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'PURPOSE

To investigate some"of the hydraulic 'pal'.amete's 10 be
considered in designing ‘a plunge basin for d|ss|pattng
the energy of a jetfrom.a ‘slide’ gate orvalve. =

APPLICATION

The reiat!onshlps determined by- these studles allow

calculation of plunge basin dimensions for fea5|bllnw
-designs or for final designs of smaller structures where

marginal performance or - excessive. erosion can be |

tolerated: “Final designs  of larger structures ‘may
require individual ‘model  studies to determine . the
optlmum plunge basin d:menseons ‘

CONCLUSIONS

1 Plunge basin depth width, and length (caused by
-scour} can be pred|cted through the use of dimension-
outlet
te_llwater

Jess parameters that consider outlet. velocltv,
,dlameter drop from outlet to tallwater
depth and r|pran size. '

'2 Effect'h\ tai!wat'er depth. — Figures 6, 7,and 8 are
used to- e\faluate the significance of tailwater: depth in -
determmlng basm depth basin width, and basm length, -
respactively. By holding the total energy head {Hy +
Y}, the ‘angle of penetration (H, /Y and the jet d|ameter '
(D) constant, the curves Indlcate that 1a|lwater depth
lT; has a significant effect an the depth of scour (Do
only when the tailwater depth is more: than 1/20 of the
scour depth s
decreases as. taulwater ClEpth ingreases, |.n a nonlinear
~tfashion, Figure. 8. Flgures 7 and B shjw that I:asm'

total energy head. Above this “limit,;

Iength and width reach maximum ualues at_specific
tailwater depths, Furthermore, the reduung values of

W/D, and L/Dg at higher values of {H, + Y}/T suggest ~

. @ narrower, short‘e'r ‘and - deeper. scour hole ‘as the
tailwater depth decreases

f[

- 3 Effect of total energv head. — Sm‘ularl\;, Figures G,

7, and 8 ave.used to evaluate the significance of total -

anergy head by holding all cther factors constant., A

constant angle of penetration’ {Hy/Y) necessarily dIC-‘

tates that H, and Y must vary by tihe same percentage

when vary:ng “the quantlty Hy + Y. Figure 6 shows, as -

. implied in the previous conc[usson that" the total

energy head rnust exceed the taliwater depth by 20 .

times before 'the effect on scour depth becomes

insignificant. At total:energy head. values below this.’

limit, the depth of scour decreases nonlinearly as the

tatal energy head decreases. Figures 7-and 8 show that

basin width and length reach maximum values at

specrflc ualues of- total energv head as wrth ta:lwater'

.4. E_ffect- of the angle of penetration. —-The signifi--_ ‘
caricé of the angle of penetration was evatuated by

. holding constant, the total energy head of the jet, the
- tailwater depth, and the diameter of the jet while. =
. varying the jet velocity head at the outlet and the drop_ o

. from the outlet to the tailwater surface, The resulting
'obsewatlons revealed “that for ali three basin-dimen-

sions {length width, and depth) there exists an angle at .

“_which ‘their values are maximized. The maxlmlzsng

angle for the basin depth was found to be 45° (H,/Y = -
1) while the maximizing angle ‘for .the. basm W|dth and
tength . was approximately” 35° {HY =
tailwater depth is greater than one- -fourth of the total'

. energy head [{H, + Y/T) < 4], the data indicate that, -

the maximizing angle becomes steeper TH/Y becomes.

: smaller} as the ratio of the total ‘energy head o the_

tallwater deoth becomes smaller

5. Effect of jet sizel ~ It Was,also observed that fora =
“specific jer {a particular total “energy. head and.a'"

particular ' angle’ of penetration) with a specifi¢ 2ail-

water depth;’ there: exist only singular- values far: the..'_‘"‘
““ratios of basin Iength width, and depth to the diameter =~

of the jet at the outlet This’ II'IClICEtES that for a spergfrc :
condition’. the basin dimensions -are’ dlrectlv ¢ pro-
portlonal to the ]Et dlameter : :

6. Effect of riprap slze. — The effects of riprap size, ~
although only partially evaluated; were found to be of -
_secondary impartance. Only two riprap size ranges

“'were observed in this study, but over those rénges no

effect influenced by r:prap size was onserved when the

“angle of penetration was less than 45" (H, JY > ). The
" depth of scour was found to vary.with riprap size when
+ the angle of penetration was greater than 45°, This
“-variation became greater as the “angle approached a0°.

However, over the size ‘range; observed the rlprap size’

“was found to have no effect at alI on the basm width or '

length

7. The analysiss: developed 5 ior outlets “thiat hon-

E zontally dnscharge jets with compact, fairly organazed
- Cross. sectl_ons.._A method is developed that allows the -
= study. of outlets that are. tilted downward. Prototype

jets that are-less organized or that have less compact
cross sections than the jets studied in the model can be
‘expected  tocause less. scour than predicted by the.
model. In this sense the analyms may be conservatwe .
dependmg on the flow sstuation .

8 The: mode! reprﬂsents prototype scour -as it would
result from the washmg out of material. However, it
cannot represent the scour that results from abra5|on

2). When the E
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uplift, or other processes. Thus, depending on the
situation, this factor tends to make the analysis less
conservative (predicting a smaller scour hole than
might actually occur). Comparison with prototype
informatian is limited but shows the analysis developed
in this study to be reasonably accurate.

INTRODUCTION

Value Engineering Team No. 8 was formed within the
Chief Engineer's Office of the Bureau of Reclamation
to find a simpler and less expensive method than the
use of a conventional stilling basin for dissipating the
energy in jets from gates and valves. Since plunge
basins appeared to meet these requirements, the mode!
study described here was initiated to provide general
guidelines for preparing feasibility designs of plunge
basins,

A plunge basin is a deep pool into which a free jet of
water {from either a spillway or an onutlet works
structure} falls, The hydraulic action . that results
dissipates the energy in the jet. The basin may bz either
constructed or allewed to be scoured by the hydraulic
action. If the basin is constructed, the basin may he
untined or iined with riprap or concrete, depending on
ihe circumstances. The results of this study supply
length, depth, width, and location dimensions for
riprap-lined basins, The data are representative of
unlined hasins for which the prototype rock material is
adequately represented by the gravels in the model.
Concrete-lined basing, sized by the results of this study,
would be larger than necessary. If the basin is scoured,
the added factor of scoured material deposits must be
considered. As the scour occurs, deqraded material is
carried from the basin by high velocity flows. As the
flows lose velecity and therefore sediment transport
ability, the material is depaosited. The result is the
formation of a crescent-shaped bar just downstream
from the basin. These deposits were not studied during
the tests because of an emphasts on constructed basins,
but the tendency for the bar to cause a smaller stable
basin was noted,

THE MODEL

The ‘initial medel, Figure 1, consisted of a 1- by 1-inch
[2.54- by 2.54-centimeter (em)] sheet metal slide gate
discharging from a 1+ by 1-inch conduit, 12 inches
(30.48 cm) long, into a bed of fine gravel contained in
a box 3 feet (1.0S1 meters} wide by 9.5 feet (2.74
meters) long. In the first tests, about 90 percent of the
gravel had an average diameter of between one-eighth
and three-sixteenths inch (0,32 and 0.48 cm). Later

tests in the facility used gravel ranging in size from
three-eighths to one-half inch {0.85 to 1.27 cm). The
top of the gravel bed was initially placed 22 inclhias
{55.9 cm)} below the invert of the gate but could easily
be raised to increase the range of testing. The tailwater
depth above the bed could be adjusted from 2 inches
(5.08 em) to 12 inches {30.48 cm).

Flow from the gate discharged through a short gate
frame, one-fourth inch {0.64 cm) long, before falling
freely to the tailwater pool. A sheet metal shield was
inserted i1 the free jet to instantly spread and deflect
the jet downward to prevent disrupticn of the scour
pattern at the beginning and end of each test, Figure 2.
Flow to the 1- by l-inch (2.54- by 2.54-cm} conduit
was from an 18- by 24-inch {45.72- by 60.96-cm) drum
through a G-inch (14.24-cm) diameter pipe and a
12-inch {30.48-cm) long transition. The flow to the
drum was measured using the 8-inch {20.32-cm) orifice
Venturi meter permanently installed in the laboratory
supply system.

Afte_r completion of twsts on the small model, a larger
facility was built, Figure 3. The model consisted of a
2.75-irich (6.98-cm) diametar nozzle discharging into a

Figure 1. One- by one-inch slide gate model and plunge
pool.
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Figure 2. Shield to spread and deflect the jet away from
the scour test area.

21-inch (53.3-em) deep bed of "gravel. Water was
supplied to the nozzle through a 30-inch (76.2-em)
diameter tank and a 6-inch (15.2-cm} diameter, 36-inch
{91.4-cm} long secticn of approach pipe, Figure 3. The
6-inch (15.2-cm} diameter approach pipe had flow
straighteners through its entire lenath. Discharges
through the nozzle were measured with a 4-inch {70.2-
cm) diameter Venturi meter. The gravel bed in which
the jet erodes was 14 feet {4.3 meters) long and 10 feet
(3.1 meters} wide. The gravei used in this model was
between 3/4 and 1% inches {1.81 and 3.81 ¢m) in
diameter. The top of the gravel bed was 89 inches
{226.0 cm) below the inver: of the nozzle. The
tailwater depth above the bed could be adjusted from O
to as much as 24 inches (61 cm).

THE INVESTIGATION
Anatysis of the Problem

The investigation began by first referring to several
publications concerned with the design of plunge
basins or with the depth and extent of scour to be
e-xpected.l 120308,5.8 % pnst of the references are con-
cerned with & jet from a flip bucket spillway and,
therefore, are not directly applicable to flow from a
gate. However, from the review of these references, it
was determined that the depth and extent of scour of a
plunge basin will depend upon a number of hydraulic
parameters, including outlet area, outlet welocity,
height of fall, tailwater depth, riprap size, and the
degree of aeration and disintegration of the jet. Other
factors to be considered are the cize or width of the
channel, the duration of the scouring period, and the

*Superscripts indicate references

Figure 3. Lame mao-del and plunge pool

shape of the cross-sectional area of the jet at the point
of release.

Of these parameters, the outlet area, outlet velocity,
height of fall, tailwater depth, and riprap size were
studied. Aeration and disintegration of the jet, width
of the channel, and shape of the cross-sectional area of
the jet tend to change with structure and specific
operation and are, therefore, not well suited for
consideration in this general research study. Duration
of the scour period is considered in the study only in
that all tests were run until no additional scour
occurred. Previous studies also have indicated that
riprap size is of only secondary importance in affecting
the depth of scour.

From this analysis, it was decided to proceed with the
investigation by constructing a small model in which
scour measurements could easily be made in a readily

Mgy
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.erodable material. The model was desrgned so that the
" most important of the hydraulic parameters mentioned
above could be easily varied. This |n|t|el mode! would

give hoth direction and pretiminary solutions to the
study, ‘The data. collected from this model would

require refinement and extension to be of practicatile

use. For this reason the Jarger modei was buikt and

studied after the completion of tests on the small
" model.” Test procedure: and ob;ectlv‘.s on the two

models were qurte similar. "3

Efforts were then made to form dimensioniess relation-

ships among, the hydraulrc parameters and establ:sh,

design cr|terra for the plunge basin and riprap require-

ment from the scour hole measurements: Such relation- .
shlps were established from the results of the investiga- -

tion.

It may be desirable in some cases, particularly for

larger structures, to refine this design. Model studies of
specific installations can consider factors that were
beyond the scope of the %tudy and can, therefore,
provide the n'iost economical and functional design'.

“In-order that the model test_c would represent a wrde
range of typlcal operatrng conditions, the dlseharge_ o
- curves ‘for sthe 4-. by 4-faot {1.22- by 1.22-meter) :
Zauxiliary outlet works slide gate at Navajo Dam, Figure ",
A"_4 were used to determine low- and high-head operating,..
“conditions to be tested. Thus, the 1- by 1-inch' (2.547
by 2.54-cm) initial model gate provided a 1:48 scale of ‘
Navajo gate. Because .of the small size of ‘the. initial .~
mode!, the minimum. prototype d:scharge that could be

represented satlsfactorlly was apprommatelv 600 cubrc

feet per second (lt fs) [17 cublc meters per-second -

(m3/s‘] This could be d=s"harged at full gate opening

- .W|th ‘g head of approxlmately 30 feet (9.1 meters).
“Other flows up to approximately 1.800 /s (510

3.’5} with a head:slightly over 300 feet ‘91 metersl in

testrng program.

of a square gate in order to ‘establish a maore clearly

defined jet. Stide | gates svere tried in the. Iarger model :
-~ butit was found that jets from slide gates were vary
- disorganized and inconsistent. It was felt that the clearlv :

defined jet from the nozzle would provide more precise

-and consistent data on extent and size of basin scour.
“This basin would be larger than those produced by less

organized -jets-and should yield a conservative design.

* Based on the outlet cross-sectional area, the 2.75-inch
{6 98- cm) dlameter nozzie would represent a.1: 19.7

scale model of 7the Navajo outlet. Prototype discharges

varying from 1,550 ft° /s {(43.9 m®/3)} under a head of

145 feet {44.3 meters) to 904 ft*/s (25.6 m?/s) under

{0.95- ta 1 27-cml grauel

" a head of 49.8 fest {15.2 meters) were tested in the

modef. All of the data on both models were t.aken fora
full open gate. It was feit that partial gate openings
“would create jet cross. sections that were beyond the
intended scope of th:s study

Small Model Tests

"Three di:'ffer'ent'series' of. tests'vrer'e run with the small.*
" madel: The first two used 1/8- 1o 3/16-inch.'(0.32- to ~/

0.48-cm) gravel and the third used 3/8- to 1/2-inch :

{0 95— to 1 27-cml gravel. The’ duratron of each test in

the first series "varied from 30 minutes to 2 Hours

‘_dependrng upon. the amount. ‘of scour and the srze of"-
* the deposit from the scour. '

" The data shown in Frgure 5 were obtarned after whlch_-;"‘.‘"

the .deposit of erodible material was removed-and thr:‘

test continued, usually -for an: hour, but at least’ unul i _‘_‘_‘

the deposit needed to be removed again: The deposn or--

har appeared to stabilize the basin at a size somewhat- .
.-smaller than' that which would be stable if the bar were:. "

not present These tests were.run wrth the dlmensmn o

i g in: Figure 5 set at 22 |nches (55 9. cm] dnd at- 20‘
rnches l50 8 cmf '

The second serles of tests was run usmg the same :

operatrng condltlons but for a s'ngle “Z* dimension of

20 |nches (JOB crn) Them tests . were: run' for a '~

- duration of 30 rnmutes to 4 hours dependrng upon’ the

amount of scour, and were not., lnterrupted fo. the ‘
removal of the deposrt ‘Instead, the- dnoosrt was

" “removed under water by hand. everv few. mlnutas as it

-accumulated untii there was very little addltlonal graver

hmatenal berng deposrted frorn ‘the scoured hole ‘-

= i .

"The thrrd series of tests was run under srmrlar operatung S
‘conditions. The “Z" dIITIBI'ISIDnS were set at both 20 .~ ©
, _*and 22 inches {50.8 ‘and’55.9 cm}. The tests were run-~ .

. the prototvpe were. also represented inthe h’lodel )

for"durations of from. 2.t0 6 hours, dépending ‘again
upon the amount of: ‘Scour. As. with .the second serres

; S " “the tests were not interrupted for the removal of the
Al mrcular nozzle was used in the larger model rnstead

deposit; instzad, the deposut was removed under water
by ‘hand as .it accumulated As was previously’ stated -
the third series was run using the Iarger 3/8 1o 1/2 mch

Large Model Tests

Tests on the Iarge model were run wrth “Z% set at 89

‘inches (226 cm).  The tailwater depth was alfowed’ to

vary: from 3.25 inches (8.3 ecm) to 22.75 inches (57.8
cm}. ﬂ\ gravel with stones ranging in diameter from
0.75 to 1.50 inches (1.9 to 3.8 cm) was used. Thie tests -

-were; run for durations of frorn 3 to 34 hours

dependrng on the amount of scour. Deposrts were
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Fimpingement_;““ B

' removed by shovel both as the test rontmued and
when lor g duratlon 1n s were lnterrupted ’

It was notsced dunng the tests-.on both models that .

# there was consrderable. mouement of the gravel in the -

scour holz ard“6n tht. downstream slope of. tha hole
but that toward thé end of the -tests,the gravel was

B merely picked. up "and dropped in: place rather than

: belngnnoved downstream and deposrtc—d beyond the.
l|m|..~. ‘of the hole. It was surrmsed that.the riprap l'mng
ina oasin deslgned for +h|s scour depth would also be

picked up ‘and dropped a number of times’ dependmg
upon the size of the rlprap stones - This would result in

- abrasive: erosion in the! prototype Therefore a’ con-

' __servatwe deSlgn for the depth of ‘basin is the minimum’

' _tailwatzr depth for which no erosion ‘occurs.This was a

. greater watér depth than' any observed water depth-

" above the bottom of- -a Scour hole fo. aguen operatmg
condltlon C A i : LA

A decision as to whlch crlterlon (zero scour tailwater

depth or design curves with expected tallwater depthl

“should be. used would. conslder both the. comparable i
- predicted depths from the ‘two’.analyses. and the ;

part:cular ‘characteristics of the structure being: con-’
_5|dered Both the zero® scour tailwater depth andthe=

scour depth based on e actual ‘expected tailwater
.depth-shouid be evaluated and compared through the

“Huse. of Figure- 6. If the dufference ‘hetween the two |
depths is srgn:flcant then the characterlstrcs of the

T 'Flgure & DEfInlthﬂ of .errns.__

Depth of Scour

“width is"w"

' speclllc structure should be constdered If the structure o

‘is expected to operate only very rarely or if only ‘at

~small. dlscharges, as compared to..the structure" total

" Cupacity, then ithe smaller. preducted SCOUr depth

(found using the' e,tpected tailwater depthl might be’ '

used. ‘Likewise, if the: penetrating jet is expected to be
fairly - dlsorganwed ‘or. if - additional grosion _and. the.
‘ensuing repairs ‘cdn. be tolerated then the. smaller:
predicted scour depth _might agam be. used On-the
other “hand,
often and at relatlvely hi gh dnscharges of if, addmonal

it the . structure- s expected to ooerate......

. erosion damage could r.ot be- tolerated then the greater i
“ predicted scour depth (based on’'a zero scour tallwater '

depthl should be used

develop dtmensronless parameters which could be used
) accurately predlct the expected. depth of ; scour.
“After many trrals the parameters -and .curves shown |n
Flgure 6 -were determlned In studymg the three
parameters it can be observed that {H, + Y}/T, the
parameter of the ordmate axis, 'is composed of the
eriergy “head. in the jet.at the tarlwater surface dwuded
by the depth of water through which the jet energy is
dispersed before ii> reaches the bhed: materral Th|s
parameter could “therefore, be thought of as regre:.
sentative of energv in"the jet at the -initial bed level.

The parameter of the rndlwdual curves H /Y is the :

Wlth “the- data collected attempts were "made o

&
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squared cotangﬂnt of- the angle at which " the et

penetrates the tailwater surface. For angles greater than

.approximately 25" (H oY < 486), the'impingement

angle may also be consndered the angte of attack of the

) ‘ - jet on the bed. At flat angles (less than 25%) prewous

BRI - ' studies have indicated: that the jet:may not penetrate
s L the  pool but instead' may dissipate “its _energy by
creatlng surface waves. ‘|t is. recommendéd, therefore,
that 25 should be the minimumi angle of penetration

a ‘tion. A method to analyze this will be discussed later in
i ; this report. The third parameter D fD , 15 simply the
' ratio of the scour depth tg the. thlck.ness of thelet Do

o . is the dimension . of a square outlet; thv.etore it the
R ,, utlets shap° l5 circular, ,the correspondmg square.: .

-

- I .*be determrned Generallm in spectfrc problems all of
~ % - the variables in these” three dlmensmnless parameters
“are known except for the depth of scour. Solution is
thus straightforward,, - :

{H £¥-<1). This d|men5|onless parameter isdd/D,
or the med[an riprap diameter {in inches) divided. by
< the jet thlckness (m feet} “Data werg obtalned for two;
values of th|5 r‘laral'neter and thus suppl|ed only llmtted
insight Into IIS overall stgmflcance It was observed

S HY > 1), But as the.angfe’ of penetration was
mcreased above 45°,.it was obs€rved that the - larger
riprap (dd/Dg = 0. 34) ylelded sngmﬂcantly shafiower
" basiry depths Flgure 6.
7 depth reddction results from two factors The first is

therefore, requires hmher flow veloc|ty to move it, The

becomes steeper, the hor:zontal ‘component of the jet

stabilizes at srnaller depths
\\ .

“The re!atlvely flat. curves ln the lower- part of thure 6
indicate ‘that when dd/Dg, is less than or equal 10 0.13

of penetratlon isflatter than: 457 [H Y >
" depth’ iricreases qutte rapidly for relatlvely small (H *
» YT values.

‘from the- tallwater Surface ‘to the bed materlal This

~Tand thus

velocities at the bed in‘turn mean less ability 1o scour.
. As-the’ angle’ of penetration mcreases, the path length
through the' tallwater decreases and. the total velocnty-

' -h|gh (H

ilmensmn for an’ equtvalent cross: -setional area shculd'
: htgher (H +Y,VT values

"}Appllcatton of these cul vés.ma iake
Lo was prevlously sald The curves
‘- using the expected ta!lwatm depth to obtaun -a, pre.
~glicted - depth of . scour; Ll
determlne the taliwater depthithat would |J° required” .

. so that no scour of the bed materlal would- occur First.

" Qne other para'neter was- partsally evaluated and.found' ’
to be sigiiificant for angles of penetration greater than,,.

o tatlwater “depth ‘js. quite straightforward Genernll
:the beginning of the analysis the type and'size of ottig]
the median” "
"‘?nprap size ldd} the elevatlon of the outlet’ (Y}, and the o

- Abgh.:
Howeéver; that over the range tested, thlS parameter. had‘T
no 5|gntf|cant effect for angles of cosietration.less than'

It can be reasoned that "this -

¢ -~ this,: Ds/Dyg
second factor’ is. that as ‘the., @ngle of penetrat(on.

“ velocity at’ the; tenwater ‘surface becomes less' signifi- ..
cant. The horlzo Atal -.component is needed to tre'tsport- .
“material away fron—fthe basin. The basin; therefOre t

' ctatlwater depth,

] Length and W|dth of Scour
. {small, rlprapl or when dd/Do is greater than 0.13-but -
less than or equal to 0.34 llarge riprap) and the angle -

) the basm: :

Flaiter - angles:of penetration result it}
Ionger dlstance= for.- tI".e jet o flow 1hrough as’it goes N

.means that the 1et will-have a longer time to dlsperse :
ve:oc:tles at the bed wili"be lower. Lower s

at the: bed: increases. However as- prevlous!y men-

: tloned when' the angle increases,; the horizontal com-

ponent of ‘the velocity décreases, which reduces the.~
flow's ablhtv to. carry material away from the basm ‘

This means there. is_an increase of depths “of scour as_ -
~ the -angie of penetration incresses to- 45 . and then -

allowed.: At times it may -be desirabie to tilt the gate -
downward to obtain a satisfactory angle of penetrar :

there is an apparent lack of. effect for, angles above 45 o

iH, /Y< 1). 1t should also be observed'that for relatively
+Y)/T- values - the  various -basin depths
approach constant valGes. The.curves also indicate that’

- use of larger riprap (dd/Do gr"ater than 013} at. angies

of penetration greater than 45 will reduce the: depth:?
of scour. As-the angle approaches 90° (H,/Y = 0), the
reduction becorfies. very. Slgnlflcant espemally at the,_.

& two directions’as
nay . “gither be. applled‘

or they may . be usid: to

+all, appllcatlon of the curves using the! exuected

the expected tailwater depth {T),

velogity -head at the outlet lH ] would be - known. -

“This, (H, + Y)/T H oY, and dd’Do mav be directly
. computed By- then applylng these ‘to Figure 6, the

corresponding value of D /DO— may -be -found. This in

“turn yields a‘value for the depth of scour (D). To find .
' _-the required tallwater depth s that no'scour occurs is a
- simply that the Iarg=r fiprap has more weight and,

somewhat more |nd|rect operatlon Ds is set 1o zero,

and its mtercept ‘for D, Do

expected tauwa. b depthwls less than the no»scour
their dlfference can . be -used a5 a
Dl‘edlc‘ted depth of scour :

The length and W|dth of the basm were ound tobe

likewise related to he dlmenSIonless parameters used . -

in the previous.analysis. The' curves shown in Figure.7 -

“for wudth and”Figure 8 for length were developed fin
_general ey show that for a.constant (H, +Y)/T the’

* 'scour: d!menssons increase’ as H,/Y goes from 0.2t02 0
: u,,(angle of penetration’ gnes from 66 1o 357§ and that .
“the scour: then (decreases ‘as H,/Y increases above 2.0

is: also set to zero. M. o Y is:then evaluated S
=Dis obtamed This® y;e!ds- e
‘a value for {Hy + Y}/T Smce the. values of Hv and Y
are known, T (tn ThIS ‘¢ase the taulwater depth requwed' :
~§0. that no scour will- occur} may’be’ evaluated If the
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{angles’ of penetration less.than 35°). These cccur-
. rences can be once again related .to the confliet
between ihe jet patl- length through the iailwater and
the magnitude of the horizontal component of the
velocity at the bed materiai. It was also ‘observed that
values of (H, + Y)}/T existed,. for given H,/Y values, at
" -which the scour appeared to maximize, The ba.,ln size
also tended to stabilize at hlgher (Hy + ¥)/Tvalues for .
specific angles of penetratlon Reasons - for\fheﬂs two
trends are. uncertain, The size of riprap was found to be

.. of no ::gnlfrcence with respect 10 l°ngt‘1 ar’ld W|dth of-

the basin over the siza range stud:ed
Location of Scour Hol_e

Rather than iy to velate the basin location “to total
. head, angle of ' = tion, and tailwater depth it was,.

.
Cd‘d

To apply the data to tilted outlets, the jet velocity at’
and

the tilted .outiet is  separated into horizontal

- vertical. components. The horizontal component is used

decided to relaté its Iocatlon to the'i lmplngement point -

of the theoretical jet trajectory path on the charinel
bed. oo T ' . ; :

_The free jet path can be studied to‘eieid‘the iocation of . ‘

impact and angle of penetration: at the tailwater
- surface. The-path is than extended from: the impact
point to:the bed surface as a stralght line sloping at the
ang'e of penetratlon ThlS scneme was not. str!ct!y

verified in thié study, but-jt has been obsarved and

. discussed by Mikhalev.®
would be minimal once the jet ‘entéred the tailwater,
-and the jet would tend to foliow: a stralght line ramer

-then & free-fall trajectory Mode! data show reasonalﬂe -

agreement wrth this procedure

It should be noted that as ‘the. jet passes through the -
tailwater, the jet is.dispersed. The highest velocities
would- be located aleng the’ prewously predicted. path.

_ The greatest depth ¢f scour therefore, would also be
-along the previously predicted path, The point of
intersection between thé projected ‘path and the bed
surface should thus be conssdered as the center point
of the basin.

. Analysis for Tilted Outlets

i

The total analysis, as previously described for outléts

Gravitaticnal effects on the jet .

discharging horizontally, may be applied with caution

to downward-tilted outlets, A downward- tilted- outlet
might be considered in situations whire a horizontal:
outlet would release a jet whose angle of penatration is

flatter than 25°. The reason that thiz. analysis'must be '

applied with caution is simply that OIII\\( horlzontat
outlets were obssrved .in the model study’,, and no

definite observatrons were made of tilted outleuf@w )
Loy

T

as the drscharge velocity from a hypothetlcal hori-
zontal gate. The vertical- component is converted. to' a
uelocaty head which is added .to the Y value {distance
from outlet 10 tallwater surface] of the tilted dutlet.
T|"IS summation yields the Y value for the hypothetlcal
_hor!zontal outlet In .effact, this procedure assumes

that the jetas it leaves the tilted ouatlet is-a jet from a-

horizontal outlet, part way through its free trajeg torv.
. After (Jmputation .of the - basin dnmensaons from
.Figures .6, ‘7, and '8,
determ.red by stra:ghtforward .use of the equatlon of
the trejectnry of ajet from a tllted outlet. ©
L|m|tations of the Analys.s B

To summarize severa Amltatlons exlst in the analvs:s

1. The deslgn curves ‘are not extensive enough to
handle all posssble operating condmons Because of

physical fimitations: in the modei, tests-were not run.

for. all conceivable velocity heads, drops frem the.

outlet to the tailwater surface, and tatiwater depths

" that; 'mght be encountered in prototype de5|gns

“at least very compact cross sertlons) were studied.
"The' effects.of air resistance’ on the free jet were

" therefore "minimized’ as were; the,. effects of .jet
dlspersu)n -and velocny reductaon as
through the tailwater, g

3 Only a‘very llmlted renge of relative gravel sizes

‘was studied. Although the materlal size appears to
be a parameter of secondary. importance; it did have
- some effect over the limited- range observed. As
prototvpe rnatenal size varies beyond “the range
tested it can be expected to have greater rnodtfymg
effects R : Lty

g

' ""‘4.-~ASCour rasulting -from’ abrasion, uplift of massive
blocks, or proggsses other than simple erosion were

particular situation, they-may be of significance.

These limitations should be recognized when applying
_the criteria in designing a plunge basin, As previously
stated over the range studied, the gravel size had little
. effact on length and width of scour and affected depth

of scour only for angles of penetration greater than -

45°, Chee and Padiyar® developed the equation:

the location of the basm is

2 Only full open gates (1ets w;th circular, square or

:t © passes ‘

not “evaiuated in_these studies. Depending on the _




. Dl’"n =

d0_063 .

where:

'1_235q0.6_7_H9;187. - e :

.

= Scour depth ._.f oasm below fIlp bucket
{feet)
= Unit Jplilway d|scharge (ft js{feet)
H - Head difference between headwater and
: . tailwater levels (feet] ~. C
~.d = Mean bed material diameter (teet} '

D

This . shows the riprap size to be of only rmnor
_significance .sinca the material diameter has such a

o

o =30 feet {9 meters)

T =65 feet t20 meters)
Q'_=49,400 ft' /s (1,400 m:’f'sl
Y ._—.263 feet {80 meters) " -

Using the analy__sis‘de\relo_ped in this report,'Fig.ur_e 6.3
-depth of-scour’of 148 feet {45 meters) was predicted - -

" for riprap with"an assumed mean diameter of 3.9 feet .~ -

- .2 meters). -
-depth was computed’ to bs 310 feet (94 metérs]. After

In' comparison,-the. zero scour tailwater

10 vyears of operation, the depth of the basin was

small exponent. Chee and Padivar aiso quote others‘

who have had similar expenehce Their equatron “could
be used to estimate the.effects of;using larger or

" operated at ‘one time. Since the six”jets are’ arranged

" smaller materials than, those described in this report. -

it ShOJlCl also be ncted that basnns des19ned frorn this

report shouid be conservative for less concentrated and
_organized jets. Less concentrated jets sho_uld break up
~and aerate quicker in their free trajectories and reduce

their velocities qutcker as submerged jets. These effects’

"observed to be 190 feet (68 meters) (about 20 percent
The spillway. was extenslvelv
used’ t"\roughout the 10 years. It would seem that the . .

more than predu:ted)

difference between the predicted and observed’ depths'

probably can be primarily attributed to-wo major e
factors. The first is that more tHan one ;et has been. -~

50 that they penetrate the pool at locations fairty close’
to each other, the scoureffects of the adjacent jets - °
cannot be considered independently. That is, two jets "

operating together can be expected 10 cause a greater-

¢ scour than one’ operating alone three can be expected

" combine to decrease the depth:of penetratlon by the

jet which delivers less concentrated scour energv to the

_bed material. The reqmred basins would, therefore be

smaller.

-Only scour resultmg from the direct: Inftang of the’

material by the flow could be evaluated in" the maodel.

Scour resulting fram other’ processes can be expected

in the_ prototpye.

In- particular situations these pro-

_cesses can be expected to cause significant additional -

scour. Abrasive —-erosion which ‘results from loose

material being washed agalnst the basin boundaries ina "

“back mill”-type action can be expected to ocdur to
some extent at all sites. “When *high veiocltv jets
impinge on massive fissured rock, uplift may result in

very significant scour’ under certain conditions. ‘lig..A

pressures. may - develop in- the fissures be_'_*ause of
stagnation of the jet's vejocity. These pressures may -
. then actually lift huge blocks out of the bed material.

In any case these additional erosion processes would
tend to make the required basin larger. than .that
predicted by the'analysis “Therefore, they tend to
make the design less’ conservative and thus have. the
opp051te effect to that of a ‘less prganlzed ]et )

Kariba Dam” an the Zambez: Rwer (between ‘Zambia
* and Rhodesia) has six, gate-controlled, free trajectory
“jets which compose its spiflway. For one of these jets:

i stated

10 cause a greater, scolr “than two, etc.. The second
factor-is that abrasive erosion and especrally “uplift of -

massive blocks occur at- Kariba while they were not

_eualuated in the model. The.rock at the Kariba site is’
massive fissured material and thus is susceptible- o

upllft These. additional erosion mechanisms would
tend to create larger scour hcles than ‘hpse observed i in

i the model

Attempts were made to find other prototype structures -

~ that mlght add verlfleatson to this studv s findings. No

pertinent information was found on. ‘t""ﬂtures whose
physical ‘parameters fit within the limitations.of the
analy5|s Twe. structures, the outlet works -at Deer

Creek Dam and the outlet works at Deerfield Dam, =~

have riprap-lined plunge basins but c_lffer_ Inttle._venfu_:a—
tion because in both cases the angle of penetration was
much flatter than 25° (H,/Y < 4.8). As previously

occur. These gonditions have béen observed at ‘the two

sites. Efforts to find add:tlonal prototvpe verlflcatnon:. :

- will cont inue.

F Ve

Shape of Basm' \‘«

- Alth ough no detailed data were taken;general observa- -
© tions indicate - that placement of the deepest scour 7
" point in the middle of the basin “with the length and. -

a2

width centered about ityields a sat|sfaetory de5|gn for_

at these flat angles the |et wilf-not fully -
" penetrate the pool and high suria ‘e turbulence will

e




. a single drseharge eondltton There are, therefore, threei

points defined on eaeh of the two planes which contain

the minor and major axes of ‘the basin,-Three DOInts e

will define ‘a ‘specific crrcular .arc. These circular arcs
should be used to defme the minor. and major. basin

cross sections.. The intersection of the basif wnth the -

horizontal bed surface shiould be considered an ellipse. o
The rest of the basin shape shouid be established by’ w’ 51
smaoth sransition. curves. To establrsh a basin shape .- "

that wouid function over a range of operatmg condi-

tions, the requared basin. size .and location for both the M
maximum and minimum expectéd nperatmg conditions -

‘must be evaluated. The two basms are to be con nected

by straight lire tran5|tlons 10 obtcun the funal basin -

design.

SAMPLE PROBLEMS |

Horizontal Outlet A
3

Assume that a 4-by 4-foot (1.22- by 1.22-meter) gate
is to discharge 1,80C ft*/s (28.3 m%/5) at full gara’!
opening into a pool 16 feet (4.9 meters) deep. The gaté - -

. is to discharge horizontally from an inveft elevation of
.40 feet {12.2 metersi abave the tallwater poot.

: VeIocitv from fu‘!' open gate = 100 ft/s {34 B m/s}
Velocity head. H, = 155.3 feet {47 3 meters)
H/Y~1553a’40 388 - .

(H +Y)/T—1953f16—1221

From thure B: - SRS 3 /D = 5.65

. or Dg=(5. 65) {4‘ = 2.: 6feet (6 9 meters)

From Frgure 7: : T W/D, =240
or-'W = {24.0) {4) = 96. 0 feet 129.3 rneters)L

" From Figure 8: =~ ° X/Dg =287

or X = (28. 7} (4) = 114 2 feet [35 0 meters} '

The zero scour tailwater depth may aiso be computed
using Flgure 5. If H,/Y=3 88 and D= 0 then:

. Dy/D, oy
{H, + Y)J'T 5 o - ' : :
: or T = the zero scour tailwater depth
=195.3/5 :
= 39 feet {(11.8 meters)

These calculations suggest that a basm desrgned wlth a’

.depth of 39.1 feet’ (118 meters) wouid be very
mnservatlve

Neow find the location of the maximum depth: * ™

' These yleid

. but is tilted downward at an angle of 20°,

‘m/s] and Vhorlz =V cos: G

/Y =cot? 0=3.88
. ' -or'cot @= ‘I 97
or G |the angle. of penetrat:on)

Y 40— (1/2) gt2 = ‘IB 1t" :

=T 58 szconds (sec)

Xy =Vi+T (cot @)= (100} (1 58} + (15) {1 97)
© =190 feet (57 e} meters} B

So the basrn for the maxtmum ;et woutd be as shown
','m Figure 9. Assummg that at'a lower reservorr level,
-the discharge at fuil gate opemng rs 800 ﬂjfs (226
T m /sthen S

S = 50ft/s(152"m/s) .
S H —-SBBfeet[lleeters)
HfY 38.8/40=0.970

{H +Y}!T 788;“16 493

= 20; 2. feet (6. 2 meters) -
X = 84, 0. fect {25.6 meters}
78 2 feet (23 2 meters)

DS/D = 506 -
. X/D -—21.0
‘ W/D "-1905

“The angle of penetratlon is epr:rro:f.imate[\,.r 45 (cot G = .
) 0970] ‘ S 3

Y 40"1/29t

ort=168sec . ' - T
XL Vt+T{cot0}—{50}(158)+(15H1)
-95 feet {290meters] : ‘

So the scour depth in the flnal basm v\.ould vary from

- 20:2 10 22.6 feet {6.16 to 6.89 meters} over 19085 or
+95-feet, (29.0 meters).: The overall length of the basin

w0uid be 95 + &7.4 + 42 or 194.4 feet (59.3 méters),
The width wouid vary. from 7€.2 to 96 feet (23.2 10
29,3 meters). The mean diameter of riprap lining could -
vary from 6 inches {0.13 x4 feet) {16.2 cm) . to0.16

- inches (0.34 x,4 feet) {40.6 cm) as desired. These

r.prap sizes represent the Irm;ts studled in the model

o

_ LjTI!tEd Outlet

|f the same gate is. operated under the same condltmns :
the resultmg
basin’ would be desigred as follows. For the maximum

" resarvoir head, V- = 100 7t/s {305 m/r} At an angle of -

20°, Vygpy = Vsin @ =10.342) {100) = 34.2 ft/s {104

(0 940} (100) 94 o ftfs
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“137.2 feet (41.8 meters) and the hypothetlcal Y would
be40+{1553-1372) 581feet(‘]77meters] '

"HyY = 2361
fH +Y}/T~1953/16—1221

These vield:

DDy = 6.25 or D= .25.0 feet (7.6 meters)
' X/Do =326 or X =130.4 feet {39.8 meters)
W/D,=290 - ‘or W =1186. O feet (35. 4 meters}

To Iocate the basm use the trajecrory equatlon for a -

tifted outlet:

. . . .2‘ '
Y= Vet +_ﬂt—

. |
P gt
5 = Vsm Gt +-—2

581—34 2t+161t

L3

Solution of thls quadratlc equatlon gwes

t= 1_.115 sec e
7 HWY =cot® B=2361
" cot@=1537.
- 8= 33° _ )
Y CXLE Vh Lt+Teotd |

= (94, DJ (1.118) + (16) (1 537) ©
= 1048+ 24.6 = 129.4 feet (39.4 metnrs}

..-the _ basin is 129.4 '+ .(130 4/2)
“‘meters) from the tlited autlet,

.';;Slmﬁarlv, the. basm size and Iocataon are determmed_'

" for the low-head (_ondltlons

\.' =60 ft/s'(15.3 m/s)
Vyere = 17.1 ftfs (5.2 m/s}
Vha”z = 47 0 ftfs {14 3 m/s):

o The horlzontel\ component of ‘H, w0uld be 34 3 feet
L1108 meters],\and the hypothetlcal Y would be- 40 +
4.54 or 44 5 feet (13 6 meters]

T HY 20771
Hy + YT = 78.8/16=4.93

{28.7 m/s). The honzontal cormponent. of H would be"

The deepest paint in the basin is thué 129.4 feet (39 4
meters) ’rrom the tilted outlet. The downstream end of
194.6 feet (59.3 .

. Splilways

';I;hese'vield: N _
D /D 5_.0'6 '?'-or D= 20 2 feet (6 2 me*ers)
X/D = 18.50 | .or X =740 feet (22.7 metersl
W/D = 18..25 Cor W "‘]3 0_feet 22.3 meters)

-when the mean rlprap size is 6 :nches !15 2. r'm} - the
smalier riprap. testéd for which ' ddl'D = 0.13. If the
_ _'mean riprapsize is 16 |nchr:s (40.8 cm} — the Iarger rip: -
. Tap tested for wh ch dd/D ~=:0.34, — X and W would
remain the same e but D, would be decreased o 13.4 feet
~(4.1 meters}/u ne [ow head basm is then located::
. Y 445—171t+161t
ort=1 215sec
“XL (47.0) (1.215) + (16; to 878)
N =BT 14.05 17,0 feer t21 7 meters)

n, '\

.7 The deep point of the Iow head ba=|n would thus be

71.1 feet: (21 7. metars) downstream from the tl!ted
outlet. The L.pstrpam end of the basin would be 71.1 -
(74.0/2) or. 3475 feet (10.4 meters) downstream from
{, the’ tilted outlet. The, total“basin for the’ taftedtoutlet -
“. would range from 20.2 to 25.0-f¢et (6.2 to 7.6 meters)
“in scour depth if the mean riprag dnameter is 6 inches -

(16.2 cm) and from 13.4 to 25.0 feet'(4.1 to 7.6 cml RSN

- the mean riprap dismeteris 16 inches (40.6 cm}. The -~
- basin would be 194.6 - 34.1 = 160.5 feet (48.9 meters)
leng “and would® range in width from 73-to 116 feet =
{22.3 to 35.4 meters), for ‘any slze rlprap ove' the range'“‘ff” o
_studled ‘ ; : i
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CO‘JVERSION FACTORS—BRITISH TO. METRIC UNITS OF M}:.ASUREMENT

The lnlIow:ng conversion factors adopted by the Bureau of Heclamatmn are thom mhhshed by the Ameru:an

Society far Temng and Materials {ASTM Metric Practice Guide, E 380-G3) except - that additional factors (")

commonty used in the Bureau have besn added Further dlscussmn of defnmtlons of quantities and unity is gwen in -
the ASTM Metric Practlce Guide, ' . :

. The metrie units and oonverswn f:.ctors adopted by the ASTM are bmed on the "Internatnonal System uf Umfs“'

{designated- SI for Sysleme International d'Unites),- fixed by 'the" International Committee for Wenghts and” -
: Measures this system' is also’ known as the Giorgi ‘'or MKSA {meter-kilogram’ {mass)- second- -ampere} system, Thls.'

!-'VSTEI'l has been adopted by the Inmrnatlonal Orgamzahun for Slandard.zahun in'iSC Flecummendatuon A- 31

. The metnc technical unn of force'is the kilogram- fort:e this it the h:rce whn:h when applied t0a bndy hawng a
mass of 1 kg, gives it an acceleration of 9.80665 m/sec/set, the standard acceleration of free fall toward the earth’s
center for sea level at 45 deg latitude. The metric unit of force in 81 Units is the newton {N), which is defined a5 . :
that force which, when applied o 8 body having a mass of 1 kg, gives it an ac: eleration’of 1 m/sec/sec. These units .
must he dlstangutshed from- the (inconstant) local ‘weight ‘of a body having a mass of 1 kg, that is, the weight of 2

: body |= ‘that force with ‘which a body is attracted to the earth and is equal 10 the mass o 'a body multlplled by the -
accelelatlon due to gravity. However, because it is genera! practice’to use "pnund ‘rather than the: techmcaily
correct: terrn ‘pound-force,” the 1erm "knlogram" {or der:ved mass unit}. has been used in this guide- instead of

-"k:lugran* force’ in expressing ! lhe convl!rsu:m factors for forces, The newmn 'unit o} fo_rce w1|_l find increasing use, -

and is essentlal :n S1 units,

Where apprnx;mate or nominal English uinits are used to express a value ar range of va1ues the convcrted metric..

units in parentheses are also approximate or Rominal. Where precse Engtish units are used the cmverted metric *
unlts are expressed as equally s.gmflcant values .o

. Tablel~

"QUANTITIES AND UNITS OF SPACE -

" Multiply

Bv‘.

To .Dbtain e

LENGTH -

“Inches . . .,
Inches .. . .

: ‘_Mlles lstatute)

©25.4 {axactly)
© 25.4 {exactly) .
12,54 (exactly]” .-
30.48 [exuctly)
0.3048 (exacty)."
0.0093043 Iéxactly) *
0.9144 (exactly} -

1,609.344 (exactly}

. 1.609344 (exactly]

2 Mieron -
. Miflimeters. .
2 Centimeters

. Centimeters - . -
Meters -~

. Kitometers -
Meters

AREA '

- Rilomeiers -

"w‘quare inches™
Square feet
Square feet.
Squaré yards

6.4516 (exa"‘[ly}
*929, 03 y
- 0,092903
0.836127

. Square centimeters” .

-Square centimeters -
Square meters
Square meters

‘Hectares

Square meters”
Square .|~.|Iorn9[ers

Square mlometers‘

VOLUME

Cubic inches
Cubit fest .
Cubic yards

16,3871
0.0283168
0.764555 . .

Cubic centimeters
Cubic meters
.+ Cubic meters-

- Fluid ounces (U5 -
- Fiuid ounces (U.5.)
Liguid pints {LL.5.] .
Liquid pints (US) ... .. ...
Quarte (U.5)
Quarts (U.S.)
Gallons {L,5.)
Galtons {US] ;
Galtons [US.)
; Galtons {U.S.} .
Gallons {LL.K,)
Gallons {U K.
Cubic feet
+ Cubic yards
Acre-feet
Acre-feet

i CAPACITY’

" 29,5737
29,6729, ... ..
0473179 ...

0.473166"
*946.358

Cubic centimeters
T Millititers.

. Cublc decimeters
Liters

Cublc ..enurneters

Liters -

Cubic :entlrne'ers
Cuhlc declmt‘lers
Liters

Cubic meters

.. Cubic l_:lel:lrneturs
ther;“- :

Litefs:
Liters
Cubic meters
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. REC-ERC- 74 9
Johnson; PL
HYDRAULIC MODEL STUDIES OF PLUNGE BASINS FOR JET FLOW
Bur Reclam Rep REC-ERC-74-9, Div Gen Res, June 1974, Bureau of Reclamahon
Denver, 16 p, 9 f|g,9 ref

DESCRIPTORS. — I‘plunge basms.f scouri rlprap! slide gates/-hydrautic models/ 1EtSl'
tailwater/ velocity ‘head/ grawals;r discharge (water}/ model . tests/ r.dppel )
IDENTIFlEHS — Navajo Dam, NM. .

e

REC-ERC-749.

Johnson, P L - ' S
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Dcnver. 1h P9 flg, 9 ref ’ . .
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' Derwﬂr, 16 p, 9 fig, 9 ref
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