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. . Texas/ hydrauhc des1gn

"ABSTRACT

Head losses, air entrainment characteristics, and air venting require-
ments were determined from hydraulic model studies of proposed check
towers for the Canadian River Aqueduct, Texas, The aqueduct flows 160
mi by gravity, drops 701 ft in elevation, and is constructed of 54-, 60
66-, and 72~-in.-dia reinforced concrete pipe. Conduit wall pressures
will be maintained at about 60-ft head by the check towers, each of which
- consists of 2 vertical sections of pipe connected at the top by a vented
180-deg return bend. The design discharge will be controlled by friction
alone, and lesser flows will be controlled automatmally in each pipe reach
by the downstream check towers whose top inner radius serves as a crest
- for the water to flow over. Air will be entrained in-the downstream leg

of each tower during less than normal flows. This air will be removed
from the aqueduct by a 36-in. ~dia air vent located 100 ft downstream from
‘each tower, Laboratory model studies showed‘that these check towers
‘will operate satisfactorily for all discharges, preventing overpressures
and water hammer during other than normal opera’uon and when running
fu]l flow will mamtaln the proper hydraulic gradient in the pipeline,

DESCRIPTORS-- *aqueducts/ *check structures/ distribution systems/
“*surges/ pressure pipes/ standpipes/ flow resistance/ *head losses/
*hydraulic gradients/ hydraulic ' models/ *pressure conduits/ unsteady.
flow/ flow control/ air entrainment/ hydraulic conduits/ closed conduits/
~ .concrete pipes/ water hammer/ model tests/ laboratory tests
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HYDRAULIC MODEL STUDIES OF TI-IE FLOW
.CHARACTERISTICS AND AIR ENTRAINMENT
. IN THE CHECK TOWERS OF THE MAIN ¥
AQUEDUCT CANTADIAN RIVER PROJECT
- TEXAS

"PURPOSE

'_ Model studies’ were made of the Mam .Aq'ueduct chech towers to deter-
- mine head losses with the system flowing full,  and theair entrain-
‘ment: andjau- ventmg reqmrements w1th the system ﬂowmg part1a11y

e

CONCLUSIONS

LA check tower conf1gurat1on coneustmg of a 90° bend to turn the
~flow” vertlcally upward to the desired height of the tower, a 180° re- -
turn’bend-opened to:atmosphere-at the top, and a 90° bend at the bottom
- -rof the downstream:leg to return the:conduit to the’original almement S
' ";'--_(F1gure 14) wrll operate sat1sfactor1_1y for a11 d1scharges

f.:=2 The hydrauhc head loss caused by the’ three bends of the ‘EOWBI'

. will be 0,562 V2/2g feet of ‘water ‘when the condu1t is flowmg full
::_(V 1s the average velomty in the condult ) -

o '33 A1r entramed 1n ‘the downstream 1eg of a tower w111 under certam

o 'ﬂow cond1t1ons, ‘be.carried into the downstream horizontal conduit..

- f,ThJ.s air -will:rise: to the top of the condult w1th.1n about 15 condult
.diameters, . = . o S




4, An air vent 36 inches in diameter placed in the crown of the
conduit 100 feet downstream from each check tower will satisfacto-
rily release the air moving along the crown of the conduit.

5. The fluctuations of the water column in the air vent as air passes
up through it will pump some air back into the main conduit. - The .
conduit downstream from the vent should be constructed on a down-
ward slope of 0.08 or greater for about 50 feet to allow the small
amount of air so entrained to work back upstream and escape through
the:vent, =

INTRODUCTION

Sanford Dam on the Canadian River, about 40 miles northeast of
Amarillo, Texas, is the primary storage facility for the Canadian
River Project (F1gure 1). Lake Meredith, impounded by Sanford
Dam, will provide 103, 000 acre-feet of water annually for municipal
and mdustmal uses for. 11 cities: Borger, Pampa, Amarillo, Plain-
view, Lubbock, Levelland, -Brownfield, Slaton, Tahoka, O'Donnell
and Lamesa. Use of the reguwlated flows from the Canadian River
will decrease demands on underground reserves, 1hereby mcreasmg
‘the supplies available for irrigztion from wells, ‘

Facilities required for the project include an aqueduct system of
about 322 miles of pipeline, 10 pumping plants, 2 regulatmg reser-
voirs, and chlorinating facilities to prevent algae growth in the pipe-
lines. ALl of the cities directly benefited by the project are at a =
higher elevation than Sanford Dam, ! necessitating pumping of water .
from the reservoir. Borger and Pampa are 9-and 36 miles, respec-
tively, southeast of the reservoir and will be furnished water directly
by pumping. Amarillo is 40 miles southwest of the reservoir and
864 feet in.elevation above the reservoir. The remaining 8 cities in
the project.are south of and at a lower elevation than Amarillo, The
‘most. dlstant CIty, Lamesa is 160 m11es south of Amarillo and 701 feet

- ..'IOWer : : _ S e

-Water from Lake Meredlth w111 pass through four pumpmg pla.n‘ts in
-the Main Aqueduct to a regulating reservoir at Amarillo, and flow
by gravity south-to another regulating reservoir at Lubbock. Two.
- aqueducts .flow from the regulating reservoir at Lubbock--the Main
..+ Agqueduct continues south by gravity flow to Lamesa, .and the. south-
.~ -~west aqueduct, aided. by four pumpmg plants flows to Levelland
C and Brownfleld : ; :

' "".”“;;'The gravu:y flow plpelme hetween Amarlllo and Lubbock will be rem— S .
,:.Aforced precast concrete plpe varyu;xg from. 54 to 72 mches in d1ameter.[ L




The plpelme iz so de51gned that .at normal flow, the hydraullc gra-
dient will parallel the average gr ound profile producmg a pipe wail

- pressure not exceeding 100 feet of water. While filling or draining
-the" p1pe11ne or discharging lessithan normal flow through the system
there is a danger of surging, air entrainment and water hammer,

A tower-type check structure was“designed to prevent-adverse-condi-
tions such as overpressures and water hammer during other than
normal operation, and still maintain the proper hydraulic gradient
during normal operation, Each tower consists of a 90° bend to turn
the water vertically upward from the conduit, a 180° return bend (with
air vent) at the top of the tower, and a 90° bend at the bottom of the
downstream leg to return the flow to the main conduit alinement,
Check towers will be installed at intervals along the conduit where
the ground profile has dropped in elevation not exceeding 60 feet from
the adjacent tower upstream. The top of each tower will be slightly
below the normal hydraulic gradient, but will have a pipe, open to

the atmosphere, extending.sbove the hydraulic gradeline from the
top of the tower, The bottom of each tower will be slightly lower in
elevation than the top of the adjacent tower downstream. Thus, dur-
ing normal flows the hydraulic gradient will be slightly above the fop
of each tower causing the system to flow full, and at flows less than
normal, or no flow, the conduit between towers will remain full. The
pipe extension open to the atmosphere at the top of the tower will pre-
vent damaging overpressures in the event of surgmg in the conduit

‘ 'durmg changmg flows.

Model ‘tests were conducted to determine head losses, ﬂow condi-
tions, and air entrainment in the basic check tower design, and to
dev1se a vent structure capable of removing the air carried into the
‘conduit downstream from a check tower with the tower flowing par-
tlale full -

THE MODEL

_ The model was constructed of transparent p1ast1c to facilitate obser-
vation of flow conditions and air bubble movement (Figure 2}.. Com-
mercially available 11-1/2-inch-inside-diameter, 1/4-inch wall pipe-

‘- was used for the straight sections, and four 90° bends, 11- 1/2 inch

" centerline radius, were constructed in the laboratory shop. Water
' ‘entered the model through a vaned elbow and 11 feet of 11- 1/2-1nch-

.. inside-diameter pipe before reaching the first vertical bend of the

check tower, “A slat-type gate at the downstream end of the. conduit
_controlled. the back: pressure or water depth in the downstream leg

of the check tower




Three piezometer rings were-installed in the conduit for line loss .

measurements, The head at the various stations was measured with

a single leg water manometer, and discharge was determined with
the labora.toryr Venturi meters.

.The pattern of flow over the crest of'the check tower with the system

_flowing partially full was determined by sighting through a grid drawn
on the outside of the transparent return bend. Air bubble concentra-
tion, location, and’ mov__ement were determined visually.

The Main Aqueduct will mclude conduits with diametens of 72 66,

.60, and 54 inches depending on the natural ground slope in the area
and the amount of water the conduit must pass. The model study was
made with a single tower 11-1/2 inches in diameter, therefore the
scale ratio depended upon the diameter of the prototype pipe to be
cons1dered The followmg table may be used for computations.

Table 1-

MODEL PROTOTYPE RELATIONSHIPS

: Condult ‘Scale | Condmt; = Velocity Dlscharge

- d1ameter_ ratio area ;- | (feet per | (cubic feet

(inches) | (N) '|(square feet}) | second) |per second) .
11.5 1. 0.7215 Vm* | Qm

" 54 - [4.696) . 15,904 [2.165 Vm | 47.80 Qm
60 - |5.220 19.685  [2.284 Vm | 62.22 Qm
66 ° |5.740| '23.758 2,393 Vm | 78.95 Qm
72 16.260| 28.274 |2.503Vm | 98.10Qm

-*The's"ub'script -"_m" d_enotes the model, -

THE INVESTIGATION

. Check Tower Head Losses |

:,i;:_'fThe head loss caused by a. smgle check tower with the system ﬂow—

- ing full was determined for-a-range of dlscharges -An'initial loss

a -.}measurement was made with.a straight run of pipe (without:a.check

- tower) with a length of:38 feet 10-3/8 inches (40.6 pipe diameters)

" 'between piezometer rings (Figure 2A): A check tower was then-

- ‘installed in‘the system with-one piezometer ring 1 diameter upstreem S

'-"jfrom the flI'St vertlcal bend and a second r1ng 40 6 p1pe dlameters




downstream from the first ring, measured along the conduit center-

. line (Figure 2B). The head loss caused by the four 90° bends of the

“check tower was the dlfference between the losses with and without
. the tower .

‘The results of the model head loss stud1es are shown in Figure 3.
Head losses for various check towers, as determined from model
~data, are shown in Figure 4. The losses for any discharge in any
size similarly designed check tower flowing: full may be computed
~ from the formula:

Hp = 'o;sssf
2g

Where HL is the head loss caused by the tower and
S Vs the average ve10c1ty in the condult

‘Free Flow over ‘the Crest

. Water sp1lls over the crest formed by the return bend at the top of |

- ‘the tower when the ‘conduit flows partially full. Two factors became - - |

~evident as this free water surface flow was viewed through the trans-

.." ~-parent conduit walls, First; a measurement of the head required
~onthe upstream leg to pass specific flows wag needed for computa~

tions regardmg overall aqueduct performance*, and secondly, air
.entrained in the downstream leg required study since it was evident

Lk i'that air’ entramment would be a major problem

-,
R . o b
RS

'-'".To determme the relatlonshlp of upstream head versus dlscharge

- the model was operated at various rates.of flow with free fall over -
e ‘the return-bend. Measurements were recorded of the free water -

. .surface, particularly the maximum surface at the top of the "boil":
~and the: v&;ater depth over the“invert.or crest The plo_t in F1gure,5 :

R ShOWS the results Of thls StUdy

- _:5;Water flowmg over the crest may, under certam cond1t1ons entram
. -air, :To determine these iconditions, a:study was made: sunulatmg

o the’ deS1gn d1scharge of: 92 cfs (cubic feet per. sec0nd) in-the. 50~1nch.“

o ‘‘condpit'with the: water! level in the downstream leg controlled by vary- L

-ing. the ‘back; jpressure. ‘With:small back Ppressures a large quantity
of: a1r was entrdined-in.the downstream leg:of the check tower (Fig- -
: As the: back ‘pressure wag'increased, raising the. elevation

_the downstream 1eg_r(F1gure 5 A) the amount

*These: va_lues are: to be; ,sed 1n a 1ater stud\\ of surges in the

-;aqueduct




of entrained air decreased until, at a water depth over the crest of:

3 feet (0.6 D), the sinall amount of air circulating in the jump was’

" no longer carried through the downstream leg of the tower (F1gure 6B).
With a further increase in back pressure the free water surface in the
. return bend became tranquil (Figure 6C} and finally filled the bend and
~entered the free surface tube (Figure 6D). - .

Alr Vent Structure ’

If the free water surface in the downstream leg of the check tower
is relatively low (1 pipe diameter or so above the horizontal condu1t
downstream) ‘a discharge of about 8 to 10 percent of the maximumj :
will entrain considerable air and carry it into the horizontal conduit.
" At these small discharges with low water velocities in the pipeline, ™
. the air passing the downstream bend will collect at the top of the con-
" duit. Some air will bubble back into the check tower and some will
work slowly downstream. For larger discharges and higher water
- velocities in the conduit, more air will become entrained.and carried .
‘into the horizontal conduit to be swept downstream (Figure 7B},

Ata: model dlscharge of 1.478 cfs (92 cfs for the: 60 inch conduit)

..~ all entrained air which passed the downstream bend rose to the top
—-of the -horizontal condu1t ina distance of 10-1/2 pipe diameters

) downstream from the check tower and continued on downstream.

" The air which entered the horizontal conduit.and was swept along :

‘ i_by the: flowing water was compressed by the-ambient water pressure

© in the system and presented the possibility of uncontrollied explosive

‘releases of air. It was apparent that this air would have:to be vented
‘downstream from the check tower after collectmg at the top of the
-condult : S Lo y :

~.'To be certam the air vent structure was located a suff1c:1ent d1stance
downstream so all entrained air had collected at the top ‘of the .con-
~duit before reachmg the vent, the vent was installed 18 conduit di-
ameters downstream from the check towers. To aid air movement
from the check tower to the'air vent structure and 'to retard air

© movement downstream from the air vent, the conduit was sloped up-

- “ward on a 0,01 slope from the.check tower to the air vent structure,.

.'and:downward on a 0,01, slope downstream from the air vent (F1g—
“ure’8),; The’ initial model air vent structure was transparent pipe,
3~ 5/8—1nch-1ns1de d1ameter extendmg 8 feet vert1cally upward

e :'(F1gure 9}

__"":'_;.Genera]_ly for the studies concernmg the- air vent structure a-dis-
~charge representmg 92 cfs in'the 60-inch conduit was maintained and -
j_the pool in the downstream leg of: the check tower was held about




3. conduit diameters above the centerline of the horizontal conduit.

These conditions were practical from a prototype-operating stand-

point and forced a large amount of air to enter the condu1t down-
~stream from the check tower. : :

From observatmn of the act1on of the ﬂu1d ﬂow at the air vent struc—
'ture - it was concluded that:

1. he location of the vent was good; all air collected at the .
' '.t0p of the conduit before reaching the vent structure (F1gure IOA)

2 The vent entrance: port was too smali; port1ons of the larger
- bubbles passed on either side of the vent opemng and contmued
. on. down the conduit (Figure 10B) E

'_3 _Ajr was pumped from the vent back 1nto the. conduit due to 7
large water surface ﬂuc_tuat1on in the vent pipe {thure 10C).

4. The upslope of the conduit upstream from the vent contributed -
little to the operation, and the minus 0.01 slope downstream from

" the vent was not: sui‘ﬁmently steep to cause air to flow back up-
~stream’ by buoyancy against the downstream drag of the water.:
“(There was very little difference in the movement of air at the top

'--'of the condu.1t upstream and’ downstream from the vent: structure )

'”.‘.Usmg -the* results of these tests as™ a gulde, the conduit from the tower
- to-the vent was made‘horizontdl, and‘]..“swsmns were made to per-
‘mit adjustment of the - slope of the conduit.downstream from the vent.

'~ A’5-1/2-inch-inside-diameter air vent replaced the 3-5/8-inch vent,

- ‘and the conduit-downstream from the air vent structure was ad]usted
- toa: slope of minus 0. 03 (Flgure 11A) Lo o T

Air movement upstream Trom: the vent was satlsfactory and 51m11ar
. to'thatiin the preceding test. - More air passed into the lirger: vent,
" . but the sides of some of:the larger bubbles still moved past the vent -
-~ to'continue on down the:conduit.. The pumping action of ﬂuctuatmg
' water in the vent forced air back into’ the stream where it was swept
“‘down the conduit. :A port1on of ‘the air-downstream from the vent -

o “collected at-the: top of the conduit -and worked upstream to the vent .

ia.nd bubbled out the remamder swept on: downstream

3 appeared"«that a w1der vent entrance port was needed to trap more
-of:the air as:it reached:the: vent Therefore :a.conical :section . - S
-’-1-1 172 mches in: d1ameter at: the centerlme of: the: condu.1t 3-518 mche‘ L

.diameter at the-top; ‘and 23 inches long.was installed in the: model
:325/8-inch-diameter vent:pipe was: attached to-the’ top of‘theicone:
“he 'lop of he condmt downstream' from the vent was mcreased to




The wide mouth of the vent caught all of the air approaching from
the check tower, but the fluctuation water in the vent created a pump-
ing action which forced air back into the conduit where it was swept
-downstream (Figure 11B}, About one-fourth cf the air collecting on .
_the top of the downward sloping conduit- traveled downstream; the _
remainder worked back upstream against the current ‘and again entered :
the air vent. : :

_ The conical section: did not appear to have any des1rab1e features
which could not be achiéved with a less expensive cylindrical sec-

tion. Therefore, a 7-1/2-inch-inside-diameter air vent structure

was mounted in.the horizontal conduit 17 conduit diameters down-

stream from the check tower. The vent was moved to the upstream

- side of the adjustable flanged joint so the vent would remain verti- -
-cal while the slope of the downstream conduit was varied. The down-
stream condu1t was p1aced on a downward- slope of 0. OB for this series
'_-of tests. s : :

VAL air approachlng th1s vent structure from upstream entered the :
-vent (Figure 12A). Pumping action was present and forced some
‘air into the downstream conduit (Figure 12B). All air which was
‘pumped into the: sloping conduit worked back upstream ‘and bubbled

- out of the:air- vent (Flg'ure 12C)..

'~W1th the 7-1/2-inch-diameter: vent p1pe all air entermg the slopmg
" conduit. downstream from the:vent was furnished by pumping action

" 'in the vent pipe. In an effort to eliminate the pumplng action, a

‘vent 11-1/2 .inches in diameter was installed:in the model (Fig- '

. ure 13A).. The: bubbles in the comparatwely large cross-sectional

~.area of the 11-1/2-inch vent. pipe were relatively small and unlformly '
i .._~d1spersed (Figure 13B}. . This factor tended to decrease the pump-.-
+_:ing action; however, some a1r was still pumped mto the slopmg con- . .
=du_tt downs..ream A :

From the’ precedmg tests it was’ apparent that under certa.tn con- B

- ditions, some, air: -would: ‘pass-beyond the air vent and into the-con-

A . duit- downstream. The:tests with:the 1argest vent (11- 1/2 inches), -
indicated that-only a small amount of air would.be forced into :the -

e ..jdownstream conduit by pumping, - however in the prototype structure, . o
©oewith p1pe stands:and: check towers in series, additional surging will

S

¢ -exist inithe system tending to add:to the pumping action. “Since: some

.7 _.downstream must be sloped sufficientlyto allow the air’to return to "~

"';f..alr will:pass any-vertical-pipe-type vent:structure, and the conduit -

Vi

i . “thie vent by buoyancy, it was felt:that:a vent.pipe. about 36 inches-

(5.175:t0 7. 67 model).in: dlameter available: commerc1a11y and: there-
fore: relatlvely inexpensive, would; be. adequate ThlS vent- ipe:size.
seemed satlsfactory accordmg to‘th '_model results




' De51g'n personnel stated that a bend of 5° could be ach_teved in the con-

- duit without special forming of the joints. Sifice’ such a bend would
produce-a downward slope of 0.087, and in the ‘model a. 0,080 slope

- "was sufficient to allow air to return upstream by buoyam.y, the 5° slope
. was deemed satlsfactory

Accordmgly, the recommended check tower and vent deszgn for the O -
. Canadian River Main Aqueduct is as shown in Figute 4. The bends . i ¥

in the check tower are short-radius bends. (centerllne radius equal |
"to the condu1t diameter}). The conduit is horlzontal from the check

tower to the vent and the vent is 36 inches In diameter and’about

100 feet downstream. from the tower. The conduit downstream from
‘ the vent. slopes downward 5° for about 50 feet

' AIR ENTRAINMENT RELATIQNSHIPS

. 'The following discussions. explain the uncertainties regarding model
. studies concerned with entrained air, and the methods and reasoning.
~ employed to arrive at the 1nsta]_1at10n recommendatmns 1nc1uded in -
S thls report - : ‘ Lo :

Alr Vent Locatlon "

: The bubbles downstream from-the model check tower rose. e to the top .

' - of the'conduit in about 10 feet, or 10-1/2 conduit diameters. Flow
Lo turbulence caused by the vertical bend at:the bottom ‘of the down- '

- ‘stream leg of the tower‘held air bubbles to the bottom of the con-

. -duit‘for about'5 conduit diameters (Eigure 7B}, -and all.air rose- to .
.__the top of the conduit:in an additional 5-1/2 diameters, This implies
", ‘that.a'52:5-foot length of 60-inch conduit would be needed to ;achieve

... full’ bubble rise when the. d1scharge was 92-cfs. . Actually, however
" the-rate.of rise of a. given:size bubble in water is a constant and
-iscale factors are not appllcable ' . -

g w‘_.'Assumlng a const?nt*rate of rise of. 0.4 fps (feet per second) for
' -0;05-inch-diametér’bubbles in water flowing 4. fps*, ‘and a]lowmg
S 5 pipeidiametersifor the flow. turbulence to release’ the bubbles " .
-, from:the:bottom of the' condult ‘computation indicates a rise dls- 2
' __‘-tance of 83 6 feet for the 60-inch: condult dlscharglng 92 cfs

g Table 2 hsts the results of the computat:.ons for the: bubble r1se
-”5;d1stance 1n varlous condults based on 5 condult dlameters of

ot

"”’--Snowy Momtam Hydroelectrlc Authorlty chart 8- B SO



turbulent m1x1ng length and thereafter a bubble rise veloc1ty
-of 0.4 fps '.

C e

#
M

Table -2

: BUBBLE RISE DISTANCE N HORIZONTAL CONDUIT

" Conduit -
- diameter -

_ '_(iné:hes)

{cubic feet

|per-second)”

J.Vel'oc.it‘y '
_ (average)
“({feet per

second)

-Seeonds to
rise l'diameter
at 0.4 feet per .

)
Bubble

rise
dlstance
{feet)

- Total rise

distance
- from
elbow

" second

(feet)

2.40 4
i 11.25
4.69 | © 12,50
'3.87 | ,13.75°
3,25 | " 15.00

f Pl L

2. 05"‘
'5.78

.92
| es5.0

- 58,6
53.2

- 48.8 ¢

1.478
ggi
- 92 -

92 .~
92

1/9.71

- 7817.5

. 83.6

- 80,7
78.8

lfMeasured model dlsta.nce ;

h-10'ﬁeet."
It would: thus appear that a distance of 100 feet from a check: tower
‘to the:air vent- structure would be adequate for all cons1dered con~

du1t smes :s.j. o

f’fS jng in. the A1r Vent

: ;?W1th the same d1scharge and back pressure in the model and thus

" :the. same amount of- entramed air, the action of the air'in four vent
- ‘I_fipjplpe sizes was’ observed ‘In: the smallest pipe’ (3-5/8~inch: dlamoter)
.. a pocket of airiwould'rise as-a large bubble allowing a thin sheet of .
. ~water:to pass .between the bubble andithe pipe walls: (Figure 15A).
‘The: surges in‘this pipe tended to be slugg15h damped ‘somewhat by

- the dir: bubble almost:filling the pipe..
“into’ the conduit.as the water. surface in-the vent pipe fluctuated.. In

‘Some air WaSWpumped back -

““the 5-1/2=inch-diameter pipe, ‘the largest bubbles'wére unstable.

tendmg to:flutter as: they progressed up the: p1pe "These'bubbles = '
rose: qu1te rapzdly Causing: large undulations'in: the water:surface in-
the vent . pipe and: :pumping: considerable: amounts:of: air.into the con-. ' -
du1t (F:gure 15B) "The7- 1/2-mch ventvp1pe acted in: a snmlar manner'~
+4He:5 i AR

face:and: consequently *iess pum ping:0 "a1r 1nto the downstream con- Sl el

duit:(Figure 15C). " The bubble in thisicase did-not remain intact;
thereby-i bemg unable 4o lift ‘and: rapldly releasea 1drge volume' of s
er 11/ 2<inch: vent .pipe:the: 1nd1v1dua1;iair bubbles: re-:f
i ity g'ure 15D) “Th




water surface’ here was relatively stable with only small amounts of
air bemg pumped into the conduit downstream. It is believed that
bubbles in the 36-inch air vent structure in the field would break up
in'a manner similar to that shown in Figure 15D and there would not
be as v1olent a pumpmg action as the model p1pe indicated.

' A1r Downstream from the Vent

Air‘which collected at the top of the sloping conduit downstream from
the vent in the model formed individual bubbles or strings (Figure 10).
The shearing action of the flow tended to_break up bubbles larger than
about 4 inches wide (42° included angle at the conduit centerline). The
movement of bubbles upstream due to buoyancy, or downstream due
-to the drag of the flowing water, was dependent on the slope of the

: condu1t the dlscharge and the bubble size, ;

A prev1ous study by Kalinski and Bllsslf concerned bubbles at the
- Zenith of a sloping pipe. In'the Kalinski study, the discharge at '
. which the drag of .the flowing water was equal to.the buoyancy of an
‘air bubble. (causmg the bubble to remain stationary) was determined
for var1ous pipe slopes It was found that the ratio Q varied
D5
lmearly w1th the pipe sloPe (S) for the condition of stgat1onary bubbles
(Q = discharge, g =. accelerat1on of gravity, and D = pipe diameter.)
Slnce theSe parameters (_Q2 and.8) are d1men51onless prototype
g5
behav1or may ‘be predtcted from. model data in geometr1cally s1m1lar
1nsta11at1ons Lo R _— : :

In th15 check tower study, the bubbles downstream from the dir ven_t
- .remained. stationary when the model conduit was sloped. downward '

0.080, and the discharge was 1.875 cfs. ‘The slope (S) d1scharge

(Q) and | p1pe dlameter (D) were related thus--‘ N :

I
(32 2) (11 5/12)5

=0, 135

K(O 080) 0 135 K 16 8'?

16 8'?S 02 for stat1onary bubbles

e

1/ A A Ka.hn'skl and P H B],gss-- Removal of: Alr from P1pe11nes

"I'!

by Flow1ng_Water ~Civil’ Englneermg, =Volurne 135 No 10 1943




na condult with'a slope of 0. 087* air bubbles w111 rernain
' -'_stat1onary when-

(1sﬁ87)(o;687)-=.;£EL = 0.1468

- _"Therefore for a condmt slope of 0 087 2 ) value of Q greater

» 5
' than 0 1468 would ‘indicate that air bubbles would move: downstream

i ~while a. value smaJler would mdlcate that bubbles would move upstream. ‘

' f'Computed values for the Canadlan Bwer Aqueduct whlch has a. slope :
?_'-jof 0; 087 downstream from the vent; -are:

Iﬁpe 8 R B
d1ameter FRY ~ T P ~
(mches) .| gDPs

115 ‘0;0841 o
sa e ._0;1420,,~“
54 - .}-85- - |'0.1210

60 | o.0841 -

- 86 | 1'0.0491. "
.'72: *_;i. ”;,‘cg_o;oasa'

: ’%It would thus appear that the 0. 087 downward slope downstream from
the vent: wﬂ_l insure- the return upstream of: the small amount of air =~
_ii_whlch will pass‘the air .vent, or:be pumped: into the: conduit from the

,_.a'ny of the mstalled condu1ts w1th up to. max1mum des1gn
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FIGURE 4
REPORT HYD ~ 555
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FIGURE 5
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Figure 6
Report Hyd-555

(] “"{._

! 3 X
P662-D-54 185 NA Bl

A. Air entrained in the jump con- B. Air entrained in the jump enters
tinues down the downstream leg. the downstream leg, but rises back
to the free water surface,

€. No air entrained - flow tranquil D. Normal operation - water surface
with bend partially full. in open pipe.

CANADIAN RIVER MAIN AQUEDUCT
CHECK TOWERS

Controlled flow over the return bend.
Model discharge ~ 1,478 cfs,




Figure 7
Report Hyd-555

B. Air rising to the top of the horizontal conduit,

CANADIAN RIVER MAIN AQUEDUCT
CHECK TOWERS

Entrained air downstream from the check tower
crest (Q = 1,478 cfs).
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Figure 9
Report Hyd-555

¥

.

PEB2-D-54189 NA}

Overall view of model with check tower and air vent
structure,

CANADIAN RIVER MAIN AQUEDUCT
CHECK TOWERS
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Figure 11
Report Hyd-555

A, Air pumped from 5-1/2-inch air vent
-0, 030 downsatream slope,

P&62-D-54191 N i : z TR %

B, Air pumped from 11-1/2 by 3-5/8-inch cane
-0,050 downstream slope,

CANADIAN RIVER MAIN AQUEDUCT
CHECK TOWERS

Air pumped into downstream conduit from air
vents (@ = 1,478 cfs),
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Figure 13
Report Hyd-5566

PEG2-D-84196 N
B. Vent air furnished from both

upstream and downstream.

CANADIAN RIVER MAIN AQUEDUCT
CHECK TOWERS

11-1/2-inch air vent structure, @ = 1.478 cfs, downstream slope = 0.080
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Figure 15
Report Hyd -555

P662-0-54197 NAN PE62-D=54198 NA!
Large 5-1/2-inch-diameter vent. Large
rapped air pockets rising rapidly
causing large water surface
fluctuations,

3-5/8-inch~diameter vent.
homogeneous air cylinder rising
slowly and evenly causing small
water surface fluctuations.

PE662-D-54200 NA

PB62-D-54199 NA

11-1/2-inch-diameter vent. Small
air bubbles rising uniformly. Small
water surface fluctuations are caused
primarily by pressure surges.

7-1/2-inch-diameter vent. Disin- D.
tegrating air pocket rising rapidly
causing relatively small water sur-

face fluctuations.

CANADIAN RIVER MAIN AQUEDUCT
CHECK TOWERS

Air action in various air vent structures




CONVERSTON FACTORS~-BRITISH 70 METRIC UKITS OF MEASUREMENT
The following conversion faztors’ mdopted by the Buresu of feclgmation are those published by the American Society for
Testing apd Meterials (ASTM Metric Practice Guide, Jamary 1964) except that edditional factara (#) commonly wsed in

the Puresu have been added, Further discuseion of defimitions of quantities apd unlte is glyen opn pages 10-11 of the
ASTM Metric Practice Gudde. . ’

The metric urlte &nd copveraion fectors adopted hy the ASTM sre based on the "International System of Unite" (designeted
SI for Systeme Irtervational d'Unites), fixed by the International Committee for Welghis and Measures; this gystem is -
also koown as the Giorgi or MESA (meter-idlogran (omes)-second-smpere} Wm.m. ‘Thie gystem has bean' ndoptad hy 'r.be
Intermtiunll m'ganizatiun for Stan:hrﬁintion :I.n 150 Recalerd!tion R-31.

"‘nmnetﬂctechﬂcnmt orforcei_stheﬂlogrn-forc:. thi.s!.sthe fareewh.ir.h Ihenappliedtoqbﬂdyhaﬂnga
--wmes of 1 kg, gives i an acceleration of 9,.80665 w/sec/pec, the standard acceleration of free fall tosard. the earth's
cepter for sen level at 45 deg latitude, The metrie unit of force in 5T undts £s the pewton (N), which ie defined as
. that: force which, when applied to a body having a mass of 1 kg, glves it an acceleration of 1 n/sec/bec, These units
mst be distinguished from the (incomstant). locn'd.ghtdlbwnﬂngamsaorllg, that 1a, the weight of =
bedy ie that force. with which s body 1s attracted to the earth and ie equal to the mass of a body multiplied by the
© acoeleratiomn due %o gravity. - However, because 1t i1z genersl pnctice 10 use "pound" rather than the technieally :
. eorTect, term "ponpd-farce,® the term "ikdilogran® {or derived mess unit)} has been used in this guide ingtead of "kllogrem- -
‘forea® in expressing the comversicn flctm-stm-fawea. The newton nnit of foree will find increasing use, amd ls. )

" eegential 1n SI umidte.

6.4516 {axastly) .
,929.03 (exmctly)®
< 0.092903 (amtl'r)
0.4046H . 4 . .
L0 , L oy
< 0.0040450%

s 4.0 4 s 8 8 s
DR A A )

cn'bic centimeters

. Cubic meters .

»Cuble centimeters




m;m_ﬂg AND UNITS OF MECHANTOS -

Table IT

lnntip]a' .

P :-_?\_\

. ﬂnm par nuhin centinater
. xi:l.w por oubdo metar

» (rame par oublo oentimster
. Orame subdo centimeter

?ml..-...-.-n-

L I R

ST T3 3 s v s s

N7

PR

o
, Bri.tm: thermal umu (B‘Lu)

A
83

Btu!.n/h?ﬂzﬂlll'(k. . i
- tharml caﬂmﬂ.ﬂ.tﬂ .
Btu tie N2 dag F o o o s
Btu/hr £12 d"; r (c, termal
. omumo

Deg P e tbz,!Btu {r, uuml

. ..reaimtance

Btu/1b das l' (n, hnt u-pnnﬂ.y).
: Btuﬂ. hee .
. A:t (ﬂuml diﬂ‘ur.l.ﬂtw‘) e

Cepie Mo HOE

H

e B Bt g

Y

s

g

LA
e« o ¢«
"+ 4w W
s & &+ 4

s+ « »

T

s o 2. .

. W11imtta/on dog O
, Kg oal/hr mdeg & . -
. kg cal mhr 02 deg O

; WilMwatta/on? deg C
.' g oal/hr oA deg C

Tug ¢ exd/miliimtt
.I:,zdegc_ n

S

i

.':mmﬁrmsmrhpor :
tranamimeian), o o 0000 v
- Parma.(perzssnde). it

) B

-

- of
25~

:
:
|
2

iunmm_&n!

¢ v o Madrla Dérea
+ 3 Wetrio perm-centimsterw

* ' Permeinnhes

Tabie 111

Ml bply

By

OTHER QUANTITIRS AMD UNITS

To ottain -

. .Gubionhrlpirmmd
..I.I.torlporncmd

/"Litdrl per_sesond : .

. Cuble fest per ll:ul.ﬂ foot par
- duy (sespags)
Feand-seconds pu' quuc foot”

(risoomity). o v o o3 o's s

Square fest p-r second (ﬁuom.y)

Fahrenbait degress (change)s , . .
Volts per M1, .. . . .« 4 &

Juxens per square foct (root-
- qapdlae)

_ Ghw-afroular nily per foot |,
Wilicuriss par oubds foot
M1linzpe per square foot
Oalléns par square yu\i
Pounds inch

20480 , ..
A.880% ., 0.
0.02503% {(axmmotly)
5/9 axaatly, . , .,
0.0B7, ...

017856+ ,

. Liters par wquare meter pir dey
. lu.nm'n sesond per lquu'c cater
» Square matere Der second

"+ » Colsius or Kelvin degree: (u}unn)*
‘ limatsr

ulmluwnl
.I.msptrqun

xater
, + Oho-square milliosters per mter

. Millicuries per oubde mater

« M1liazps per equars mater

. Jiters par square metaer’
b+ centimeter -

GRD 3237




'ABSTRACT
‘Head losses, ;air. entrainment characteristics, and air ventmg require-
.ments were determined from hydraulfc model studies of propesed check
towers for the Canddian River Aqueduct, Texas. The aqueduct flowa 160 .
avity. drops 101t in elevation, and'is constructed of 54-; BO-,
d 72-in; ~dia reinforced concrete pipe.. Conduit wall pressures
3 naintained at about 60-ft head by the check towers, each of which
‘coneigts of 2. vertical sections of pipe connected at the top by a vented
8 bendy The design discharge will be controlled by friction
1 vill be controlled automatically in each pipe reach
wers whogé top inner radius serves as a crest’
i Alr will'be entrained in the downstream leg
f each tower during less thdn normal flows. This air will be removed
th educt by a 36-in. -dia alr vent located 100 ft downstream from
‘Laboratory . model studies showed that these check towers
rate satisfactorily for all discharges, preventlng overpressures
and water hammer during other than normal operation, .and when running
full: ﬂow will mamtain he proper hydrauhc gradient 1n the pipeline.

‘AB"S'TRACT'

osses, ir éntralnment charactemsiics, and air ventmg require-
ts were determined from hydraulic. model studies of proposed check
owcrs for _the Canadian River. Aqueduct Texas. - The aqueduct flows 180
i by gravity, drops 701:ft in elevation, ; and i5.constructed of 54-, 60-,
: ‘and 72-in, -dia reinforced concréte pipe. . Conduit wall pressures
w 11 be maintained at about 60-ft head by the check towers, each of which
congists of ¥ vertical ‘sections of pipe connected at the top by a vented
BO-deg return bénd,: The deszign discharge will be controlled hy friction
: "and lesser flows will be controlled, automatically in each pipe reach
- by the downstream check—.owers whose top inner radius serves as a crest
: the water.to flow over. Alr will be entrained in the downstream leg
g less than normal flows. - This air will be removed
educt by a 36-in.-dia-air vent located 100 ft downstream from
Laboratory model studies_ stiowed that these check towers
sfactorily for all digcharges; preventing overpressures

d water. hammer during other than normal operation, and when running- '

full Now will malntain the, proper hydramlc gradient in‘the pipeline.

ABSTRACT

Head loasee, air entrainment cha racteristlcs and air venting require-
ments were determined from hydraulic model studies of proposed check
towers for the Canadian River Aqueduct, Texas, The aqueduct flows 160

"~ mi by gravity, drops 701 ft in elevation, and is constructed of 54-, 60-,
.. 66~, and T2-in.-dia reinforced concrete pipe. Conduit wall pressures
will be maintained at about 50-ft head by the check towers, each of which

consists of 2 vertieal sections of pipe connected at the top by a vented
180-deg return bend, The design discharge will bie controlled by friction -
alone, -and lesser flows will be controlled automatically in each pipe reach
by the downstream check towers whese top inner radius serves as a crest

_for the water to flow over, Air will be entrained in the downstream leg

of each tower during less than normal ftows, This air will be removed
from the aqueduct by a 36-in. -dia air vent located 100 ft downstream from

-each tower, Laboratory model studies showed that these check towera

will operate satisfactorily for all discharges, preventing overpressures
and water hammer during other than nermal operation, and when running
full flow will maintain the proper hydraulic gradient in the pipeline,

ABSTRACT

Head losses, air entrainment characteristica, and air venting require-
ments were determined from hydraulic model atudles of proposed check
towers for the Canadian River Aqueduct, Texas. The aqueduct flowa 160
mi by gravity, drops 701 ft in elevation, and is constructed of 54-, 60-,

- 86-, and 72-in, ~dia reinforced concrete pipe. Conduit wall pregaures

will be maintained at about 60-ft head by the check towers, each of which
consists of 2 vertical sections of pipe connected at the top by a vented
180-deg return bend, The design discharge will be controlled by friction -
alone, and lesser flows will be controlled automatically in each pipe reach .
by the downstream check towers whose top inner radius serves as a crest
for the water to flow over, Air will bé entrained in the downstream leg

of each tower during less than normal flows, This air will be removed
from the aqueduct by a 36-in, -dia air vent located 100 ft downstream from -

" each tower, Laboratory model studies showed that these check towers

will operate satisfactorily for all discharges, preventing overpressures
and water hammer during other than normal operation, and when running

. i‘ull flow will maintain the proper hydraulic gradient in the pipeline.
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