re been ~caied from the rodel tests wherever possible and caiou a;ed in
- 

- other components. The form loss in the main diffuser was assumed to be

slightly lower here than in the high—speed test section.

the Ie~erm~na~ion and study of the values for var:ous -~iamen~s

of the channel lead to an insight into the influence and importance of

component energy efficiencies. From this it can be concluded that most of
the losses occur in the upper leg of the channel loop. However , it should

be noted that additional insight into the total channel energy demands is

obtainable through determination of a parameter known as the “energy ratio .”

t This quantity is sometimes defined as the ratio of the external power i nput —
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r ’ ~~~~~to the power of the test section jet. For the current estimate it will be
assumed that an electrical drive delivers 95 per cent of the input energy
and that the pump efficiency is 85 per cent at maximum , but possibly only
80 per cent for test conditions. To provide additional insight into energy

demands , values of thi s energy ratio have been added to Fig. 22 and input
electrical energy curves have been added to Fig. 23.

The calculated head-discharge curves based on the estimated losses in

the prototype are plotted in Fig. 23 for both test sections with and without

the tes t body. Maximum head required for the high—speed test section is

about 5’4 f t , while the alternate test section requires about 20 ft.

C. Pump Cavitation

Since the facility is desi~~ied to provide relatively severe cavitation

conditions in the test section, all tunnel elements in the low pressure
region between the test section and the pump should be suspected of’ oporat..

ing with possible local cavitation problems . The pump is particularly sus-

pect because of the high relative blade velocities that are involved in its

operation. To prevent such cavitation the proposed tunnel circuit must be

- 

- 

examined relative to the discharge—pressure conditions that will exist a-L

the pump entrance for projected operating conditions. This available pres-
sure must then be checked to see that it exceeds the suction pressure require—

ments of the proposed pump . These comparisons are most effectively made by
employing suitable cavitation i values for the tunnel and the pump . The

pump c value required to avoid cavitation as employed herein is given by

0 = 

-

where P = absolute static pressure at the top of the pump impeller
S in lbs per sq ft

- ra co :- ~reosure -n ~cr so—- p - - -

= specific weight of fluid in lbs per cu f t

H = head added by pump in f t

Application of the above index shows that the least tolerable value

will occur when incipient cavitation exists at the crown of the channel
diffuser transition (desi~~mted. by the subscript d.) . Using this point as
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a minimal pressure source, the pressure at the top of the pump impeller at

the pump suction (designated by subscript s) can be computed by relating

the pressures at these points threugh a Bernoulli energy equation thus:

V 2
d d s sa — + - - - -+ Z  - h  = a  ~~~~~~~~~~~~d 2g y d £ s 2 g  ~ s

‘~there a = kinetic energy correction factor

P = absolute pressure in lbs per sq ft

V -~~an velocity of flow in fps

Z = height above datum in ft

h
t = head loss between d. and s

For calculation of a it was assumed that ad = 0.9, a = 1.1,
A8 = 42.3 sq f t , arid 

~d 
P~~ . The area of the pump suction was determined

using an 8 f t  diameter pump with a 140 per cent hub-diameter ratio. The

other terms were taken as - = 33.71 ft , Ad. = 9 sq ft , and ht =

0.215 v~
2/2g for the high—speed test section and. - = 34.21 It ,

Ad 24 sq f t , and. ht = 0.240 V~
2/2g for the alternate test section.

The pump head. was assumed to be midway betweelL the bare channel and test —

body curves of Fig. 23.

The result ing expressions for a are

o = 2.02 + 107.5
V~~~2~

for t~ e V ft by 3 ft t o s h  section and.

7l.d

Vd /2g

f~~: tb-a 6 fh~ ft t -
~~~j t  :ec~~on . these curves ~tre oio~~ced in -5i~ . as

- 5 -  a function of pump discharge. The question is now whether the prior act of

pump design can be expected to define a pump with cavitation susceptibilities

that are better than these facility potentials. ~~cact values of a pump ’s

cavitation tolerance are best defined, through model tests of the particular
machine to be used.
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IX. LOWER LEG

The lower leg of the tunnel is a simple cylindrical pipe connecting

the discharge end of the pump diffuser with the entrance to the third
elbow. Its size is not critical and is a loose compromise between initial
installation costs and ultimate energy operating costs. The selected

diameter of 11 ft as shown in Fig. 3 operates with a mean velocity of 9 5
fps for maximum flow in the small test section and about 12.5 f ps for
maximum flow in the large alternate test section.

The lo~-er leg i-s the lowest part of the ‘ftornel loop, and channel
- 

drainage should. be provided at a convenient point along its length.

I
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X. UPCOMER MiD ELBOWS

The upcomer pipe and elbows three and four serve as a connecting flow

conduit and turning structure between the lower and upper legs. The conduit

size , like that of the lower leg, is not critical, and. an 11 ft diameter,
the same as that of the lower leg, has been selected.

The two elbows involved. were designed according to the same basic con-
cep ts as the first elbow , which was described in section VI. However , the
design is somewhat different in that elbows three and. four operate at a much

lower velocity and are housed in circular rather than scuare sections.

This leads to quite different vane structural loadings and end. attachment

geometries. Although the same type of thickened vane used in elbow one

could have been used in elbows three and. four, that type is believed to be

more costly than a bent plate type of vane. The bent plate type is equally
satisf actory from the standpoint of’ flow considerations provided support
struts can be kept few in number. The thin bent plates are structurally
weaker than the thickened vane and usually require intermediate supports.
These supports , like end supports, generate secondary flows and. energy

losses and should be minimized. However, using one or two intez~ediate
supports would not seem to create a serious problem. Figure 25 shows the

bent plate assembly used in the 24 inch diameter third elbow of the model

channel (also used in elbow four) . In this removable vane assembly the

vanes are supp orted solely by the two struts without end. attachment
to the tunnel walls. The assembly provided good flow turning and. head

loss values.

A layout for the type of vane shown in Fig. 25 is given in Fig. 26.
De~-ailed dic~ar..sions will result from adapting ~hiz l~i~-~’~t ~o ;ft-en ?l-~~.

an arc! trary number -of vanes; this number can range 2:om ~bout 3 to !~~~~ .

Structural studies of the hydrodynamic loading on the vane should assume a
water velocity of no less than 150 pe r cent of the maximum mean f low

~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - _ _ _ _
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XI. SCREEN DIFFUSER

The function of the screen diffuser is to reduce the relatively high

velocity of the recirculating conduit flow to the very low values required.

for air removal in the separator. As was stated in section X, the velocities
discharging from elbow four will have average values as high as 9.5 fps
for the small test section and up to 12.5 fps for the alternate large
test section. The corresponding value in the separator has been fixed

as 1.0 fps for operation with the small test section. In consequence the

~~~arato r !iffu ~er is rei~.ireri to have an area e:cpansion ratio of 9 .5.

The selected diffuser area ratio is a very large value in terms of the

prior art of simple conical diffusers and would. moreover require a very long -
:

and. costly structure if the usual low included. angles of 5 to 10 degrees
were used to achieve good energy recovery. As en alternative, considera-

tion might be given to providing a very rapid expansion with a compact ,
low—cost structure that entailed acceptable energy losses. Because the

entering flow in this cas€ “as a moderate velocity of only 9.5 fps , the
resulting available kinetic energy head is low (1.4 ft) a.nd. the head loss

at most will not be serious if an adequate and simple short diffuser

results.

In this case the short diffuser adopted follows the ‘work of Schubauer
and Spangenberg* with supporting data values for perforated plates rather
than screens drawn from the work of Baines and Peterson~-’~. Based. on these
papers a short conical diffuser wi th an internal angle of 900 was selected
for the outer housing. Within this housing, four planar screens are to
be s~aced as shown in Fig. 27. Each screen is to consist of a metal

~~~~~~~ ;
—‘ ‘ii:b ~~~O2a ;~ d c~ r-~uL~ r —~o~~is ~aiirg a L:j ~ m ~~.;t ~~rrr

approximately 42 per cent of the total area is solid.

In the model diffuser these needs were satisfied by a commercial
- - - -

~~~i witb i/i~ inch r-n~nd holes on staggered 5/lb inch centers . This

~~roen was aad.-a of 0.037 inch thick stainless steel. To facilitate fabri—

cation , installation , and possible removal , the perforated sheets were
-a

*Schubauer, G. B. and. Span.genberg, W. G., Effect of Screens in Wide Angle
Diffusers, NACA Technical Note No. 1610, 1949.

**Baines , W. D. and. Peterson , E. G., “An Investigation of Flow through
Screens,” Trans. ASME, July 1951.
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assembled. in elements as shown in Fig. 28 (a) and (b). In these welded

elements , support plates and bars stiff ened the thin sheets against hyd.ro—
dynamic loadings. The individual elements were bolted to the interior of

the conical housing and to each other as shown in the partial assembly

of Fig. 29.

~‘or the large prototype it is suggested that a somewhat similar

unitized construction be used. For this construction a thicker plate

with large holes would be advantageous, and holes up to 3/4 inch in
diameter and plate thicIa~ess no greater than 1/8 of the hole diameter

would be acceptable if the solidity ratio were in the range of 43 to 45
per cent. In no case should the solidity ratio exceed 50 per cent.

Perforated plates with larger holes are commercially available.

The prototype assembly should be such that gaps between assembly

elements and between elements and the conical housing can be covered or

packed in the field assembly to prevent excessive local blow-by.

In the model studies, Pitot cylinder velocity traverses were taken

just upstream of the fourth elbow and current meter velocity traverses
were taken just downstream of the fourth screen to establish the action

and flow quality of the diffuser. The traverses run just downstream of
0the screen were on a diameter at a slope of about 45 running from the

upper left to the lower right in Fig. 29. Figure 30 shows typical

velocity profiles for the upstream station, and Fig. 31 shows typical

profiles initially obtained immediately downstream of the fourth screen.

The irregularities of the profiles are due to local wakes of some of the
structural members supporting the resistance screens . Most of these

i~~~~ea ~~~~ er~cecteci ~o der~a.j befo re the flo .~ O n t C c S  the ~as e~arator.

The profiles of Fig. 31 were very undesirable in that a substantial

part of the flow had a much greater than average velocity. This was not

a desirable condition to impose on the downstream-gas separator in which

io~:-ü v~looities exoeeding one f ps wo uld p roduce carry— through -~f ~as

bubbles in excess of the desired. size. The profiles indicated a defici—

ency of resistance capability in the central portion of the diffuser.

In order to flatten the mo del velocity profiles downstream of the
- 

- diffuser, resistance was added to the four center elements shown in

Fig. 28 (b) .  This was accomplished by simply overlaying an identical

screen on the upstream side of the initial screen and displacing the two

~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ ~~~.- - - - - a -- * , - — ~~~~ -‘—- ~~ 
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patterns of holes to decrease the effective hole area. This area change

was slight , as the maximum recommended solidity ratio is 50 per cent.

Velocity profiles were obtained after this modification to enable

assessment of the improvement in profile flatness. A definite improvement

is indicated , as shown in Fig. 32. The irregularities due to the wakes

of the structural members are of course still p~~sent. The performance

of the screened diffuser in terms of both the flatness of the profile and
the acceptable overall performance of the gas separator is considered

satisfactory. The nature of the flow is such that scale effects should be

negligible , and pro to type performance should be equally aoceDtable .

It is quite probable that the prototype installation will require

in—place resistance adjustments similar to those which were necessary in

the model. For this purpose it is suggested that an additional layer of

screening be provided together with attachment and. adjustment features.

A resistance increase across the central 30 to 40 per cent of the diameter

is considered adequate. In addition to the screen provisions it will be

necessary to provide an access hatch for entry to the space between the

screens and the air separator. Support and access for velocity profile

instrumentation will also be needed.

Eh-iergy losses for this diffuser are difficult to evaluate separately,

but the satisfactory overall energy requirements indicate that the diffuser

is acceptable.

The surface finish of the diffuser interior is in no sense critical

because of the high turbulence being created by the screens. The screen

elements of the diffuser should be adequately stiffened and reinforced.

~T~~~-ato~~- coalitions have been roror~ed f-sr asue ccr~~ns, al~ho’~~h no

evidence of vibration was obse~ red in the model tests.
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XII. AIR SEPARATOR M~D FLOW STRAI GRTEUER

A. Air Separator

In earlier parts of this report the need for control of the free gas
content of the test section flow was described and data evaluating certain

of the test section air characteristics of the model of the proposed
channel were included. In this portion of the report the components of

the tunnel which provide major control of the free gas will be discussed

with respect to function, rationale, conf iguration, and construction.

For the pcocosed new acility the specifith rari~-e of test section test

conditions requires that the free air content range from a value of zero to

about 10 volume parts per million at test section entrance to 3000 or more

vppin at exit. quite obviously, something in the channel loop must separate
out and reject this excess of air. It is the objective of the air separator —

component to do this.

A variety of mechanisms can be employed to separate free air bubbles

from water, but as mentioned in the earlier feasibility report for this

facility*, a gravitational separator was used for the study. The particular

form of gravitational separator that was used. was a tube type developed. at

St. Anthony Falls and first reported. on in 1958.

A gravitational separator depends on the fact that the unit weight of

free air is only about one-tenth of one per cent of that of water. This

provides an inherent gravitational instability and tends toward phase separa-
tion whenever free air exists in water. The separation of air bubbles from -

water is closely tied to the physical size of the bubbles involved. The

size is in turn au!te dependent on the previous hLs to~~r of he bubbi~~. It
rho~il-l be ac ted t~iat a thIole exi~t~ as a finite ~nti~ -r in ;-;ater because of
an inherent interfacial tension force. This force is sufficiently strong

that several small bubbles coming in contact very readily coalesce into one

1ar~e buthle, ~rid continuing ~‘~mwth by this rroo-ess fli~uL o

* in quiet water. The inherent surface tension of water is too weak to resist

mechanical shear of any consequence. Hence gravitational separation of air
will be promoted. by the provision of regions of low shear or low velocity.

In such regions the rate of separation of the air is dependent on the rate at

* 

_______________________________Ripken , J.F.; Wetze l , J .M. ; and Schiebe, P.R. , A Hydro&ynamic Feasibility Study
for a Large, High-Speed, Variable Pressure, Free Surface Water Test Facility,
Memorandum No. M-132, St. Anthony Falls Hydraulic Laboratory, Univ. of Minnesota,
April 1972.
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which bubbles coalesce and rise. A study of the nuclei air bubble needs of

the test section indicates that bubbles having rise rates between about one

and 30 cm/sec are in the range that a gas separator should seek to remove.

Removal can be accomplished by providing a quiet flow channel or conduit in

which the dimensions and detention time will permit the smaller bubbles to

rice -to the -top for collection or removal before the water exits from the

conduit.

For a large quiet flow in a single conduit of considerable depth, the

required detention t ime for removal of all bubbles of a specified small size

w Lll a-�~uire a vea~r targe length. A~ fairl y stmpi-e approach to ~- uain~ the

size of the separator is through subdivision of the depth into a large number

of units , each having a small vertical dimension. In the St. Anthony Falls
- 

— 
separator the depth reduction is achieved by breaking the total cross section
into a large number of tubular passages of small depth. The selected tube

configuration represents a compromise between shapes and sizes which might

be preferred for flow control and those which could be practically fabricated
- 

-
, and assembled. for mass installation in a large flow facility. The shape, size,

and orientation were selected based on early comparative trials .

-~~ A flow tube with a crown shaped. to a sharp inverted. V, in which a thickened

boundary layer developed, was chosen. Bubbles which managed to gravitate upward

- 

- into this boundary layer were exposed to relatively low velocities and a
• weakened transporting system. With the tube axis tilted downward in the direc-

tion of flow , the bubbles coalescing in the crown of the tube were subject to

a gravitational—force component acting upstream along the top of the tube.

With appropriate adjustment of the tube slope and the mean flow velocity,

it ~~~j~~~~~-ec establiched tha t it is ni-ac~ ii~ai to T2-rraote t-ae s l s ~ tsn ea~.

ups tre~~ movement of nearly all but the smali~st si:os of cubsics ~iassing
through the tube. To promote general collection of the bubbles, the m d i—

vidual t-ibes are provided with holes near their urstream ends. These ~cles

~~ ~-r~ ~ot ite :-uhcbe3 no rin~ up~ aa-d. -~iu n ~ he tuoc c :qwn and bloed ~~~
one tube to the next above. With a stacked bundle of tubes the bubbles even-

tually gravitate up to a ceiling plate from whence they are bled off laterally

and vertically to the crown of the main separator housing and thence back to
the test section.

Pilot studies of various tube configurations and arrangements led to

3’ the use of commercially available corrugated fiberglass-reinforced plastic

~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ 
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sheets stacked to pro duce the desired tube arrangement as shown in Fig. 33.
The corrugated material was in this case approximately 1/16 inch thick with

a corrugation pitch of 2.67 inches and a corrugation depth of 7/8 inch. To

permit gas migration, the corrugated sheets were fit ted with seven saw slotted

holes of 1/4 inch width , 1/2 inch length, and 2 inch spacings beginning 1/2
inch from the upstream end of each corrugation. The sheets were riveted to-

gether with aluminum rivets near both ends and. at various intermediate points

to form bundles as shown in Fig. 3Li~. These 27-inch-long bundles were stacked

in a grid. of metal separator plates (see Fig. 29) which positioned the bundled

-tubes at an angl e of 20 degrees with the horizontal. The sides of all ‘cund2~ss

which abutted the vertical metal separator plates were terminated with a flat

sheet of fiberglass—reinforced plastic riveted to the side of the bundle.

This permitted air capture in the last half-tube units. The terminal flat

sheet can be seen in Pig. 35.

The available fiberglass—reinforced plastic sheets were not uniform in
dimensional pitch and flatness, with the result that the contact lines between

neighboring corrugations did not all meet perfectly. To prevent air leakage,

the cracks were closed by additional riveting and. by sealing with a caulking

gun type silicone sealer.

Later studies in the model indicated that random carry-through of larger

air bubbles could be materially reduced by locally adding additional flow

resistance to the inverted V at the crown of each tube. This was accomplished

by placing a small stretched spring in the V as shown in Fig. 33 and clipping

its end. hooks to the fiberglass-reinforced plastic. The spring was made of 
-

0.015 inch stainless spring steel and wound to a diameter of 1/4 inch. The

- fhtly wa-md. srrin.~ coils had a snacing ~f 1/8 inch ‘-‘hen stretched in place.

~hac zpacLng rro~rided ready v9r~tioai access for he ~o1l-cctaon ana -c iesceaoe

of the air bubbles at the tube crown, but impeded their downstream longi-
tudinal transport .

ih- s t -~~~~~ cn~ ~~ome;r:o~.l features of tho model t~aaej a~-c scal~l u-~ fob-

prototype use by a factor of 4.8. However , it must be stressed tha t this does

not apply to the dimensions of the air separator tubes. The dimensions of

these tubes are essentially absolute and remain fixed regardless of the

tot al size of the facility in which they are used..

In the model , the tube bundles were made up in approximate cubes about 27

t inches on a side and were shaped to conform to the confines of the cylindrical

p 
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housing of the separator. The 27 inch length of the tube bundle must remain

fixed , but the width and height dimensions are not critical . The dimensions

used in the model were convenient for external shop fabrication and for field

installation. In the prototype the separator housing is to be 34 ft  in diem-
eter , and a substantial number of tube bundles will be needed to fill the

cross section. It is suggested that the height of a tier in this assembly be
no more than about 3 f t .  Tiers higher than this may be subject to gas over-
loading in the upper tubes of the tier under heavy gas loads in the channel loop.

The horizontal memb ers of the grid of the metal plates (partially shown
in ft~ . 2)) which serv e o shelve the tube ~~dlc~ a~nio :~~r-re L2~ c :cr
ceilings for an individual tier of tube bundles. Air gravitating upward out

of the tube bundle rises to the sloped. ceiling plate and. then moves upstream.

In the mo del the ceiling plate was terminated. at the upstream edge with a
bent lip as shown in the partial assembly of Fig. 35. The bent lip serves to

collect the air escaping from under the roof. It does this in a horizontal

l-inch--by-5-inch lateral which conveys the air offside to a peripheral sheet
metal duct running around. the inside of the main housing (light area at top

left in Pig. 35). A partial assembly of this peripheral duct is shown in

the model in Pig. 36. At the top of the separator housing, the peripheral

duct spills its collected air into a dome on the housing roof from whence it

is bled back to the test section. At the top of the separator housing, where

- 
- an air-water interface normally exists, the wall of the collector duct is

perforated to allow free flow of the air to the roof dome. The appended roof

dome needs to provide only a relatively few square feet of free surface and. a

modest volume. As will be discussed in section XV, a larger free surface
would sometimes be used for control purposes, and. this would be maintained in

-t-~-~ -;-oner portion of the ft housing stru c ture rather than in the ~cof 2rme

proper.

The bent—lip collection lateral also proved to have other benefits.

Pi-~ct. it tended to impede flow and locally reduce velocities just hel-s ,~
t~ e ceiling and anus to promote aar transport upwara aiong :ae celL1ag.

Second., it permitted the leading edge of the tube bundle in the tier above

to be advanced upstream by 5 inches. The stepped front on the tube bundles

permits a shortened length for the assembled 34 ft high stack as shown in the
total assembly of Fig. 37.
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The grid of me+ al plates constituting the support system for the

tiered bundles of tubes should provide a minimum of flow obstruction and
an assembly system permitting re-entry to the screened diffuser area.

External viewing ports, interior lighting, and an access hatch should
be provided for observing and servicing the region between the air separator

and the flow straightener. itodel experience showed that a close fit between

the tube bundles and. the metal support grid was difficult to achieve, and.

local air blow—by was observed in regions of excessive velocity along the

sides and top of the tube bundle in some cases. These areas were subse—

~uentiy reduced in flow velocity by adding resistance strips as needed at
the downstream end of the bundle as shown in Pig. 38. This figure also

shows the bolt-on bent plates or clips which restrained tube bundles from

sliding downstream on the support grid. The tube bundles were not attached

to the grid.

B. Flow Straightener

Flow being discharged from the air separator tubes should have a mean

angle of 20 degrees with the horizontal, while flow entering the contraction

should. be horizontal in direction. It is the principal function of the flow

straightener to provide this turning action. It is a secondary requirement
of the flow straightener that the scale and intensity of turbulence in the

- 
discharge flow be as low as practical.

In the model experiments the flow straightener was constructed of
- - bundled units of corrugated fiberglass-reinforced plastic sheets fabricated 

-

in much the same way as the gas separator tube bundles previously described.
except that joint sealing was not necessary. The width and deoth of these
ruidles were ~ssentially the same as those of h-ia canarator i-undi ~s , but

the length was only 6 inches . In this case the corrugations of the sheet
were angular and were a commercially available “Alcoa Rib” of 2.67 inch
ci t-hi and )/l~ inch depth. The sheet th±clc’.asa -~as 0.05 tnch. then these

cheats iiere riveted together in bundles, the resulting honeycomo onenings

were hexagonal in shape. Unlike the air separator tubes, which must be kept
at essentially the same size in model and prototype, the honeycomb elements
can be arbitrarily made in larger sizes provided that the length-to-width
ratio of the individual tube equals or exceeds 6.
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The straightener tube bundles were supported by a metal grid of plates
similar to those supporting the air separator bundles, but shorter. The

assembly was such that the bundles and grids could be removed for access to
upstream components. Bundles were restrained in the grid by downstream clips
similar to those which restrained the separator bundles as shown in Fig. 38.
Because of the lesser length of the flow straightener shelves, the clips were

bolted to brackets projecting downstream of the grid members. No detailed

studies were made of the straightener flow action, but satisfactory model

performance of the contraction was deemed adequate proof of the straight-

~ner ciesi~n concep ts.

C. Surface Finish

The surface finish of the outer housing of the air separator and flow
straightener is not critical, because of the low flow velocities involved, nor
is the “as is” finish of the metal plates supporting the fiberglass units or
that of the fiberglass material.
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XIII. kLTERNATE OR LARGE TEST SECTION

A. General Considerations

The high speed test section is intended to implement the testing of

surface effects for the components of high speed ships with other than conven-

tional displacement type hulls. The purpose of the large alte~~~te test
section is to provide a moderately high speed variable pressure test facility

of dimensions sufficient to acoo~~odate larger assemblies of components of

surface effect ships. A best section depth of 4 ft, width of 6 ft , and top
speed of 50 frs are specif!cd.

At the tine of this writing, design planning is under way to implement
the construction of this alternate test section along with the construction

of the high-speed channel. In the event of funding problems the alternate

section may be built in a later phase of construction. The general elements

of this test section are being delineated at this time, however, so that it
- 

- 
can be integrated into the planning and properly provided for.

The proposed dimensions of the alternate large test section are shown
in Pig. 40. The total length was dictated by the length which evolved in

the design of the high—speed. test section.

B. Contraction Nozzle

The contraction nozzle shown in Fig. 40 serves the same function as the

high—speed nozzle discussed in section III. It differs principally in that a

lesser contraction ratio will be required because of the larger discharge -
area. Because of the reduced area ratio , the contraction nozzle length was
on-bitr-aril;h ~eduoed to S ft, 6 inches , with the saved length contributed to

~nf:b~ser , chica it ~ ihourht nignt benafis rare from it.

The curve of the roof was based on the same concept as was used in the
high-speed nozzle design and again was based on an equation of the form

-
~ iX ‘-h- -hi the or~y~n j oti - i~ng a no r icc-ntai  t n ~ent at the ~1D3~~~~e:~.m end

a tangent at 50 degrees with the horizontal at the downstream end . Similarly,
the curve of the bottom joins a tangent line of 390 

41’ at the entrance with a
horizontal tangent at the exit. The connecting curve is again a portion of a
simple ellipse. The sidewall curves again join a tangent line which is at an
angle of 23° 37’ with the test section axis to a tangent which is parallel -to the
test section axis. The connecting curve is also a portion of a simple ellipse.

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~ 
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Fillets in all four corners of the nozzle are again advocated.. They

are to be large at the nozzle entrance and are to match the dimensions

arising from the contraction transition. They will diminish in size with

progress downstream . The lower fillets will diminish to the size of those

which continue through the test section, while the upper fillets will

diminish to zero radius at the downstream end of the nozzle.  The dimen-

sions of this configuration are given by section C—C and the table of
Fig. 40.

Since the boundary curvatures of the alternate nozzle are no mo re

se re_ -a than chose of the hi~-h-s~ eed ~oz z1e , and. :~~iC latter nas I)~rformed

sat isfactorily in mo del tests , there is no reason to believe that problems
will be encountered with the proposed design of the alternate. The comments

in section III relating to the lip block , general construction, aurface
finish, air drainage, break plane, and piezometric tap apply also to the

nozzle of the alternate test section.

- -
~ C. Test Section

The discussions in section II dealing with the high—speed test section

apply also in general to the larger alternate test section. However, the
following differences should be considered:

1. Test section topside access for observers and photography may be
more important in the large test section than in the high-speed
unit . Accordingly, the arbitrary dome height of 7 ft could be
increased. The above-water width shown as 6 ft might also be
expanded advantageously. The lower water speeds may make such

~-:- oansions more practical in thi s test ceo-tion.

2.  Beaause of the su~cstantiaJ. increase in zest section 1-cr_gzh , those
quality factors in test section performance which deteriorate with
length will deteriorate further with this test section. This
acol_ es  o~rticular1:/ to th~ increasing loss of a~i~~~ water cur—
face width due to boundary layer growth and surface edge effects.
The data measured on the model high-speed test section can be
extrapolated downstream for the new prototype condition as a

rough guideline, but it must be recognized that high quality
surface flow conditions can be expected only at the upstream end.

-T
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3. The large model size to be tested will require larger access

and handling facilities.

4. The larger volume of the gas dome over the test section will re-

quire increased vacuum and compressed air capabilities for

achieving test pressure conditions in a specified time span.

This volume will also affect s-c~ e of the rate values of con—

trols used in the skimmer return circuit.

5. Because of the Froude depth relation, the critical velocity for
the ft deep test section will be sli~tntly ~reater than i-or the

3 f t  deep c~ ction (
~ 12 fps). The extent to which surface wave

criticals will interfere with testing at low velocities is pres-

ently indeterminate. —

6. At the maximum speed of 50 fps the large test section will dis—

charge about 1200 cfs , compared to a maximum speed of 100 fps , or
a discharge of about 900 cfs, in the small test section. These

values mean that the maximum velocities in the recirculating loop

will be 33 per cent higher for the alternate test section. This

will have significant effects in the first elbow, pump, and gas
separator. The first two items will be discussed later. The 33
per cent overload in the gas separator will produce some slight

evidence of free air in the flow entering the test section, but
model experiments do not show critical values occurring in the
proposed. range of operations .

D. Skimmer-Transition

?he ckinm ac  for th -~ large test sect ion -h-lI be 5-) per os-c: ~~ni-9r

o~~i discharge about 33 per c ent mo re f i o w  for  cne same percent age of
skimmed depth. The model tests of the skimmer described in section IV have

not clearly defined its capacity, but it a~peared to handle the s~ ecified

5 -, -~: cent at ;ne ileoth wi thout difit -cut ty. ;- 1ser-~ative cn ro ach

to the larger channel skimmer would indicate that an increase of about 33 per
cent in the flow areas or about 15 per cent in the diameters of the flow

passages should suffice. This would apply to the diameter of the skimmer

housing, the separator chamber , and the discharge to the pump as shown in
Fig. 15. A similar increase in size is recommended for the pipe , reservoir,

pump , and valve of Fig. 16. If possible it would. be best to leave the sizing

.7
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of all these elements until the high-speed prototype has been operated and

examined for possible evidences of over- or under-design.

E. Main Diffuser

The main diffuser of the large test section will operate with a much

smaller area ratio and a “iuch smaller length than the diffuser for the high-
speed channel. Other things being equal, it should be a more effective dif-

fuser ch-th ~
‘ewer separation or stability problems and. no probable need for

vortex generators. However, since it will be downstream of a longer test

t t i n . the lrh-lcs nay be more ceaked. . and. this nay s-e anou~~i to con~n±~ uc-e
to separation problems necessitating vortex generators for relief. It is

suggested that in a first pass no vortex generators be installed, but con-

sideration be given to providing for their future use.

It should be noted that the diffuser for the high—speed test section

• will be nearly symmetrical in cross section, whereas the alternate will not

be. This is not thought to contribute any special problems.

F. Pir~t Elbow

As was discussed in section VI—E , there is some possibility that cavi-

tation will occur in local high velocity regions of the flow through the

elbow vanes. The size of the elbow was increased. substantially to allay

this probability, but without specific data on the shape of the velocity
- - - profile entering the elbow it is not possible to predict the occurrence of

cavitation. If cavitation did occur, it would occur only in a limited area
of the vaning at the highest speed conditions, which would be of rather
limited duration. It is not anticipated that the cavitation would. be

t i  -i :-ccn ance j r ceric ~sly O2o -~~ 7C .  52-? c ~~r , 5:-,:~use - -he

substantial amount of free air ingested below tne ct-zinner , the c~nnei f low

will normally be fairly well aerated.. Under these conditions, erosive

or n c i c e  would arobably be of l i t t le  conc ern .

G. Pump

Pumping considerations relative to the increased. discharge with the

large test section are discussed in section VIII.

~~~ ~ 4 ~~~~~~ * I - - - *.d ~~~... ~. - .~~ - ~.. - - - 
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XIV. AUXILIARIES

A. Vacuum and Compressed Air Pl ant

For the desired supercharge control of test section air pressure con-

ditions, which are to range from water vapor pressure to four atmospheres
absolute , bo th vacuum and compressed air services must be available. Several

aspects of the control of supercharge pressure are discussed in various parts
of thi s report, but nothing has been said about the capacity of these services.

— An approximate fix on this capacity is established by the delay time that is

ioccicte:ed tolerabic in h circ~icig the system to a desired predetermined. tes t
pressure value from an initial atmospheric pressure datum. This time is
arbitrarily designated as 5 minutes. Since the air dome for the large

alternate test section is greater in volume than that of the high—speed test

section, service capacity should be based on the large test section. Con-

sideration should. also be given to the volume of the dome maintained at the

top of the separator. These auxiliary services must not contribute oil or

other contaminating materials to the water.

In addition to pressure limit controls -on the compressed air service,

it is considered desirable to provide a separate pressure relief valve for

protection of the pressure housing. This should be located in the air

separator dome.

B. Water Supply and. Treatment

Initial filling of the channel facility and its storage auxiliaries

should be with a water which is filtered to remove solids to provide a

hi~h Ie7el of clarity. Tiriass the water has previously been treated ,

--is on cncu! -~j e c r l c.L o n s  O i  oIi~ -c r:r~~. a~ ~cci  i~~~. :- n~ c~- t ~~~s.

or other materials to stabilize water quality. These additives must not

alter the normal character of the water for hyd.rod,ynamic test purposes, par—
nclarly hie surface t ension end l~ sic f rictional p :-onerties. The suorj~-

• sys t em shou±-~ oc capable o~ f~ Ii±mg the entire tucne~ or -u v a l e n c  ~to ca~ e
volume in not more than 24 hours. It should. be possible to drain the total

a 
channel facility in not more than 12 hours.

11
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C. Water Storage, Filling, and Draining

Eb peditious operating schedules require emptying of the test section

to its floor level in not more than 10 minutes and refilling to normal oper-

ating levels in the same length of time. In order to conserve treated water

and minimize pumping energy , this emptying and filling will require adequate

local storuye capacity arid adequate piping and numping auxiliaries. The

capacity of these should match the needs of the larger test section.

D. Pill Level

The leveL at ‘Nh !oh water fill is :aaintained in normal opera:ions is duste
critical to the stability of channel flow as described in section XV. The
par-b of the recirculating loop in which level control appears most useful is

the interface, which should normally exist near the top of the air separator.

The channel operator should be provided with readout ol’ this level value at
- - all times and should. have at his command. such controls as will manually

or automatically maintain this level to within plus or minus one inch for

any selected level from the top of the contraction transition to the top of

the air separator housing. These controls or others should serve as pumping
limit controls for the initial filling of the channel.

E. Nozzle Pressure Drop

Pressure taps and readout facilities should be provided for sensing the
overall pressure difference existing along the contraction. During operations

this differential is the most sensitive available indicator of test section

velocity. Readout facilities for this value should be available to the chan— 
-

nd operator together with manual se-id automatic controls to ro rtr or stabili :-e
it ,i kiln tee ~~Lrei r~ ra t~ ny ~nga of ~eeo t-s 10) irs. - h ~ ~~~ e - ~~~

trois must permit preselecting and stabilizing of the pressure differential

values to the same percentage values as those previously described in section

II—G—2 ~or :umo shaft speed. This electable control is I-s be ren arat-a fro m

k~e e rrs shaft contro L n-i aiallabie :-or t ir e - i  whe n i :iay ~-o~~ -ce oos s_ o i -~ ~o
depend on shaft speed alone to stabilize test conditions (see section II—G—6).

F. Pump Controls

Readout of the pump blade angle and. the pump shaft speed by the channel

operator should be provided for together with manual or automatic controls to

yield the operational values described. in section II-G—2.

~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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0. Reservoir Level Control

The reservoir in the suction line of the skimmer pump was found to be
essential to stable control of test section skimming action. Its function

depends on essentially stabilizing the free surface level in the reservoir

by varying the rate of pumped outflow to match the rate of skimmed inflow.
The channel operator should be provided wi th readout of the reservoir level

and both manual and, automatic means of stabilizing the value through control

of the skimmer pump arid its valve.

t t. C- - ’~s h~ tni rn Pimirig

Gas which collects in various parts of the channel system must be

removed in a controlled. manner and returned to the test section dome. Three

separate collectors are of concern in this respect:

1. The air separator will collect most of the air which will be

exhausted or vented via test models plus air which is entrained

in the surface flow and passes below the skimmer. The volume

of this air is not 1a~iown, but is estimated to be as much as

400 cfm at test section pressure. The return piping should

provide for this volume with a head loss of not more than 2 ft
of water head for the case of a wide-open control valve.

2. The reservoir located between the skimmer and the skimmer pump

receives a skimmed flow which is high in entrained. air. The

flow expansion provided by the reservoir permits the bulk of

the entrained air to gravitate out of the water before it is
sucked into the pump suction pipe. This air collects at the

he -sir -ani is ront-ed cask is ~he icr 5-ecsoreein ~nd.

of :~~e Los -i seo;io n. A 5 m o o  sise ~itnout contro l valve is

suggested.

3. The ceiling height of the first elbow is TJokaer th~ -i that of

~~~~ ~~~~ 
channel _~~~~~ ~~~~~ ~~~~

trap a gas pocket at the top of the elbow. This can be vented

back to the test section by a line of about 2 inch size. It
‘a is desirable to have a manually set valve tn this line .

- -•-,- ,- - - - - 
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I. Temperature Limits

Because of the sizable length and weight of the filled channel assembly,
physical expansion of the stnecture due to temperature requires provision of

- movable or elastic support elements and possible limits for the temperatures

to be experienced. Some guide to the temperatures which might be encountered
con oc gleaned fro:a the discussion of s~ ct ion i l — I  red ~~-om L- k .  13.

~~~~~~~~~~~~~~~~~ 
~~~~~~~~

-- ‘
~~~~~~~~—— - - - ,

~~~~~~ 
- - - -~~~~ h.~.4~~ -~ - ’ be -~~~~- . - . 

- - - ‘ ~~~~~ 
5-
” 

—5-— — --4—--— —-4— -4— 
~~~~A ,~~~~~~~~~~~~ -



—7 5—

XV. OPERATIONAL PROCEDURES AkD Pf~0BLE -lS

The presence of a free surface and the large air handling capacity of

the channel present a number of operating problems . These problems and the

experience acquired from operating the model channel will be discussed in

the sections which follow..

~~~ ‘-Tater Level

Prior to operation of the channel , it must be filled to the proper

b - -re t .  [he :L11~ng should bo don~ vlih Il v en t  ‘al--~-s - -iee :o ~:--~-ien t

pockets from forming a-b high points in the channel circu~ t. ii-i~ wate r  level

should be set so that when the test section dome is e~npty and the skimmer

reservoir is at its proper operating level, the air separator dome will be

filled to the desired level. This level can be calculated from the final

dimensions of the prototype channel or determined by trial . The volume oc

water in the channel is critical because if the initial water level is too

high, the test section water surface cannot be properly leveled, and if the

water level is -too low the air separator cannot be filled to a level sufficient

to maintain good flow conditions in the main diffuser.

It will not usually be necessary to add or remove water from the channel

during a run. The effect of a varying amount of entrained air in the channel

circuit can be absorb-ed by varying the water level in the skimmer reservoir

or in the air separator dome. Only in a case in which an extremely large

amount of air was entrained would it be necessary to remove water from the

channel.

The L~.ee -ent cng the first elbow should be tssed -isen :ee f111

~~~~~~~~~~~ ~~~~~Jfl  ~~ -s o:e-a . ~he son:raccies - i::e - s -  ~o -e -

until it is determined that it is necessary for removing excess el :.

T. terting Psosenure

Lu~ing tea -ed-el studies the most -~~risfncto:~ s L~rt1ng procee-cre
to begin pumping wi th the test section water level approximately normalized.

Following an initial water f ill to the proper level , the air separator dome
vent line is closed and the test section is vented to the atmosphere. Water

is drawn into the air separator dome from the test section by applying a

vacuum to the air separator dome. When the water level in the test section
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reaches the level of the contraction lip, the vacuum is turned off and the

channel is ready for starting.

4 The initial starting procedure consists of three steps in rapid suc-
cession:

1. The main purn-e is turned on and set to ~i’-e a sufficient velocity

to establish a flowing free surface. A speed of 15 to 17 I’ps

worked well in the model.

2. As soon as the flowing free surface is established , the air

dome vent valve ~houLd. iC opened euificiencl .~- co

prevent excessive air build-up in the air separator.

3. When the flowing free surface is established, the skimmer pump

should be turned on and the pump and valve set for a moderate

skim rate. The rate of pumping from the skimmer should be in—
creased until the skimmer is freely draining into the reservoir

of Fig. 16 and a free surface is established in the reservoir.

-

‘ The skim rate should then be decreased. to the level required

to maintain the free surface in the reservoir at the desired

operating position.

When the channel has been allowed to stabilize at the starting settings ,
it is ready to be brought to the desired run conditions.

C. Channel Operation

1. Vent Valve Settings

-‘JI ~ - v - -~nt in~ t.r back tO the ±e~ i section done should, be oe:-efuih-
- - - - - -

-
‘ 

e - ’~~~~~~~i o -  i:e oo-~ s ee- T ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
air—water mixture. The channel flow may become unstable due to the surging

in vent lines allowed to carry air and water intermittently.

If the channel is to be operated with an air volume in the air separator,

a very good metering valve will be required which can precisely control air

flow varying from zero to the maximum expec ted air entrainment rate. The

maximum capacity of the valve should be several t imes greater than the

200 cfm specified in section I to assure that large unexpected air surges
can be accommodated. The valve should be controlled to ho]d the water level

~~ L UIb ~~~~ - ‘~~~~~-“..- ~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~ - - - ‘- a- ~~ ~ a, ,~ ~~~~~ ~ -. a— be -~~~~ 
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at a constant position, because any change in the water level causes a

change in the pressure drop across the nozzle , and thus if the water level

drifts, the test section velocity will also drift.

Most of the model runs have been made with the air separator full of

water and with the vent line carrying a continuous air—water mixture. This

vms ioun i to give tee most satlsiactory control over the 15o3t cii~ e1~ as~’ing

ceL—1 rondlticns . It is recommended that the :rotot~me be operated with the

air ceparator full of water unless the -~ir volume is required as a cushion

c-iloac ---~~ ,r 1n~~ s , v-reid chansçes in the rate o~ c-ir ~ntralireent -er’~ ex-aected
or hen ve:~~ low vei~si~-~ ~ons ~~e to ~e s:a~ e (see ten 

~
).

3. Minimum Test Section Velooit~

The minimum test section velocity with the most favorable contraction
conditions will ‘as dictated by the head required to submerge the roof of’ the

contraction nozzle . From section Ill—A the minimum head is 2.9 ft; the cor-

responding minimum velocity is approximately 13.7 fps.

Lower velocities might be obtained by operating with the contraction

only partially submerged or by applying a vacuum to the air separator dome

to submerge the contraction. The model was not run under these conditions,

however , and thus their effect on flow conditions and stability is unknown.

L.~ Controlling Velocit~

Velocity is controlled by changing the main pump speed and blade angle.

The skimmer return flow rate will have to be changed to compensate for the

change in the flow entering the skimmer as the velocity is changed. I-b is

L ;cmm-’nded t t  tre yr )—? chari~ee ~‘-o~~cj ~o -rJs~ th okLr ~ c : 

-ne :ra~~nn~ -o rate. te -sn c~~n~ o~~ssure in tee ‘mm sesara:or

will also require an adjustment of the dome vent valve when the velocity is

r’ - :msed. Thoid increases i~-~ -the velocity Tcaf ai~o c~use excessi-re r:’~er

~ to - c--~ vain ‘:reo eocor .

5. C ontrolling PresSure

The - -st sec tion pressure can be varied throughout the total range

- 
-

- -if f~~- t ing the channel flow conditions. When the air content of the
- - ‘-m it m ay be advisable to adjust the pre ssure beyond the

~~ ror a sho rt time to decrease the air content stabilization

i n  section Il—K—i .

- 0 ~ -- - ~a be - s,. - 
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6. Controlling Skim Rate

It is desirable to keep the skimmer height at its neutral position to
provide the best geometric entry conditions into the main diffuser. For

this skimmer setting the skimmer pumping rate can be maintained at a low

level ; high skim rates are not requi red for satisfactory test section flow.
Skim rates of 1 to 2 per c-?nt of total channel flow w~-~re n-oiso~liy run with

the model channel . -

The skim return pump or valve will have to be adjusted to maintain the

0r00e2 ‘- ~ te ij c-91 hi the ~-cs~ r-’o Lr lii the shimmer n hvrm: t .  if -n -i -~ oe:-

level in the reservoir drops too low , the skim return pump will begin -to

ingest large amounts of air and. the pump performance will become erratic.

During runs with the air separator full of water the reservoir can be used

as a cushion to accommodate varying rates of air ingestion.

~~~ . Flow Breakdown

Caution should be exercised when experimenting with new or unusual

test conditions to minimize the chance of a flow breakdown and the result—

ing violent flooding of the test section. These flow breakdowns occurred
- 
- several times during the model channel shakedown runs and presented no

threatening structural problems . The flow breakdown usually occurs only

after a relat ively slow deterioration of test section flow condit ions and ,
with alert action by the channel operator, can be prevented. When flow

breakdown occurs, -the free surface can usually be restored by reducing the

velocity and allowing the test section to drain to normal level. If this
— is not effective , the channel may have to be stopped and restarted.

~~~~ -sh-~~oe a:  a f lo . -~ ree-9 ca0 - — n  - - ol~~~~,o  ~m~~~ -’m; , -~:d  cc - - - r~~~~~

cost modeLs s-noula ce s~~~ ed ~ith tha t fact in ~asnL. toy ccmoorenos

mounted within the test section should be desigsed to withstand submergence.

1- ~ (- ~m’r -~~ se ~~~~~~~~ -‘ -~~~s~~~’r e_  -‘
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D. Shut-Down.

The test section velocity should. be decreased and the pressure reduced

to atmospheric before the main pump is turned. off. This will allow the

flow to break down and the test section to flood gradually, thus preventing

any unnecessary violent loading on test section components and also preventing

potentially damaging transient loading on the main pump blades.
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XVI. SUNMARY OF SURFACE FINISHES

In the high velocity regions of the channel , misalignnients, offsets ,
or other forms of surface roughness may contribute detrimentally to the

qual ity of flow or to secondary cavitation problems . It is assumed that
most components of the channel flow circuit will be fabricated as weidznents

from steel plate with stainless cladding. These surfaces would be used

essentially as rolled (this is the basis for a finish of 250 EMS) with care

being taken to minimize joint misalignment from the welding assembly.

General tolerances should be in accord with standard unIired pressure

vessel codes.

The more critical high-speed regions are nearly all contained within

the removable components of the test sections. These components and. their

L required. finishes and. tolerances are given in the summary table of Pig. ~9.
The units of roughness in the table are root mean square values in micro-

inches. An additional critical element not included within the test section

proper is the vaning of the first elbow. This has been added to the table

and. relates to the vane dimensions as shown in Fig. 19.

XVII. STRUCTURAL LOADS DDE TO DYNANIC PRESSURES

Section lI-H discussed the specified supercharge pressures required in

the test section in terms of the functional needs for these pressures in

future operations. However, it must be recognized. that the pressure loads

imposed on the containment structure of the channel may be considerably

greater than the test section operating pressure due to the contributions of

static and dynamic water pressures. For structural design purposes the sum

of these three pressures is most significant, and. this total pressure varies

in different parts of the channel loop. A graphical summary of the various

total pressures in the channel loop is given in Fig. Lj]. for the maximum pres-
sures which occur when the test section operating speed attains its maximum

value. The pressures are shown for speeds of 100 and 50 fps for the small
and. large test sections, respectively, without a test body.
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_______ — — 1/16” fiberglass—reinforced plastic

~

‘ 2.67” x 7/8” corrugation

- Aluminum rivet near each end of
C\1 eac h contact line

. .  -—~ i Flow resisting stretched spring
• I

4— —A row of 7 air drainage s lots of
• _1_-

~
_ 1/4 ” width and 1/2” height

beginning 1/2” from leading edge
and spaced at 2” intervals

1-7/8”
Approx . 

-

Fig. 33 - Air Separator Tube employed in Model Tests
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Fig. 34 — An Air Separator Tube Bundle as used in the Model
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Fig. 35 - Partial Assembly of Roof Lip - Collection Lateral

f
~~~~~~~

, 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

/
a’ ,--

‘ ‘ 1 -
Lie- p

‘-1

- . -

Fig. 36 — Partial Assembly showing the Peripheral Air Collection Duct
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relate to prototype inside fl ow surfaces)
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Fig. 38 - A Tiered Tube Bundle viewed from Downstream (showing added resistance

angle along top, resistance material along sides, and restraining c leats
in corners)

Component Surface Finish Tolerances Waviness
______________________ 

(RMS) (inches) (inches)

Contraction Nozzle
a. Upstream half 250 ÷1/8

• b, Downstream half 250 -s- 1/32 
~~~~~~~~~ ~~~

Test Section 250 -s- 1/32 ‘

~ :~ ~
Skimmer and Transition 250 + 1/8 ~ 

‘
~~~~~~ 

~~~

Main Diffuser 250 + 1/8 —-
Vanes - First Elbow 250 + 1/32 -—

Fig. 39 - Summary of Surface Finishes and Tolerances
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Fig. 41 — Internal Pressure in the Prototype Channel with One
Atmosphere Surcharge Pressure and at Maximum
Velocity
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