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Test 
Photo Pla~e~Photo 

I 5 36AI 

2 5 36CI 

3 5 36DI 

4 5 36BI 

5 6 36A2 

6 6 36B2 

7 6 36A4 

8 6 3~4 

9 7 36A6 

I0 7 36B6 

ii 7 36D6 

12 7 36B7 

13 8 36AB 

14 8 36B8 

15 8 36CI0 

16 8 36BI0 

INDEX ,TO PBO~G~APHS ' :, 

,Reprt ~Ntunbers 

Descr i~tion 

Final ~Design - River ~bed ~an~ ~mo~del ~ithout 
~t a'ilws~ er 

-- d i tt o -- ~ Sp i llwa y mo del :wltho ut ~t a i~lwater 

" ~ ' ] ~ o d e l .  wfth .no :flow ~tailwater 

~" ~iew from bridge--Wi'thout tailwater 

" Penformance with '50,000 c. £. s. flow 

" ~Performance with ~50,000 :c, :~. !s. - : 

~ump on apron 

!Psge / 
~No. 

• ~5 

5 

~5 

6 

6 

, tt  

Performance with ~i00,000 c. ~f,. :s. Tlow "6 

Performance w~th ;100, 000 ~c. f. s.- 
lump on apron ~- 6 

Perfo~-muance ~with i.SO,000 :c. ?£.~ s. flow ~ '7  " " 

i 

:Performance with :150,000 •c. f0. ~s. - 
Jump:on apron~i - " " ~ 7 - :  ~ • 

tt 

W 

J~ 

Performance - 80nd :deposlt~ion after 
150,,000 c. f~. ,'s. '7 

~Performence With 175&000 c. ~ ~f~, :S. flow ~7 

~Performance -wlth:S00,000 c. f. :s. ' flow 8 

,Performance ~th 200,000 ~c. £. s.- 
Jump on apron 8 

W 

' tt  

Performance with ~260;,000 c. f. s. :flow :8 

Performance with 260,000 c; f. ,s. - 
~ump on apron 8 
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Test 
Photo Plate Photo 

17 9 

18 19 

19 9 

I~EX TO I~PH0 TOGR~2. HS ~i (Cori't~%nued,) 

h'\ 

' )Page 
!Des cr:iption ' ; N o .  ~'' 

36Cii Final Design - iPerformsnce - Sluices and :needle ..... 

velves open - :Mex. iflow ~280 ;000 :i 
c. ~.. s. 9 

36KII --ditto-- ~PerZormance - Jump -condi~tions .,on apron - 
Max. ~flow :2801"000 io. f. ~s. ,9 

36FII " Performance A--Sand ~eposit:ion after 
max. flow :280,0Q0 ~o. if. s. 9 

20 9 36Eli " Performanco -Right 'bank after ~280,O00 
c. ~ f .  ,s. !flow ~ :9 

21 i0 38A4 Performsnce . -  Gsta #i only<open - 
Flow~2Z,0O0 c. ;f. s. ~-I0 

22 i0 38A3 ~" 

23 i0 38AI 

24 l0 3BA6 " 

Performance I_ iGate :#2 ~only :open ...... 
: F l o w  ~27,,000 "c. f. is. ~i0 

A • 

l~erforz.ance -.. Gate #4 only ~qpen . . -  

F l o w  J27,000 :c. ~f. !s. 10 

Perfo rmsuce - G8 t e s #2 :and •#3 :or_ly 
onen - Flow 54;000 c. :f. s. :lO 

25 15 ,C Det~i~is of ~del construction - :0rigin~l ~design - 
Nodel :fr ~ming 46 

26 15 igC! -,ditto--Original desi.~n- Ereming covering 46 

27 15 ! " 

28 15 4 " 

Final design - :Framing ~detai~ls 

Einal-desi~n - Framing co vezing 

46 

46 

29 ;16 BSA0 Testing apparatus -Nsppe point gage 47 

30 16 6 --ditto-- Regulstlng~ailwater weir 
L~ 

47 

II 
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Test . .  

'PhotoPlate Photo .. _Description 

31 16 16E13 ,Testlng~spparatus--~Automatic~a~lwster-,weIr 

32 '16 5 --dltto--:Pi~Ot~tube,-~unted 

• IND~UT0 I~PPDTOGR~L~HS ((Cont'inued) " " 

~Psge 
~'No. 

'47 

47 

33 18 20.~J2 

34 18 20A4 

Original Design--L~pron ~at ' . E l ,  " 6 0  . -  ~ F l o r , .  . . . ~ . . ~ .  

~260,000 c. ~ f .  :s. -Wi~thout 
Si~ll , [) '52 

--d ~,tto-- .:Apron st E!~J~!60 :,-'~Flow 260,,000 c, 'f~, :s.- 
With :~s i~ll :52 

35 18 6BIC .Apron :.,at -El. ~ 60 - Stream .'line ~flow 
~etchlng ~ ; h r o u g h  <~entstes, " 52 

36 18 6AIO 

37 20 8 

38 20 13AI 

39 2 0  9A3 

~" fApron~'at EL:60 ,,- Stream!~Ine ;flow 
etcNing~at,~block .~ , . : . . . !52  

R i s i n g - a p r o n s  - . D e n t s t e d  s ~ l l -  ~ S e t  ' u p  ~ b e f o r e  

r u n s  

• -,ditto-- Dentsted sill,-- ,Erosion~sf~er :max. " 

flow 
& 

" Dentsted.sfll . -  Gates#land:#2~d~is- 
charging--,Pond~et'~El.:263 

~54 

~54 

40 2 0  8~23 

41 21 8A2 

" Denta~6d sill -Erosion resulting 
'from :2~-gate ;oper ation 5~ 

Apron at various ~levels - ~Msx. :flow !~ith ilden- 
~t s ted s iI~I ; 55 

42 21 ~a~3 --ditto-- Mex. flow w i~h plain .turn-up ~si~l !55 

43 Sl 8B2 " Erosion efter run - Dentated .si, l~l ;55 

44 21 8B3 " Erosion after run - Plein-si~ll 55 

45 22 !gBI Apron at El. 60 - Max. flow 26Q,000 c. f. s. - 
Se~-up 59 

III 
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Test 
Pho'to Plate ~Photo 

46 

47 

.-II.TDEX TO F~E3TOGRAI~IS ~(Contlnued!) 

~Descr,'i~t~ion ~.No,. 

2 2  ' I g D 1  .Apron ' a t  E l .  6 0 -  " ,.,~ax,, T l o w  260 ,~000  " c .  i f , .  's. , -  

Tailw~ter depth ',70 ,feet . 

22 1,19A2 --di%to-- Max. ~,flow z~.60~'000 'c .. if,. ::s. - 
Tsi,lweter .~epth 55 :fee't 

' 59  

:59  

48 22 19A3 '" ,Hax. flow~-260,000 :c. f..s. - 
Tailwsterdepth~50 :fee% :59 

49 28 10AI3 1:6 Sloped apronJstart•ingst El. 8 4  .... Jump at 
max.'flow 70 

50 

51 

52 

53 

54 

55 

:28 10BI3 --di:tto-- Erosion after:max. ~flow ',7,0 

28 IIA4 " Gates #i Land #2 ~only .:open ',70 

28 ]ilA3 " Erosion ,after '2-gate,0pera.tion : ~70 

35 16B49 1:4 sloped apron -~6-foot ,sloped face' :sili~l- 
Sand ':bin !before run flow • 

35 18D49 --ditto-- 6-fbOt ~slopadface ~sil~ -'Erosion 
after 2 6 0 , O 0 0  c. f. as. flow :87 

35 '18B51 " 6-foo't sloped!face~sl:ifL.-.~pron~raised 
at .fsr slde.-~Eroslonafter~260,O00 
c. £.s. ~87 

56 35 18B48 " 6-foo~ sloped face si,ll-~Contour 
:blockremoved -_Erosibn:after 
260;000 ' ~  ~ 87 

57 36 '18B50 " 

58 36 18B52 

.W~th 4,5,foots.ll~-.Eroslon~after 
260,000;c. f. :s. , 8 8  

P.~H..wsll-raisedto :~_i. 140 -Erosion 
efter260,,O00 c. ~f. :s. 88 

59 36 18A53 " Se~-up- Photos 60, :61:, 62, 63 ,and 64 88 

60 .36 18A54 ' "  Flow 258;000 c. f. s. - T~i:lwater 5 
feet below normal 88 

IV 
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Test 

Photo ,Plate ~Photo 

61 

62 

63 

64 

65 

66 

67 

68 

# 

/ I~ . Lr . . . .  , ' ! ;  

:, J J 

, .  . , ,  I~ I /  ; . 

i. 
l/ !i k . . . .  

:1 7,t ".: 

:~ ] 7 ] ,; 

TOi l ~ O  TO GR~Ho , ( ' e~n t  inue;d]) ,, 

./ ~ Page 

;De s crlp't;io n J!I N o , .  , .  . ,, 

37 16B55 I.:~ sloped apron- " ,, I/ 
F l o w / 2 5 8 1 , O 0 0  . c ,  , f ,  ~s. - /,~ - , " " 

I0 .fee,t}!ibelow ns;tural <. 89 : ~ Tailwster " 

7 .... 
Iv 

37 23CI --d~t0-- Tallwa~er ;20 ,,feet,,below ,nrtur.al 89 .~ 

37 23A! " Natural :tsilwster i, :i- 89 
? 

37 23BI ;" Tsi!water ,20 fee't :above/nBtu'ral .'89 / 

41 24CI , , S t ~ p p e d  ~ron - ,' . 7  I, i~ , ' 
G s t e s  " E l .  <232 - ," / I  i." ! ,. • 

Pond El. ~263- ,,. 
Flow ;257 ,000 c. T.. ,s. without ,:sill 97 7f 

41 '24DI --ditto ~- Erosiongafter. max,, flow ~,; WithOUtr sill.,, ' 9 7 , "  

l! 
41 ~4C6 " 6-foot ;sill ,at ,end of :apron 

~ o sion : aft or max. ,flow ~,. ~.9 G 

41 24D6 - 6-foot si~l at .end of ,apron ~- 

Sand depositCon in river ,bed 9,7 o 

/i 

if! 
. ,,,/ 

"i,/ 

69 42 24B7 Stepped apron wlth-4~.5-foot sill - 
Pond El. 263 - Gates,El. 123~ .-,Flow 
'257:,000 "c. ,f,. s.. ':98 

70 

71 

72 

73 

4B '24C7 --ditto-- Erosion~after ~flow of:257,,000 c. f. :s. ~98 

42 24A28 ,~ 

42 24B28 " 

• $ 

Tsilwster l ~  feet below ~normsl 

Flow '257,000 c. f. s. :98 - .~ 

Erosion a~ter mex,. -,flow - ~ " ~i 
T~ilw~ter 12 feet.below morme! . 98 ..~ 

43 24AB9 ,Stopped aDron - 
4.5-foot'sill - 
G~teoperation - 

Tailweter 12 feet above normel - 

Flow 25?,000 c~ f. s° 99 

74 43 '24B29 --ditto-- Erosion after max. flow - 
Tailweter 12 feet above normal .99 

V 
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Test 
Photo ,Plate P h o t o  

75 

76 

7.7 

78 

79 

80 

81 

82 

83 

84 

85 

86 

87 

°',(,ContlnueiS/,) 

)De scr;Ip%:ion - 
Page 
,No ,.' 

43 2~B Stepped :~Pr0n- 
4.5-foot sill - 
~Gs~e ~operat~on - -~ : ..... 

' ~Pcn'd El. ~263 - ,Gates I,EI. 1-236 
/J 

'Flow ~211,00D ~c. f .  s , : :  9 9  

~3  24B8 - - d i : t t o - - E r o s i o n  a f t e r  : ~ l l , 0 0 0  e. f . s .  :99 

,44 c24A13 "' ~Pond El, :~63 ..... Gates El. :240 - 
~! F l o w  1 7 2 , 0 0 0  , c .  : f .  s .  100 

% 
44 :~4B13 " Eroslonafter 172,000 c. f, s. :100 '! 

~4 :B~AI8 " Pond El. :263 ,- Gates .El. B~5- 
~low l l 9 , , 0 0 0  ;c. f .  s, 100 

~ ~.4B18 " Erosion~after ll9~,000,:c. ~ '  s. flow 100 
,!/.;.,., ~-,-- .... . . .  , - 

45 24~23 '" Pond :EL:'~63- ,Gates El. ~50 - 
Flow 70,'000 c,. f.s. ,i01 

Erosion after 7Q,000 ~c. f.s. i01 45 24B23 ~" 

45 24C30 '" P,, .H,/ex.ti~nded 60 fee~.~downszre~m 
after flow of 257,000 c. f. ~s.'~£~ lO1 

45 24D30 :" Erosion ~below extended ~. ~H, wall . 
• after ~max. flow i01: 

47 21AI Roll pocket and side ,wall pressure ~;i~ ~ " 
l~: 4 ~Sloped apron :108 

47 21AI0 --ditto--Max. flow over ~ pocket (! ' •108 

47 ,IrLAI Roll pocket and Side wall piezome±er :,connec- 
tions~,to ~gage board (~ 108 

:88 47 I?BI Roll pocket and )pressure pi~zometer openings 
on side wall ~ 108 

89 

90 

48 3B2 Eump-offbucket at El. 90- 
Best operatingcondltlon 

48 3AS --ditto-- Looki~ug down from bridge 

i14 

114 

91 48 3B4 " Jet sprayed ~upwsrd •114 

VI 

° .  

i. 
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Test 
PhOto Plate Photo 

92 48 3A4 

93 49 14A3 

94 49 14A2 

95 49 1,iA5 

96 49 

97 50 

98 

99 

i00 

i01 

i02 

t 0 3  

i0~ 

r 

I}NES '~3 'PHOTOGRA~HS /(Continued;) " 
) 

., Description 

Jump-off :bucket st El, L9o- let Sprayed ~" 
upward-Looking,down from brld~e 

Jump-off ~bucket at Els. 8?and 80 - 
Stream lines through flow 

--ditto--Jet deflected to floor ~- 
Streamlines !through" flow 115 

" ,, Jet deflected to floor againstl sill - ,~ 
i' 

Stream lines 1 t 5  

5A6 lump-off bucket at El. 80 - Sand deposition 
ageinst face after flow 

14A7 1:2 :sloped apron -Sill 'below -Stream lines 
:through flow 

~Page 
No.. 

i14 ~ 

i15 "i! 

~ll5 

5O l~A8 

5 0  , 7 A 1  

1::2 sloped apron - Sill on ~slope -Stream lines 
through flow 

Apron at El. 80 - Denta tes at El. 90 -:Sand bin 
before flow 

50 7A3 Apron at El. 80 - Denta t~s at El. '90 :and El. 
100 -Sand bin erosion after flow 

63 18A22 Sluice deflectors Nos. 2 and 3- ~a~se pier 
abave sluice opening - Jump i~swep~ 
off apron 

63 18A35 Sluice deflectons Nos. Band 3 - Flow !35,000 

c. f. ~s." lump swept off apron 

31A1 Sluice deflector No. 4 a lump swep~ off ~apron - 

_~low 260,O00 a. f.s. c 

63 

63 3]A3 :Sluice deflector No. 4 - Y ump swep~j~off epron - 
~Flo~ 150,000 c. f. s. 

116 

116 

I~6 

142 

142 

142 

142 

VII 
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Test 
Photo Plate l~hoto 

105 

106 

107 

108 

109 

ii0 

'111 

112 

113 

114 

115 

116 

117 

118 

S, -. i " ~ '  :No;,;  ! • 
64 18F26 J' " " Sluices andS.needle va: ging -.~ ....... 

~t 
" Pond"E~l, '250 II. ..: .~j 

64 18G26 .--d.ztto--.Erosion[.after i flow . " 143 ...".::. 

-64 18A24 • ~ ' I . ' .: - Sluice ,operation i'- iFlo~ .253-,'000 .C..f.s. wi:th 
' sluice~i #2: o~'h . ...:~ i43 i i 

. ' I lj ~ " - " . . 

64 18B24 ,--dltto-- Sand ,erosion after :25~.;000 c. .f,. ?s. 

- flow 1 -~.~ : " 143 

68 15BI First,r, ight hsnk'~i ~ Jl " ': : ". .]52 • 

68 15Dl ~,.~ax. :::~!ow .showing !iimp,.~ct ,against right bank 152 

.,.,, ii 
68 &SAI3 .Ap on .extended 20 feet -6-foot :sill L ,-- 

" ' i ~ h • 

Erosion :sf,ter max, flow ~:~52 " 

Ji 
68 18AI9 Apron without extenszon - 6-f0ot :sill - 

, I ,  t ' . '  
Erosion af, ter :max. flow- -, 152 

ii 
72 29A3 Effect of P. :H. wsllsli- : - 

Low well -~ :~low .i 50r,' 000 C " f , :S . " " 160 " 
i!. 

72 '29A9 --ditto--:High wall ~'IKIow 150,000 c, f.. s. ~ 160 
k 

Ix) ,tion iaf,t 72 29B3 " .Low'wnll- Sand de si. er 
,I 

150,000 c,..!f., s. fl6w• ,. 160 
'I 
h 

72 36F6 "" !High .wall -:Sand deposi±ion .al~ter 
150,000 c. ,~. s. flow .160 

73 29A6 " •:Flow 280,000 tb.. f.. S"-- ~ow .wall - - " 

Sluices and ~eedie ~alves open -161 

73 29BI~ '" High ,wall - Flow 280,000 .c..f, s. - 

Sluices .and needle valves open 161 

12.9 73 "29C6 " Low well - Sand deposition a Zter 
280,000 c. f, is, flow 161 

120 73 29D12 High wall - Sand deposition after 
280,000 c. f, s. flow 161 

VIII 
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Test 
Photo PlatePhoto 

121 

122 

123 

124 

125 

126 

127 

128 

I.~TD~[ T0 ~PHOTOGRAPHS i(Continued) ' :. 

Psge 
~ Descr~ptlion "~ " ~No'. 

I! 
74 27A2 Effect of P. I!H. ~.wSlls - ~' : i 

~Low we.11- ~F!ow,257,,000 c. f.. :~s~.~-- 
Slu~iee s "end ~meed,le valves c,lo seal >'', 162 

74 27B6 --dltto--:High~w~i.1 ,-:Flow 257~000 c. ,f,. ,'s. ~L ~, 

Sluices :and Lneed!'e \valves ,c,lo,ed ~ 

74 32A3 ~'" 

7 

74 32B3 ~" 

~No wel~l - Flow ~280 , 000 ~' s ~ . ..... 
Sluices:end needle va.1ves open / ~ 162 

( 

:No we.11 -,Flowi280,000 c. if. s.~- 
Sluice s and needle v~lve sclo Sed .162 

76 7 Finsl design of ~model - Plan 

76 33A0 --ditto--)Looking ~towsrd P. H. 

76 18E6: " :Stresm :l:ines ~through !jump - 

*Flow J~7G,O00 ~c~ f; s. 
ir 

/f 

Stresm ~ines through ,~ 
Flowi25B,000 c. f. s 

// 
@ 

76 18C3 " 

c~ #" J~ ", 

~i~ . ~" .~ '1.72 
j 

( 

172 

L172 

.r 

IX 
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INDEX !.T0 ~PHOTOGR~_~HS 
. o. . 

Tes t - . :N tm lbe rs  

]:,~ ; 

• / , ' .  

. U ,  

• •i'/ • ~ ~• • 

The photographs ~sre numbered :according ito ~he 
. . . . .  , U 

so that they can ~be Identmi£~ea-w~ti~ the date on the :curve ~sheets. 
For instance, 3f~ :means Test ~3, ~Run :2,.~iew ~. ,i: ~. 

/i~:' fi -iTes:t" : -Re,or.t! ,: I ~ . ",~. Test Report ' i . :.:/ . ;... ] , . : ' ,, 
:Photo. "-Photo P1a.te , .P~ge .: ..:-Photo.: ",~]~ho'~6"L'"~:::<P.Isto.l~i ..~age;/:~r.~., 

.15 46 .: . :18-~413 ~ -:i'I~i ! '% 68 ! ". :~52 ,.~ 
4 ..28 15 ~ .,,1~-I=~9 i .1,~2 ,/ ' ,68 .i '.,m52 1 
:5 32 16 . ~7 .(! 18"i~.~22 I01 ' 63 , .i. ~:2 
6 30 16 ~ 47.,-:% i ~8.~n2~ i07,i'. ~ i - ,,6~, ,.~#"143:.,, .'~' 

7 125. :g5 : 172 ,;': • 18-B~2~ i :,I08 " . :6~=, ':-:", : ~: . ,,, 143 .I 
8 _ ~ :37 .20 ! '54,: ~18-F-'26' ! 105 i •:64 ,: 'I:=3...~' 

3 - A - 2  - 9 0  ~8  , . I 1 ~ '  i : t 8 - C ~ 2 6 . ~  _ I 0 6 ~  6 ~ . ; i . . '  : , t~3 . - i  
,' ; ~ • 1 ,s , ., 

.~8 : " :I'14 ;18"-°A:-35)" i '102 i 63 . :,i~2.. i 
3-B-2 89" ~ 481 !14 . ':~8~B,~48 ! :,56 i 35 ::: :.~87 " 
3-B-43-A'& .92 91 ' ' 48 ~. i:14 i ~8-B-~'49 i '"~53 .35/.' ';' " 187 

5-A-6 '~ .96 .49 ! '1,15 i ,18-D-~9 i~: :5~ i . 135"..I '-" .B7'. 
6-A-10 i 36 ..,18 i, , 152 " 18-B-50.~ ~~57 ! ~36 :: ~. :88 " 
6-B-10 35 ;i .18 ~. ~52-~ :i~-B~5~ ~',, .551 , :35...~:..87 
7.i-~ I 99 . 50 i ' .i'i'6 ' .: .:i8-B:~52 ', %,:,.,,58 , 36 , : ":-88 .,,~:: 
7-A-3 i 0 0  : :50 :: (:'.I'16 ! :.184~-53i: .~ik5g : . . " : 3 6  i . . . 8 8  ~, 
8-A-~2 1 4 1  :21 '! ; 5 5  i,,"18-I'5~i" ,. /::6,0 • : : 3 6  " !88 :'! 
~,B-2 ~3 1 21 i :/ ~•55 :. '~8~B-55: ::ii~'.6i !" :3:7'i. 189i 
8-A-3 ~=2 i ;21 '" 55 ' 19LB-'I i :~::" 45 'i .i .:22- " 59 i 
• 8-B-3 .4~I :i ' :21 " 55 i S.9-D~.,I ': ' " ' i!. ~6. ~...,22..~ ..59.., 
8.A-23 40 ' 20 ii 54 , 19-'02~I : i...:26 .... .15.,, ., ,- ,46 . 
9-A-3 :39 i !20/,~ , 54 i "19~A~2 "i ~I-7 ::, ".22 :i ':~ 59 

~' " . . . .  ~ ' 48 " ~ " "ks .... . .10 -A-13  49 , : 28  /," 70 1 9 - ~ . - 0  .'.! . . . . . . . . . .  
i / i " .10-B-13 0 '28//,. 70-.. S0-A.~- ,': , • 33 ]~'- "18~. !i :52, ~ 

I /  ' : . " ' .  

• 1 - A - 3  2 . . . . . .  " " ' :  ;34 ~ 1 8  I . " :52: '~!  5 , . .28 ..-,..70 ...... 20-;I-~ ": 
I 1 - : ~ . - 4  5 1  . . . . .  , . 2 , 8  : .";' 70 . , . . , 1 - . , , . - I ,  ~ ~ ' "  ' / '  :85 i . ' 4 7  11 : :'108 .:~ 
'I3-~A-I ' ' ~" " " "~ '. :/ : " " " ..... ' " 38  . ,,',0 : 5-= , .,..,1-.,,.-'TO. ' 8 6  ~ ¢7 : : i 0 8  ! 

14-~.-P.14_A_3 .:9493 :'i .::',9:"/~9 ,i . 11511a= ." S3-L&7:I' ~3"B:~.1" .63o, "- :" .'3737 l~i . -8989 .~i., 

. 14 - :A -5  , .  .95 . '~ ,:/49 i I ' 15  :' i ; 2 3 - C / 1  "62 {[ [37 ! ' 8 9  
97 : ,,' :50 .; 116 2&-~C-i , 

1A- -A-8  ' 9 8  i ,:' 50 ; 1 1 6  "~4~D.:I : 66  1 @1.. ~,i :':-: 9.7 : 

15-D-I "Ii0 ,. 68 "152 . 2&-~6 :68 : .~I , 9,7 
• 16-E,13: 31 ,i' 16 . ,-17 , .24,~2'7 69 ! 42 :) .:981 
17,i-i 87 .:! ~7 108 ~ :2/~'~'0-7 70 i ,42 i 98 i 
17-B'I .88' '~7 1 0 8  : '~:=-i-8 7.5 ij ~3 " '99 1 
18-0-3 '128" 96 .1,72 " 2'~-B-8 76 ii ~3 ~ 99 ! 
18-E-6 127 '76 17.2 24-A-13 77. I 44, i 100 % 
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The pictures Showing the sand :deposi'tion :sf~ter the .run 
• L-' " / ~  " ' ' 

indicate the nature, though, :) ~not 'necessarily ~~he ~amount,, of :erosIon:, :: 

that may be ;expected to occur,, ~t is :seen ithat the right ,bez~k ~s 

pretty well cleaned of :~he=,o~erlylng ear'th ~snd ~grevsl end ~hat ,~he 
- . . - , 

flow cuts s channel :along :that.,side leaving .the-gravel deposits 

along the lef, t bank practlca~lY~'Un~isturbed. " 

The conditions of,one or ~two gate operations ,are ,seen to 

be unsatlsfactory. There ~is e concentration,of flow and ,although 

the Jump does not ~sweep ~o ff ~the :apron, i:ts ~effec%Iveness is ~grestly 

impaired ~by ~the ~overpour,of :,the ~ad,jacent tailwater,. In:order to 
• 4#. ; " 

secure a balanced eT-fec~ive disslpstion Of.the energ3~, ~e ,drum :, 
~J 

gates must be operated :simultr, neously ~,llowlng the ,same .quantl!~y 

, of o~verflow iper l, inesr :foot of the spillway. 
-2 ." " " " 

~ :Compare-~the ipict'uros showing .practical,ly the same discharge 

through two gates and through :all four gstes:i photo 24 .wi,th photo ~6,. ,~ 

" ' t :2 ~ The first .two large size views included,~,pl~ es and,~,~,. 

c, ere r'stouched enlargements of photos '3 and .9, from which s :general 
/j 

conr~:ept ion 'of the project can be ,obtained. =' 

Plate 4 is ~a photograph ,of ,the final model :set-up. 

@ 
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,Features , o f  :the ~Desli~n ~Develo~ed f r o m  ',the !Mode,If 'Tests.: ,  ' ' ~  

i. Elevation, !slope :an~ :length o~ ~spilIlway :apron. , 

~2, Height ~and ~shspe of s~i.ll ~at "end ~of apron. ~ 

3. !Height and 'length ,of 'tr~inlng ~wall ibelow ~power ihouse. 

4. Locetlon o~ sluicewsys through ithe ~spillwey sectio~A. 

5. i Deflecting Tip over •sluiceway ,exlts. 

6. :Height and ~shape of s!idewal~is down :spi,llwey face. 

7. Treatment of rightS,bank excsvet~ion. 

8. 'Proper ~0Peratlon of ,drum gates during Tlood. 

:9. Location of intake for drum gate contro~l ~loQt. j~-~ 

Alterstions of :the :Specification !Design iTndicated ~Beneflcial •:by ~he :Tests:: 

I. Raise ~power :house tailrace ~d:ivlsion Wall to El. !28 mn~ extend 

Uj~ 

30 feet downstream i(Incorporated) £ 
•l 

2. Flatten sp'illway •apron slqpe ~to ~1:4.3 and,use concrete :to 

,extend :apron ,end right ~bank ~paving'30 feet ~downstream. 

(Recon~.ended tobe incorporatedj see •page 151.!) 

3. Build apron in rows of staggered oTfset steps instead of ~smooth 

slope. (Not recommended for iadoption. ',) 

- • • i • 4, " 

4. ~Plsce vents down ~hrough ~sidewelis to assure thoroughi~aeraTtion 

st outside ends of drum gates, i (Re commended for adoption'; 

see page 130,i) 

5. Build earth or rockfi~ll ~jetty, 

"i 

,top ~st !El, 140, ,out into 

@ 
stream from left ~benk ~below power house to iprevent reverse 

flowo (Not reco~nended for adoption.) 

13 
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Points Of zDesi~n ~Checked . . . . .  ~ ...... " .... . :by:ResUlts from ~ithe~Model .Tests. 

I. ?He Ight and shspe • of: spi:llwsy :,retainlng ,wsl'l "en6 !pavement 

along rl~ht 'benk. ,~J/ 

2. Cspscity of ~the splllwsY. 

a. Discharge at ,verious iheads.over :crest :and :~poslti0ns 

o f  drum g a t e s .  

3. Shape and locetion,of nose oT spillway !piers in :reference 
Lb 

to loss of dlscherge csp~clty. 

~. Amount and ext~nt of pressures snd ,vacuum'on spi~lwsy crest. 

5. Nsppes over fixed ~crest :and ~over::drum gates :at various ~posl- 

t ions. 

6. Proper .aeration of ~ns,~e over !the .~rum gates. 

7. Chack on pressure or ~vscuum devolope~d :in s!ulcewsys by ~flows 

. 

. r 

psst exlts. : • !, 

Check on possible ~interference with ~overflow:<disslpst~i0n <on ~ 

spillway apron by ebrupt Lbend inriver ,chsnnel ~below ~dam '. 

Other Date. 0btained: 

i. Nature of send and gra#vel erosion :~!n :flyer ~,bed ~below :spi, l, lway,. 

2..~osition and wster surface profiles~of ~ump~on ,apron ~through 

all stages of the maximum flood, c 

3. Velocity contours 'through ~jump on ".l.:~ sloped -apron at ~vazious 

stages of flow. 

4. Pressures on apron st various stages of flo~. 

5. Photographic ~record, both movlngend stIYl-pictures,, of flow 

conditions et vs~iousdischerges. 

14 



,6. Tei,lweter requ'ired for i~hydraulic ~/Jump.-on,~.,leve1~eprons,, 'enid 

various sloped aprons. 

9. Velocli~y contours ~through flow "over ~dentated .s~il~l. 

B. ;Comparison of flow • condi'tions ~h dents ted :si~ll and !l~l~aim 

sills. Determination~of sill ;he~ights. ~/~ 

9. Vsrious ;flow "sctions: ] ~'~ j~,~-oz~f ibucket 

i0. Various flow ~.ct:ions~wi%h ,dentsted bucket. 

@ 

/ 
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'I, The ,,hydrsul'ic ~ump Is :~erylreffect:,ive :in ,di'sS:i~sting ,the ~ener~ 

of the overflow, the resul:tant veloc'ities :af~ter ~complet~on of: ~he ~ump 
.I 

being little gre'ster ~ .~han :those normally:present in .the ,river chsnnel 

during a given $:flow~, were :no "dam-present, .... 

2. The spillway apron ~must ~be -placed in ,respect. to .the tsi~lwster 

so that the correct ~depths ~over it are ob~ained ~in order .that ~the hy- 

drsul~ic Jump action ~msy funct~ion. 

3. The slope of ~spillway ~aPron should 'not ~be made .~steeper :than l-~. .i 

4. The elevstion of .the ,~.sloped ~spron as ~shown on .Plate i is ~such i 

that the 'hydraulic jump wi~ll ;form well up :on :i~ at .all :stages :of dis- ~i!} 

charge over the spillwsg,, ,except st:the lower flows there .is ~a tendency ::]i 

for ~he jump to move ;down ',the Slope ~somewhst, Even. ~thenl ,the ~v~loci~ies '~:~i 

leaving ~the end of the apron are compsratively smsll but it would ~:be ,,of : ~:~,:,,' 

•  ii! an advantage to lower the ~start of the ,slope ,slightly to pull ~the-jump - 

farther upstream on .it. The apron may ,be lowered as ,much as :2.5 feet '~ :~.:~! 

without appreciably •changing the conditions of :flow. ~~'!. 

5. The thickened apron adds to the stablli~ty ~of the dsm, afford- ] 

ing a greater factor of safety ~aga~instearthquake movements and de- 

creases the sliding factor.. 

6. The length of the jump or distance downstream required for 

full recovery varies as its magnitude, increasing ~ri~h the discharge. 

7. The highest velocities through the jump follow close to the 

floor until they are gradua]~lyretarded. 

16 
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8. The •length of ithe spfl,lwsy apron ~hen ~shottld cover• ;the :range 

of •velocity netardst'ion unt;il ,s point ~i-s reached •where ~the <vel0c'It:ies 
• . j 

are low enough <not to cause scour Of the river ~bed ibelow. 

9. •The apron ~length;may be shortene~ !by placing ~. ~small ~sloped 

face sill st the end ~to li~f~t what ~velocTties ~that are present ~just 

clear of the river ~bed ~below until L they are ~rotarded in ~the ~natural 

course of the jump action. 

10. The sill should ~be of•~proper height. Tftoo 'hlgh, it ~wil,1 

receive terrific ~impact and also lift the i high ~ve!0city ~flow Trom ,the 

bottom to She surface ?,where retardation is much ~slower~, and 'also ex- 

pose the river L banks ~to erosive ~forces. ,IT made on.ly ~high ~enough to 

de'f~ect ~the flow Just off ~ithe Ziver ~bed ~he ~veloclty is culckly re- 

terded ~'by the static ~pressure of the ~ai~lweter,. 

• ll. 'l~ne apron ss shown ,men i~Plate ~l does ~not extend for ~the f, ul~l 

length of ,the Jump occurr~ing st ~the ~h~igher flows but covers the range 

of greet turmoil charactonistic~of ~he <be ginn~ng. The veiO leav- ~ 

Ing the end of the epron msy exceed 50 feet per second st ~the maximum 

flow but is •lifted by the Sill from the river bottom Lbelow unti'l ~e- 

tarded in the jump. The hillside along the right ~bonk, i~protruding 

across the •line of flow, however, is exposed to Lthese Veloc~t•ies. 

The greater the length of apron the ~more !pzotectlon°~is gained, ,of 

• course•, but it would ~seam adwisable ~o extend ,the apron at least 

thir.ty feet farther ,downstream. ~Litt1~e or no additional ~cost is 

necessary as the concrete can ~be taken ~from the apron ~bY ~lat~enlng 

i t s s l o p e  w h i c h  ,would ,be b e n e  f l c  i a l .  

17 
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12. If the £1oor of theap~ ~sroughened~iby :building ±t in I 

steps very llt~le resultant lossil~n .Veloc~t F i~s recorded :sl~hohgh ~he " i  

tendency of the jump to :move:l~s ~Sition,on ~he Slope for tailwster ~ 

var±stlons is lessened. ~n~ll :size ,s~eps ,seem to ?be'ss~ef~ec~ive ,as .i 
b 

larger ones, although Shy ~steps ~should be bu~a~ in:s~sggeredoffse~s .... 

to overcome the possib'il~ty of setting up e periodic v~brst~on. The 

whirls formed behind the ~steps 'Increase/the ~oss~blil~t~ of:ca~ita~o~ ' ; " !  

effects ~snd ~i~tingof ~the:concrete, ~The •form :work re0uired~woul:d he , 

additional e~pense. ~hltogether ;the'advsntegestobe gained ~by their 

use in this set-up •were :so small that ,no recommend~tion.w~s made for : 

their adoption in the design. Theym~ey ,be used to greeter :edvsn~ge 

i n  a n  i n s t a l l a t i o n : w h e r e  t h e r e . i s . e  g r . e s t e r  v e r i s t . i o n  b e t w e e n  t h e , . d e p t h  

require~ for :the hydrsulic jump end .those actually furnished:by:the 

natural tailweter. 

13. The Jump should ~be protected ~or enclosed ~bF ~er~ical side- 
rt 

wal~is st a height, st least, following the rise in•~wster ~surf~ce through 

the j~np,, to .prevent "washing out"]by ~he inpo~rof the edjacent~ail- 

water. It would bebetter if the wells were :high enough io exclude ~he L, 

adjacent teilwater altogether. ~The•wal~s should extenddov~s~reamuntll 
i 

full recovery of the jumpwhere •~he water surface levels off to'the same 

elevation as that of the od~a b cent tsilwster. " ~ ~~ ~ 

14. The power house well on the left side of the spillway should 

be reised to El, 128, •which about follows the wetersurface ~hrough 

/ 

the jump at maximum,discharge. There will ~still be some overpour ,onto 

18 
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I~. If the floor of the apron is roughened by ~uild~ng it in 

steps ery llttle resu!tant loss In veloclty iS recorded s lthough the ~ 

tendency of the jump to move i~s position 'on the slope~for teilwster 

variations is lessened. "Smell ~size steps s~em to be es effeCtive~as 

larger ones, although shy steps ~should be built in staggered offsets 

to overcome the,~possibility of setting up a periodic vlbration. The 

whirls formed behind the~steps incresse the possibilityof ca~itation 

e f f e c t s  and p i t t : i n g  o f  t h e  . c o n c r e t e .  The form work r e o u i r e d , w o u t ~  be 

additional expense. Altogether the advantages to be gained by their 

use in this set-up were so small that no reco~nendstlon was made ~ for 

their adoption in the design. They msy ~be used to groater ~advsntage 

L 

in an installation where there is s greater variation between the depth 

required for the hydraulic jump and ~ those actually f.ur~nished by the 

natural tsilwater. 

13. The jump should be protected or enclosed ~byvertical ~slde- 

walls at a height, at least, following the rise in water surface through 

the Jump, to prevent "washing out" by the inpour o~ theL~djecent tail- 

wster. It would be better if the wells ~ere high enough to exclude the 

adjacent tailwater altogether. The walls should extenddownstream un~fl 

full recoverY of the jump where the water surface levels~off to the same 

elevation as that of the ~djacent tsilwster. 

14. The power house wail on the left side of the spillway should 

be raised to El. 128, which about follows the water surface through 

the jump at maximum ~discharge. There will still be some overpour onto 

18 
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the top of .the jump but no particular ha~ seems to result. The well 

should ~be extended at least ,30 feet ,farther downstream than ~sh0wn on 

Plate I to prevent an unbalanced condition caused :by the cross flow 

set up when the eddy occur~a. This :eddy or whirl is caused principally 

bsr, t h e  f l o w  f rom t h e  h i g h e r  a d j a c e n t  ~ ; a i l w a t e r  : s u r f e c e  ~ o - t h e  ~ l o w e r  
' . '  5 '  " 

elevztion of the water.in the Jump but is accentuated ~1~y ~he' rever.se 

f l o w  o f  t h e  r i v e r  o c c u r r i n g  a l o n g  t h e  . l e f t  bsff~.  .The ~ ' e v e r s e  f l o w  

upstream will pick up sand from ther~ver bed below 'and deposit it in 

the draft tube exits end the eddyi.ng will c~use a pulsation of the 

tailwater which is detrimental to the speed regulation of the turbines. 

The w~ll as finally recommended is of the leestslze that will afford 

ample protection at the maxlmumd~ischarge but will cause ~absolute 

elimination of the eddy for flows up to 160,O00 c. f.~ s. ~corresponding 

to a 160-year flood, 

15. With the protection of high wells on either side of the apron 

there is a balanced, effective hydraulic jump produced at all flows. 

~Ithough the apron rises on the right side and the river bank ~below 

protrudes out across the Jump there is no ~ndication ~T e concentra- 

tion o f  f l o w  s t  . t h a t  p o i n t  and t h a  d i s s i p a t i o n  seemE~ t o  b e  a s  e f f e c t i v e  

there as on the left .side. However, 8t ~the maximum flow of: 280,O00 

c. f. s., indications ~re that this hillsid~ will be subJec~ted to 

veloclties as hi~oh as :35 feet p~r second es an average over the whole 

area and 50 feet per second just below the end of the apron, but if 

the bank washes back a better Jump. is formed and the velocities are 

19 
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lessoned. ~t flows ,up to about 150,000 c, f,. s. ~tho bank will" be sub- i~, 
j 

j e c t e d  t o  v e l o c i t i e s  . l e s s  t h s n  :IO T e e t  , p o r  ' s ~ c o n d .  

1C. It maybe expected that the gravel deposits in'the river Chan- 

nel and the earth overburden on the right :bank will be washed a consid- 

erable distsnce downstream during 8 flow of any magnitude." These ae- 

posit as s :bar across the~channel:downstream, 2hrough which the~eced- 

ing flood wsters cut e passage along the nightbank. No detrimental 

effect on the performance ~of the jump was mo~ticed. • 

17. Prototype performance ~similar to that of the model may be 

r e a s o n a b l y  s s s u 2 e d  clue t o  t h e  w e l l  e s t a b l i s h e d  theory ,  and , e x i s t i n g  'II ' " ~ " ' '~.~ 
J 

proofs of the hydraulic jump ~ction st various velocities and depths. :0,~ 

The Madden Dam model was built and tested with precision::snd care. 

The surfaces exposed to the flow of wster were prsctically friction- 

less so that any friction existing on the prototype structure ~will be 

on the safe side. Due to the sloping eprom even st the maximum flow 't -/ 

the tsilwster may be lowered asmueh as~twenty feet ~below normal be- 

fore the jump sweeps off enough to dangerousl~ increase the ~volocities ~ • 

at the end of the apron. ~' 

18. The dontatod sill or any wall of concreto pieced ~cross the 

apron will, of courso, check the velocity of the overflowing sheet ~of 

water. Such a sill, as was used in tho Original design with the apron 

at El. 60, will receive tremendous impsct as the high velocity carries 

to the floor •with little retardation. This calls for s heavysill 

structure with reinforcement and anchorage. The ~hole dependence for 

20 
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energy dissipstion is then placed on ~h6 si~l, a small ~break in which 

~ould endanEer the entire ~scheme. The ~dontate~ s~ll preVented~any 

serious erosion from occurrTng ibelowthe apron but~ :vertic~1 f~ced 

solid sill of lesser heightw~s almost,as effective. . . . . . . . . . .  

19. The discharge capacity Of ~the crest is ample. For~a maxlmum ,~ 
] .,. 

pond elevation of 263 the crest~w~ll disehargo~botterthsn B55,000 ~c. - 

f. s. and with the capacity of the needle vslves and Sluices ~et 30,000 

c. f. s. the requirement of 280,000 c. f° s, discharge i's exceeded~) 

However ,  w i t h  t h e  ~ u m  gs~;es r a i s e ~ . . t o : . t h e i r  maximum p o s i t i o n  ~ t  E l .  

250 and the pond at El. 263 the flow c~n :only be ~hrottled to 7Q, O00 

c. f. s. The pond must recede to El. 260 or less before ~ ~he flow can 

be r e g u l a t e ~  to  5 0 , 0 0 0  c .  :£. s .  

20. There is s vacuum developed on the downstream fsceof ~he 

crest amounting to about 12 feet of water at the maximum point for a 

head' o f  31 f e e t  o v e r  t h e  c r e s t . .  T h i s ,  presumably:,  hes  .been t a k e n  into..  
:;~ 

account in the st~bi~i±y design. Pressures on the upstream face near ~i 

the top decreas~ as the gate is lowered, under a given head. This 

means that the intake for the drum gate control Tlo~t ~ill have ~o :be 

located at s point in the ~bulkhesd ~ace ewey from the spillwey drs~- 

down. Pressures on the c~est obtained fro~the :experiments checked ~ 

v e r y  c l o s e l y  t h o s e  compute~;~'by the  f l o w - n e t . m e ~ h o d .  

21. There will be practically no side thrust on ~he spillway 

training wells built down the face of the dam. The ve!ocity of the 

jet carries it almost to ~he toe b~fore there isonough~spread ~o 
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cause sn impact on ~,the wsll~ ~and then the• Set"iis very ~thln and ithe 
~, vL 

force of the impact is nenr the base of ~he ~all. ~ ' ~~ 

22. With ~ deflecting lip,of :the proper radius ,over :the ~sluice ~ " 

openings ~throug_h the face of the dam :the overflow from ~the ,splllw~y ~t ~ '?~'~! i 

is deflected tangen ~-ly enough ,so Ja~ not to cause ,direct impac,t,~on ' 

the floor or the sluiceway. However., .for ~all stages of £1ow a ~pi~ezom - ,i,i~ii ~i 

eter in the closed sluice conduilt ind~icsted e pressure ishowing th~t~ ~ ~ 

• • •+ 

the Jet from the deflector is depressed!by the weight of the tailwster ~II " 

over it. With no teilwater •over it ~there was ,a~,vecuum in the closed_ () 

conduit and indications were <that it would take s 3-1~2-foot d ismete~ 

pipe to aerate the jet s o that it would le~plent~rely c!esr of ~he 
!j /' if" 

floor, No concentration of flow~or ,distuaz.bance %o ,~he S~np:~.perform- 

fir' 

ancs is caused by the sluice openings .through the face :of :the spi~llway. 

23. The drum gatesshould be operated simultaneously for ,the 

best jump performance. When one or t,wo gates are ope:r~ated separa,tely 

the jump on the apron is to an extent drowned ~out iby ,theoverpour of ~ i 

the adjacent tailweter and a cbncentrationresults c~usingdsngerous iil 

erosion at the e~d of the ~pron. 

24. Some other devices for dissiPating ,the overflow were ~ried 

but did not prove practically successful • . One of these was e high 

bucket with a drop off to the rock lineo When~the bucket is placed 

st the correct elevation in the ,tailwetor/, the ~back pressure deflects 

the overflowing jet upwards thus relieving the river bed of any impact. 

22 



k 
L. 

i 
• : •k • . , 

There is a bsck-ro!l crested :underneath the ~il~Ip of %~he ,bueke~ Which,,: ~i " ~: i i - ~,! 

in ,the ~tests, brought sssnd :up .from the mi.ver ~be~ ?bg10w ~an~ ~del~s'Ite~ -v;~ 
t" 

it against 'the face of:the ,bucket,, forming ~s :s1ope ,~rom ~,the ~bUcke% 

lip :to the apron. .The ove~flow ~et:~/~hen, rg'leased ~of~he ~back- - 

.pressure :at ,the .lip of the bucket,,-was deflected ~ownwerd .eiong _ ~ ~ 

slope, :striking _the •river•~ :bed With" ful~l ~ force. :sn~ :producing ~dengerous ,•, h 

:eros ion. Duo :to ~he instsbi,l;ity of performsnce~..th~,s :set-up ~wss,~n0~t .";~ 

consfdered 'feasible. - ":" 

25. Den tates.or :slots were cut :i~;t~h~'s;'h'igh?bucket.,down to~he ~ 
j, • 

Z i g i n  ~9 y . ihggher " o ~i apron level. :.Th:is :kiTled ~he ~ ra ,action of •±he ., .~_ : 

solfd, .bucket and ibo~h jets'were deflected down:~o~ the :~.pronvri%h ~" 

s e r i o u s  e r o s • i o n  r e s u l t i n g - i n  . the  • •r i~er  ! b e d i b e l o w .  ~•ff..t",wou21.d !seem , a d ,  

vsntageous .to ms/~e .the ;slots or dentates ~narrdwer.. ~; ,  " " ~ .  

~6. .A pocke.t ~or channel cu~ in ,the lapron along .the point .~0f _ 

t a n g e n c y  o~)~:-th~ : b u c k e t  ~ p ~ v e d  : u n s u c  e e s s . f u l  :in ~ b ~ e a k i n g  ~ h e  : e n e r g y  

of the oTerflowing weter. Further invest'igation might lhave "de~el0ped ': " 

a shape of pocket inwhich 'a whirl could :be creeted to.act.as a :drag 

u n d e r n e a t h  o n  :the o v e r f l o w i n g  . s h e e t ,  'bu t  i t  -.~was , . 'dec ided ,tha.t : i t  ~wo.uld ~ 

be detrimental to the stabi]_itY of the 6sm~o t~'ke ;this concrete ~rom " ) 

the apron and the experiments were-dlscontlnued. 
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~ADDENDAM, 
S~IT_LWAY.~DEL~.TESTS 

I TheProject 

OUTLINE 

A Purpose 

B Design • ~ 

1 Spil~lw~y layout - Drawing :213-D~212 ~.- iplate •'~I 

• . .  , r  

1 

~Retouched enlargement o~ pho!tos 36Dl,~and~36~6 - Plates .2!isn~ 13 

Retouched enlargemeht of ~pho~o~S6Alli--~Plate-~.: : ~,:- 

2 Object of .spillway.~ex}eriments 

II ~e:Laboratory 

A Layout showing location ~ of :model ~- ilPlate :2 ~ ~ 

B Measur~ing weir ~- 

i! 
i Discharge curve ..... Eig, ?i~:- !Plate 12 = ~) 

~) !Plate '12 .... ~. < '.~ 
2 Prototype discharge ~nd •natural tai~lwater curves) 

r .j~• 

III The ~.bdel 

A Scale - Prototype~relations 

B Details - Plate 13 and~Plate T4 

i Original apt'on -Photo C ~-Plate }15 

"Photo ~19CI , !Plat~e ~15 ' ~, i ~ -. 

2 'Final apron - Pho~to :l -Plate 15 

.i r. 

rL 
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:;L, f "~ 

IT, I !{Cont, .  ~) 

C ,Apparatus , -  P!ote .S~6 

i Forebey 'head gage - :-Photo ':36AI 

.:2 • l',Plezometer gs~e :be ards -PHo,to, 136DI 
f~ 

3 'Forebay~,po:int gage'-::Photo~5~0 

o 

4 Tailwoter gage .- Photo !6E13:andi56D6 .... " 
b 

:5 .Regulating taiiwater .weir-- ~Pho.to 6 :" 

!}) .. • . "(}: 

f).'~A~tomatic tai'lwe[ter ,we~r- Pho,to 16E13 

7 Pitot tube -'Ph0~o 5 ~' 

, " c. 

I V  T h e  I ~ n t a t e d  S i l l  .Apron 

A Apron level at El, -60 .(or.iglnal .des:Igu4') -- Drawing ~13-D-69 .-Plate I,7 

I Record~0'f :flow 

a No flow .-"Phato :19Cl- Plate ,15 • 

~J 

Q, ~P ";%: ,j. 

• % L_,,, 

B60,000 c. f. s. - "Photo,20~4 :,- 'Wl~h si~l:l .-:Plate 18 

A~alysis of flow (260,000 c. f. sZJ ~ ~' 

a Stream lines - Photo 6~i0 ar~ 6BI01-Plate 18 

b 260,000 c. f. s; - Photo 20~ ~- 

£? 

B 

b Velocity contours -- T. 20 -- ,R. 4- jPlste 19 
L O 

c 'Ve'locity against S-i'I:I T. 20 - <.u " - R.,~ - Plate i9 

...... 70 •and .~i. 80 'in respect:i~e:%ay, s ~: ton level:ot El. :0., ml. 60, El. " ' -" 

I ?Record.of flow ;i(260,000 .c.f. ,s.,) • : ~. :~;~:,;.~ 
k: 

s _Saparated g~te •operation .- Pho.tos 9A3 and 8A23~I::- Plate :20 :::~ 

~b _Dentated sill - Photo 8 - Plate 20 -'Photos ,-8A2 :and :8B2- ,Plate 21 ,-~ 

c Turn-up si'll - Photos 8A3 and 8B3 -Plate 21 ' 

Apron leval - B:ising from El. 60 to El. 80 .max,. :~ , 

1 Erosion aZter max. flow - Pholo 13A/ - Plate 20 

• .. 25 
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V The Hydraulic ~ump ~%pron - Development to ~Obtain Correct E1e~ation 

A ~ ~wron A -.ADron !evel stxEl. 60-- No ~sli~l ~ 

Tsilwster depth verietions 

a Depth giving greatest energy dissipation ~" 
~I ~ " i ~ q ~ . ~ ~ . ~ . 

l Velooltymea~urements -T. 19 -R. 17~, 18, 19- ,Plots ~2~ 

2 0bssrvetion- T. ~2 ~,- R.~4, 8, l~, 16, 20, 2~, 28,, ~29~, 30- 

Plate 23 ~u7 

3 Computstion - Piste 25~ > 

b Surface conditions and v~looity ~profilss on ~spron 

~l 80-ft. depth-Pho~o 20A2 - Plste 18- T. :20 -R. 12- Plate ~.9 
,/ 

70-ft. depth - Photo l~Dl - Plate 22 -T. 19 - R. i l - Plate 25 

3 55-ft. depth -Photo 19~2- Plate ~2 T. 19 - R. ~2 - Plate ~25 

i 

~T 

5 No tsilweter - Photo 19B1 - Plots ~2 

B ~ron B - Apron level ~t El, 80 

! .,Tur/p obsorv,~tions- Test 5 '~nd Test 6 - ~vie TS"BI 

4 50-ft. de~th - Photo 19A3 - Plste~22 - T. 19 -R.~3 -P18te 25 

k 

2 Jump computations- ~leto 26 -. 

3 k~ron lengths ~nd sills - 

C Apron C - 1:6.6 sloped ~pron st~.~rting st ~E!. 84 

i Adjustment of t~ilwoter to obtain hydraulic' jump - T, I0- R. 8-~2 - 

Plate 27 

a TyPical Jtur.p -Photo 10AI3 - Plato 28 
A 

b E r o s i o n . -  P h o t o  lOB13  - P l e t e  2 8  

L" 

2 ~parsto gate operotion ,, 

~ion c~ussd - Photos llA4 and llAS - Plots 28 

~6 
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V (Cent.i) 

D -Apron D- 1:4 Slop,~ apron starting from ~levol ~buckot '~t El. '90 

i Tsilwa~er edJustment to "0bte:~n Jump- ,Tsst 4--iRuns ,1-5 o-~Plate :29 

E - Apron E - 1:'4 sloped apron start lng st El. 97..3 ,i(flnal~deslgn) 

1 Tsiiwater sd:Justm~nt to chock Jump action 

s Observation ~- Test 18 -~Runs 27-32 - Plato32 

b Min, velocity measurements -Plate 34 

C~ 

Crest constant -,Pond vsried--Sec, ~csnterline~gate4 ~,- T. 30- 

R. 1-6 - P!ste 30 

C r e s t  c o n s t a n t  - P o n d  . v c r i e d -  .S~:c. c e n t e r l i n e  : g s t e  2 - T. 3 3 -  

R. 1-,5 - Plat6 31 !~ 
i 

Gates v~ried Pond constant - T.~;:23 - R. l,&{r5: ~, '9,, ~13~, '17 ~- 

Plate 33 

F o r  e r o s i o n ,  . . see  t e s t  2 ~  f o l ' l o w i n g  
13 

Slope vsriatio~ 

o 1:2 slop~ - Photo it~A7,: i4 and A8 -Plate 50 

b 1:4 slope constant ecross ~pron 

1 No flow - Send bin -Photo ~18B49 -Plato LS5 

2 After ~max. flow - .~nd erosion - Photo 18D4(2 ..- ~Plste 35 

c Apron rising at right side 

I After maximum flow - Sand ~erosion - Photo 18B51- ~Plate 35 

After flow - Sand erosion - Contour block removed - 

Photo 18B4~ - Ple.te •35 
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3 SiTl 'varlet!ion ..... 

~s ~-ft, ~s£11 {(:ssmo s s Un~el. !~b sn~:,c: :~bove') 

~b 4,5-ft0 sil~l . . . .  

i ~ter 'max,. flow - San~ ~eros~ion .... ~Ph0to ~18B50 ~- -P~ste ~36 

With',P. H.:wallralsedi:~o~El.l~40 .... ~Photo ~8B52 .... Plste;36 :ii!~! ~ 

Apron extension i(see also under ~VIII-c?) .-~ 

a 20-ft extension ,~ 

6-ft. sloped face sill above end elow T. 18~-R. ~7, 9, i~l~l, 

12, 13 

6-ft. vertical Tace sfll above ,T. 18 ,- ~R. 13 

(0bservat~ion dat~ not ~included ~in~repor~) 

CC ~v 

5 Position of jump ~under depths hitcher Bud [lower ~than inormsl 

s No taiiwater -~Photo ~18A53., Plate ~36 

b Tailwater 5 ~£t. ~below ~normal- Photo ~18A54 -~- :Plste ~36 - 
L; 

T. 18 - R. 54-Plate 38 -~ 

/, 

c Tailwater i0 ft. below normal -Photo 18B55 ,~Plate 37 - 

T. 18 -R. 55 - Pl~te38 

d TP, ilwater 20 ft. ~below normal - Photo 23CI,-Plste 37 

e Tailwster normal ~-Photo ~23AI- Plate 37 

f Tsilw~ter 20 ft. above no,~n. ~! -Photo ~3BI -Plate ~37 

. . k 

g Tsilwster erosion -18B50, 18B52 - Plate 36 and !18B48~, 

18B4.9, 181)49, 18B51 - ~Plate 35 ~' 

For other erosion~runs, see test 24, undor :stepped apron 
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V '(Cont.) 

6 The stepped apron ~'~ 

-,s Various ~slze ~steps ,- Fig. I ~-LPlate J39 

b Velocity contours 'through !Jump- Test i~22 ~-.Runs ,'~ 'and ~5 - 

Figs. 2 and 3 -~Plate ~39 

c Teilwater veristion - Test ~22 "~Run i'15 ~--Plete ~0 

d Steps 2,25' x 9.2' " . " 

Erosion, gates various positions - 'Sand bin contours ~before 

(7 

run- Plete 86 

Pond constant st El. ~263- 

Gate ~t El. 232 ~-No si!~l -Photo 24CI ~en~ ~24DI ~- Plate ~! 

Erosion contours - Plate ~86 

Gate at El. 232 -With 6-ft. :si,ll- iPhoto ~4C6 and ~24D6 - 

Plate 87 

Sand bin erosion contours - T. 24 - LR. 6 -~Plste 4~I 

Gate at El, 232 - With ,4.5-foo.t s£11 

Teilwster normal-Photos 12427 ~and 124C7 .-Plate 42 

Erosion contours -Plate 88 

Tailweter 12' below normal - Photo24J~28.,,24BB8-~late42 

Erosion conto~rs -~,Plste 89 

Tailwnter 12' above normal -:Photo 241~g,, 24B29 -Plate 43 

Erosion contours -~Plate 90 

Gates st El. 236 - Erosion contours- Plate 91 ~- Photos ~4~B 

and 24B8 - Plate 43 
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V (Cont.~) 

VI 

A 

7 

s Velocity proffles on apron -T. ~21- R. ~ 9- Pl~te ~46 

The Jump-Off Bucket 

Stages of flow- Bucket at ~EI. '~90 

1 

i 

Gstes ~at El. 240 - Erosion ~contours - Plate <92 - iPho~tos 2~A13 

and 24B18- ~Plate 44 

Gates st El. ~45 - ~Erosion~contours -~PIBte 93 - T. ~2~ ~" iR. 13 - 

Photos 24Ale:stud ~4B18 - ~Plste 44 ~' 

Gates at El. ~250 - Erosion contours -~Plete 94- T. 24-~R. 18 - 

Photos ~zP.4A23 ~snd 24B23 "~Plste 45 

Gates ariel. 232-~Po H, ~all extended~6OTt, downstream- 

Erosion contours - Plate 95 - Pho~os ~C30, 124D30 -~Plste 45 

The hydraulic brake pocket -LPhotos 21Y~I enid 211~I0 o- Plate 47 

Best Jump conditions - Photos 3B2~snd 3A2 -~Pl~te,~ - T. ~3 - 

R. 2, 5, 8, 12 -~PlateSl! 

8 Stream lines photo -Plate 49 . 

Yet sprayed upward- Photo ~3B4 end 3A4- Plate ~48- ~T, 3 -~R. ~l, 

4, 9, i3 - Plate 51 

8 Stres.m lines photo 14A3 -Plcte 49 ~ 

Jet deflected downward- T. ,3 - ~R. 3, ~6, lO, !I~i -~Piete 51~- 

"Photo 5A6 - Plate ~9 

a Stream lines - •Photo 14A2 - Plate 49 

b Against dentsted sill - Photo i4~5 -~Plete 49 

r • 
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VI (Cont.) 

B Bucket at El. 80 -•Photo 5A6 -Plato 49 

C Bucket at El. 87 - 1:2 slope to apron ~ 

:Sill st foot of slope -~PhOto ~I~A7 -~Plate 50 

Sill on slope-Photo 14f~ -~Plste 50 

D Dentsted bucket - Photo 7~I and 7/~3 ~- ~Plate ~50 

VII Drum Gate LDischsrge and Gperation 

Coefficient of discharge curves 

I 

r 2 

4 - 100-ft. openings - T. 24 -!RI-27 - i Plates 52, 53 and:54 - 

Tests 28~ 29 ~nd 30 - Plate ~58 

Pier contraction suppressed - T. 23 - R. 36-60 -<~Plates ~56 :and 57 

a Flat ~ates - T. D3 -~R. 6!-91/~!Platos~55 and 57 

B Nsppes end pressures on crest 
f~ 

Crest st El. 232 -T. 29- R. i-6- T. 30-!R. i-6- Plate ;60 

Gates at El. 232 - T. 25- R. 1-6-Fig. I -~Plate 59 

Gates at El. 232 - LCompsrison wi~h computed values- Plate ~61 

2 Gntes ~t E1.~240 - T. 25 -R. 7-10 -~Plat~59 

3 G~tes at El. ~50 - T. !25 -R. ~Ii,13 - Plete,59 

C Nsppos and pressures alo~_~ side waS~is 

I Gates st various positions .-i~Pond constont at El.-~63,-Photos 

17fLI and 17BI -Pinto 47 

Te~t 14 and Test 17 - Pla~e 62 

IO 31 
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(cont.) 

D Simultaneous gate oper~tlon 

i [see photo of ~test 24 - Plates '41 ~to ~45 

E Separate gate operation 

i See photos 8~3 snd 49A3- l=late 20 °and llA3~and L~1i~4-)Plate ~28 

2 

VIII 

Photo - TBst 38-Plate ~i0 

Sluice 0penlngsand Deflectors 

A Types -Photos 181~ end 181~5-.iPlote 63 

Photos 3LAI an~ 31f~3 -.-Plate 63 

i Dimensions - Plate B6 !( 

B Operation - Photos !8F26 and 18G26 and iSI~4 :and )I~B24 .- 

Plate 64 

.T. 18 - Runs 20, 21 and ~4 -,Plate '65 

T. 18 -Runs 22, 25,-/Plate 66 

I I  Right Ben]( Excavation 
i 

A Cut No. I -~Photos 15Bl and ~lSDl .Plate ~6B 

B Cut No. 2 - Photos S6E!l~snd 36F~I-)Plate !9 

1 Flow conditions and velocities -Photos - Test 36 ',/'Pl~/~s 5-i0 - 

T. 34- R. I andS2 - Plste~69 

32 
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IX (Cont.:) 
<4 

C Apron extension end elteratllon 

i Send erosion with end w{thout 'extension - Photos ..18A13 :end 

18A19 - Plate 68 - Test i!18 - ilRuns !13 ,and if9 -~ i~Plstes ",96 

8nd 97 

2 Proposed leyout . -  Plste~72 

a Effect of lowering ~pron - Plate 71 

X The Power House Wall 

A Views showing flow conditions 

Wi~thout 
WaLl WaI, I "%- Wa'3~'l 

PI ate 
,NO., 

i Set-up 32B3 PI. ' ..75 "29C6 PI. 74 361~ 4 

4 :PI. 15 33A0 76 

f. 

- 2 9 ~ 9  " ~ S  2 150,000 c. f. s. flow --- 29A3 

3 150,000 c. f. s. - Erosion --- 29B3 ,36F6 73 

4 260,000 c. f, f~,- Close-up--- ~7~'~ ~ :( 27B6 75 
( 18B52 ,36 
(( 18A24 :64 

e WBII extcndzd downstreem - - -  24030 
24]930 PI. 45 

5 280,000 c. f. s, flow 32,~3PIj75 29A6 29B12 74 

36Cii 9 

6 280,000 c. f. s. - Erosion 
32B3 P1. 75 29C6 29D12 74 

36F11 9 
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x (cont.) 

B Encrgy end hydraulic gredients along apron 

i Low well - T.. 29 -~R. i,~3, 15 -~Plete 70 

High wall - T. 29 -~R. 7, 9, iI 

XI Tho FinQl Desi~ 

Photo 7 end 37~L0- Plete ~76 

A Views showing flow conditions 

r , 

Looking ~Down 

LookingUpstream Closer Viow :from R0adwey 

I No flow 

2 50,000 c. f. s. 

Plate 5 361~I 36DI 36BI 
36C1 

Plate 6 36.12 . . . . .  36B ~- 

3 I00,000 c. f. s. 

4 150,000 c. f. s. 

Eros ion 

Plate ~6 36i~4 ..... 

Plate 7 36A6 .... 

Pl¢3te 7 36D6 36F6 

36B4 

36B6 

.36E6 

5 175,000 c. f.s. Plate 7 O 

6 200,000 c. f. :s. Plate 8:36A8 36B8 

• 7 2 6 0 , 0 0 0  c. f. s. 36CI0;PI.8 36Bi0 

8 2B0,000 c. f. s. 

a Erosion 

:36CII 36C~I ~PI.9 

36FII ~P1,9 

36KI~I 

36EII 

8 27,000 c. f. ~s. 38A4, 38~, :38AI - iPlste i0 -:0he-gate 

oper at ion 

9 54,000 c. f. s. 38A6 -~Plate 10 - Two-gete 0peret~ion 

@ 
34 
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(Cont.) 

B Velocity profit!as through Jump 

i In 50,000 c. f. ~s. :stages ~to :28Q;O00 ,'c. :f,. :s. -- See. ~- 

Gntes 2 and 4~- T. 30- IR. :~I-6-'}Plates :77 :to~80 ;: 

200,000 and 260,000 u. f~. Js. ~flows--~Without Si,ll -'T. S0 - 

R. ,7 and 8 -iPiatgs :81 and !82 

C Stream lin~s through ~Jump 
{ 

i 258,000 c. f. s. - Photo ~18G3 ..... Plato 76 

2 76,000 c. f. s. -Photo 18E6.- Plate 76 

: r  

J 

D Volociti~s at toe (P. T. of apron) . 

E 

I 

P~otes 83 to 84 

Hydraulic relations -'Plats 85 

1 Friction loss -Photos 31~l and 3ll~4-Plate 63 

50,000 to 260;000 c. ~. s. ,~stbgos.- T. ~2B -!R. 1D to :SD - 

-L 

Z" • 

© 

@ 
35 



@ 

Foreword: 

TEST ~-PROCEDURE !! 
. . . . . . . . . . . . . . . . . .  , . . . . . .  . . . . . . . . . . . . . . .  , ,.,, .................................. . ............ ,, ,,..,. .............................. ,,. J 

,'-~ ) 

The main intent of :the ,text fol, lowing ;here-,~ilth ~;is: "to 'l~re- 

sent as clearly as possible ~e record ~of the ~apparstus, metho~d'~and 

,procedure of the tests, and make what ~explanation ~necessary of 'con- 

ditions, not self-evident, of ~he dat~ ~shown on th~ ~ ~inCl~ded :curves. 

- i 

I 

No special attempt :has !been~msde :to analyze the :results 

in application to installations other ;than Madden, but :it is believed 

that much general information can be ~obtained from ~hem, ~so the re- 

sults are given here in as complete e form ,as expedient. 

@ 
The n~del wos accurately built and the 'tests carefully end 

precisely performed and the data iis presented here for ,what ~it is 

worth. 

f~ t 

@ 
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The ,lh*oj ect:: -,' 

.'. j 

0 , . 

The Msddan :Dem will be built on the Chagres Ri~er about 

twelve miles above the point where it Join s the Pans*~a ~Oanal in :~ 

Catun Lake. The r~servoir will afford s reserve water supply for ~i~ 

operation of the locks ;,~nd ~for maintaining adequate depth for he v- ~i!~ 

igstion during the four months ~' dry ,season. It will ~also provide • I''~II 

hydro-electric power to .replace ~the Diesel electric Plant now Lin "use. ~ <}! 

Storage will be obtained for ~control of floods on the ~:Chagres ~River. 

The main section of ~he :dam will ~be stra'ight concrete gray- 

• / J'-i 

® 

ity typ. e with a spillwey:o~erflow, coutrolled~byfouri100 f~t,~,x18 .ft. 

drum gates in the crest. :The drop from themsximum reservoir water 

surface to ~the river :bed below ~he d~am will be about 200 ft. which ~- 

would subSect the stream :bed to velocities around ~ll5 ft. per sec. 

(about 80 mi. per hr.~):ifnot checked by some mesns. The toZaiJenergy 

of this overflow st the max~ntum expected flood of ~.80,000 c. :f, is. 

would am!aunt to 6 million h. p. With such tremendous energy ~resUlting 

a t  ~he  :base o f  t h e  dam t h e  n ~ c e s s t t y  o f  ; g r o t e c t i n g  ~he  f o u n d a t i o n  .roc'k 

i 

is readily soon. 

The object of those experiments~was to develop a means of 

dissipating this energy of the overflow to en extent that the velcc- 

ities along the river bed downstream would be so reduced that no ,dan- 

gerous erosion would occur. 

, 37 
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The £abora~orE.: -- - .-.~ " ~. 

The e~erlm.onts'wereconducted :In ~he hydrsuli.c laboratory 

of the Colorado A~rlcu!tural College st ~ort Collins, C~lorsdo. The 
3 

college very g~nerously ~llowe. ~he Bureau of Reclamation the use of : 

the Isboratory for psyment ofopors~ing expenses and r'bplscement of 

tools end enuipment broken or worn out in use. The isborstory is ~)~' 

very well adspteB to the testing of ,smell ~odols, ~ h~ving s wster 

reservoir of ample cepsclty to ~obtsin 'e Jste~dy flow end c return 

pump of ~hout 8 cu. ft~ per sec. c~p~city. ~q~e weir che.nnel ~ffords 

sn excellent sot-up for pr~cl,se m~surement of the cucntity of w~ter - 

flowing. The measuring weir was c~librated In place by ,measuring ~" 

the flow in volumetric t~nks ,built for this purpose; seelPlste 12 ~ 

for discharge curve of the weir. The disch~zgss shown on .%h~s' curve ~• 

must be multiplied ,by the five-halves power of the model scale • (~2) 

or 44,000 to obtain the prototyoe relation of ~he o uantity of water 

flow ing. ~, 

Layout of the laboretor~ is shown on Plate 1l following, 

'!;~j 
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The Bureau ,of Reciama%ion has been :using this ~sborato~y for 

some ti~gTor hydraulic investigation, the iwork belng :in Charge o ~  ~ " - 

their Research Engineer E. Wi ~ane. The writer was detailed from the 

Pen~m~ Canal force s to c011ebora~e with the bureau engineers ~o work 

• i 

L 

C~ 

out the design of the Madden ~,spillw~y apron, and was placed In charge 

of ~he ~lahoratory from May %o l~ovember, 1931. During thls:time models 

of the Hoover Dam and 0wyhee D~n spillways were builtLand tested ~long ~'. ' .  

with the Madden D~m spillway model, so that, althou~=~h~ the Madden model " 

was started in February and tests run np to December the testing:~l{as,! '!" 

0 .L. • , , I . L - ~  n ~ contlnuous or full time due to the pro~Tram of testing for the other ~: 

vro.i ec ts .  ~" o .~ . .  

Model Details and Apparatus: ,~.~.- .- 
- ~ ,~ 

The model w~,s built on ~ scale of i to 72 ~ ne foot on the : 
'i 

model equelin~ seventy-two feet on the prototyp~ or one inch equaling ,~ 

~ix foet. 0thor re!6tions follow: 

~.~ del Pro ~o t ~Fpe ~ 

Linear dimensions 1 72 .. 

~re~ . i 722 (squered) 

V-slocity i / 7/~ (souare root.) 

IFischarg~ i <~ 72 5/2 (five-hal~es ~pow~r I c ,~ 

Time i ~ , ( s o u a r e  r~c:t ~. ,., 

.The spi!lw~y section of the dam with drum gates installed 

in the crest, au~ sluice openings through the dam were acc~Arately re- 

produced. The power house was represented wi~h the needle valves 

I 

dischcrging from it. 

40 
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Due to the f~ct that the rive~ channel below the ~smsite 

made ~ rsth~r sbrupt~bend, this was reproduced in the model for some 

distance downstream to check the effect of such s bend on the flow 

conditions ~.t the toe of the d~.m. 

The rock co~tours, ~sm~pped ~t the site from drtllholes, 
/1  

etc~,~, were reproduced on the model by crlbblng up boords sawed'out 

~long the contour line o~ s thickness '~eprgsenting e five-foot con- 

tour interval. Those were covered with send to the correctdepth 

to represnnt the overlying esrth~: and gravel deposits. 

The mei~ section of the model was m~de of wood framing 

cover~ with galvanized iron, ,which was "later peinted with gray 

enamel sn~ s~.m=led down until it wee practically frictionloss. 

Details of the model construction are shown on ~he follow- 

ing drawings, Plates 13 and 14, ~ud photographs, Plate 15. 

The ~Jisch~rge ~over the model was measured by means of the 

2-ft. Cippoletti weir, ss described above. 

(Lj 
The h~sd over the cr~st was measured~ by m~ns of a hook 

gage loc,~.,ted in a stilling-pot which was co~.ected to e perforated ~' 

pipe that ran oar~lle! to,~the crest end 29 ~inches upstream therefrom. 

Pot and gage may be seen in right corner, Plate 4. 

Pressures on the crest and opron were recorded by wster- 

heights in glass tubes that were connected to Small plezometer pipes 

opening:st various points e.long the den face. 
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~Thers was s~so ~nstalled nn ~he fiha~l ,set-up ~flxed •~itot 
2 

tubes along the apron. They consisted of a i/8-i~L,copper tube, " 

bent upstream, and connected to the glass water gogei~tubes by means• 

of rubber tubing. See Photo 28, Plate ~5. ~See Photo 3, Plate 5, 

showing ~gsge board. 

Nappes over the crest were meesqred~by the point~Eege 

slide shown in Photo ~29, Plate 16. 

The teilwster ~elevation was measured by a float ~gege con- 
z 

nected to s perforated pipe opening in the river channel shout ~00 

ft. (prototype scale) downstream f~m the dam. The pipe can~be seen~ 

in Photo No. ii, Plate 7, and Photo 31, Plate 16. - 

For  r e g u l a t i n g  , the ~ t a i l w g t e r  ~depth a s l a t  g a t e  ~was i n s t a l l e d  

a c r o s s  t h e  c n ~ n e l  downstre ,om.  See  •Photo 30 ,  P l a t e  1 6 .  

~l~other gate was also developed which would crea~e the nat- 

urel tailwater~, according to ~he rating ctu-ve, for any flow over the 

crest. See Photo 31~, !Plate 16, following. 

Veloci,ties of the flow on .~he apron .were measured with ,,the ~, 

Pitot tube shown in .Photo 32,, Plate i6. 'The tube ~w~s mounted on lev- 

ele~ railings so that the depth end .position .of .the point could be '. 

determined. The static and dynamic columns were sucked up i.nto the ~ 

tubes by a vacuum pump ~nd th~ differential reed on the scale. The 
J q, 

~j 

tube was previously rated in the ~low from en orifice and also from 

the ca~A.iage during ;~ flow~m~e~ • r~ting and was found to have a co- 

efficient of tru~ velocity = .9~5 observed velocity. 

pictureswero ~a~en of nearly every set-up end run. 

42 ..... 
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" DETAILS ,.OF :SETaU~.S :i,~.rO TESTS . " ' 

The Dentated Si'.TT. ' i i .  ' ~ L~'_.~. 

, 0riginal,design; 'apron 'lave'! .st ~iE!; 60. ~,In ,tHe if~rst lay- 

out the spillway e~ron was 'drawn ::in :level a't El., 60 as i~-~K6~wn,-on ~Plste 

17, following. At all stages of flow there was :a .consider, aNledepth 

of tailwater over this low apron .but this depth was ',not very.affect:ive 

in checking the velocity of the overflowing sheet of ~wster. 'The jet i. 

sweeps down to the bottom, with very iIittle disturbance :or consequent 

loss of energy and persists downstream for a considerable ,distance 

st a high velocity. Photo 3,B,, Plete 18, .fol~lowing, ;shows tl';e compar- 

ative quiet nature of the surface flow and ~Fig. ~i, Plate ~lg, :trsces 

the hiEh velocity sheet under the tailwater. .At ~ point about 30 ft. 

upstream from the end of the aoron where%he face of :the<dentated sill 

would come, there is e measured velocity of about~.70.ft.~per.sec. ~t 

wo,:l~:.seem that ~he sill should be designed %o take !the force of : in- 

p~ct due ~t'0 this velocity. 
'\\ 

Wi:~th the dentsted ~ill in place :the line of.maximum .velocf'ty 

is lifted to the surface of the stream relieving the :bottom of any 

erosive velocities. See FigS. 2 ~nd 3, Plate 19. 

The terrific impact:on the sill. is evid~nced~by the:boil;ing 

/4 

The path of the high velocity water is etched .on the iron plate~, %hat 

wss iramersed in the stream :~hen,:freshly painted; scen":in Photos 35,and 

36, Plate 18. 

48 

which occurs as .se~n in Photo 34-,, Plate 18, -~Iso Photo 41,-Plate 21. ~ 



@ 

The ~better ":sli ~long jthe right ibsnk, as shown,on the ~drsw- 

ing, Plate ~i~, ~wss too 'steeply sloped ~for ~he water ~to-,rddel,r, conse ,. 

guently, !it ~fell !into a ~thick concentrated !~et, st ~the ~bese :of the 

slope, and h~d very ~ig/1 erosive velocities. ,It'was <consi~dered:ad - 

v~n~ageou~ to e~cavste this obtrusion although sn attemp~ wss :made 

to save some of the rock by ~stepping up ~the bnys ~towords ~the i hil, lsi~e. 

Photo 37, Plste 20, :following, Tllustrates~one scheme,/in wHich~b0y~ 

,~as raised to El. 80, bay 3 to #i. 70, ~bay~2 was at El. 6Q,:~:snd~boy I 

st El o 70. 

In this set-up there was a sand bin~built ~iin ~,t the ~end Of 

the apron to ascertain the erosive itendencies of~the flow. The:bln 

was filled with ordinsry ~screened building 'send, no attempt being 

made to have ~tho particles sized to the:model scale, consequently, 

the resulting erosion did not represent necessarily the amount that 

would result in the :prototype but the general!tendency was Indicated ~ 

and comparative merits of different set-ups could be determined. 

With only two g~tos open and the pond at its maximum,eleva- 

tion there resulted ~ concentration of flow with dsngorous erosive 

tendencies, as :seon :in the ~following Photos 39 ~nd ~0 on Platei~20. 

Thi.~\sho~s the,danger of JsepsrateEate operation. As the 

drum gates c~n o~sily be operated simultaneously ~it wss cssumed :thst 

this would bc the norr,.~l procedure and, unless ~noted, the flow, in ,~ 

ell tcsts following, was pessed over the crest or gates in egual gusn- 

titles per linear foot. 

~9 

L~ 

f 
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~Pho.to .3B, ~-P!~J%o ~20., :'shoTs ~tho .:most .oconemlc~l :.sot-up ~'~l~th .~]-io 

dentated .: si~ll. The spron "w~s .~roiS~'~ "~.t :':both, lends :of :.the ~spi~lway tie 

fo :flow the nsture, l .rock:~lin.~,s ,.Tith '~loest excavot'ion. :Flow .:condlt'ions~:: 

were ss sstlsfectery ~s.,~ith ~tho hor:izon~sl .:apron and the 'dentstod,~,si.ll 

opp~rontly stopped ell ~ongerous erosion~bolow :the spron. 

Howov,3r,, with the, apron, so ~fsr "down under '%he ~tsf.l.~ator, :~tho 

hydreullc .jump is dro%wnod out snd the overflowing sheet ~sl!ps..nndor 

the b~ckwater with very little",loss :,in'velocity.. Even st ~the.lo~ost 

flows there is considerable impact on 'the :sill'whlch means ..thst de- 

pendance for the dlssipstion of '~.tho energy must "be ,,placed entirely 

on the sill. A small bre~k.ct any point .lets ,.through :e high ..ve'loci~tY 

jot starting .3rosion that ondangors.-~the entire :structure-'snd ~sch~ne. - 

To un,.~r the tailrace to~-m~ko 'rop~irs,on .the ~sil~l :woul~ !be ~uit-c '~n 

sx~onsivc job. 

The sill then must n.~coss,~rily bo.a heavy reinforced 'struc- 

ture, well anchored :tc the bottom, with :probably~motel ..armor on ,the 

block feces 6s it v~ss,s~en that the ~high v~locity jet ~'ould s~eopsnY 

d~brls directly-down ogainst it. ,It,was found .necesssry :to 'srmor ~the 

f~ces of bloc~.:e at the foot of s.oill~,~ys suchos Getun, .whoro~..the 

velocity of th-c w~ter striking the sill :is much :loss.th~:n it .is here. 

The sill proposed .~v:~s ton feet high ~nd 30 feet w,ide involv- 

ing r~thor lerMe cuantities of concr~to and form work which :together 

with the r.3inforcomcnt :.nd :~mchorage required v~euld:mekc ilt .expensive. 

A royalty would ~lso hovo to bo paid for the use of the 

dent~ted sill p~tont. :- 

50 

',i I 



0 

It 

0 

l ~ ~ ° 
~ ,  ~I ~,~, - -  ~ "~ ~ ' 
~, -~i-- "'. ~:- ~ " ; ~  ~ .~ ~ -'I |~  I 

- ~  ~ , ~ , ' : ~ ~  ~ o ~ -t,~d I:~ .! 

:,~-,~-:.IF: :, ; mill I,':i.~]]!~! 

l I - A . T ~ ~  ° " ~ '" " °  
# • i ,~i ll'hltilll,~ ,limb +, 

/_.;..-- ! v.~7 ~ .~r 

. 

-c.' 

> 'i '; 

.:> . j k  ' • 

., , ,,f. :. 

L'--, '" :i 

.k "t 

# 
/ 

.:7.::::: '." t .  - : . ' : :  

,.I.- , , ,'+ % 

• ," ( 

=:,==-.,-:_= . . . . .  _ _5  -/ 
~ . ~ . ~ . - . . ~ . - . ~ . ~ - . ~ .  . . . . . .  ,~ 

J 
. / 

! ¸¸ { 

=,=..< ~ 1 , 1 1  

~ Y 

~ .  . . . .4 ~ 

i , . ,  - l 

!ftli/ 
H : = l  

iH,  

~!i < 

---L-t-_ 

t '  

! 
! 

; n  

,.? i~ 

. : '  ............... Y 
: / 

e /  / 
~-.'-..., P L A T E .  17 
o. 



5 2  

o 
J 

q ~  

O 
J 

o_Z~ 

ffl 

O 

O 

U ~  

,qS~ 
I N I  

I -  

1.1 
u. 

wJ 
I -  

o_Z,. 

e e O  
I - - Z  

U 
t -  
~A 

ORIGINAL D E S I G N - A P R O N  LEVEL AT EL 60 :>,-,~\FL ~b 



~ : : : - - . : . . . . ! , ? :  . . . .  

r 

O 

C ,  * 

. 'd 

O 

, : I -:~ ' I I" ~ ~ :-L-:..: I ' ' ...... 

~ l l l l l ~ l l ~ i l a r l l l ~ - u l L i i . l i  I I . i " . . . . : . I ~ . l U M . I O I . ( J ' . L . , ~ o  - - . - -  
i I l l * N O  ¢ O l C T O i ~ l l . l l I L T t O N ~ l J ~  I IANI~ I ' t I " 

. .  , l ' R ~ l h t  ! ~ 1  W e t |  - n i ' l " ,  , I . t I ~ ,  ' . ,  • , j '  , 

~ - - ~  ~ , • , , , ' . , . - . .  : . -  [ M i o ~ i . ~ i , , , i  ~ , . . . . . , ~ . . ' . .  , - -  ~. • : ,  _ . , ~ < . ~ . ~ _ . - :  

\ \ ~ i '  , :# • , ~. ! , , . . . ,  ,, ~ l  ~ , . . , , - . .  i ...t~" ~ , i ~  i - ~ "  ~ - - = - - " ~  

',,:'.,~...- . . . . . . . .  L.,.--,. -.;--l.,-4.,~-+---.:.~--'-:,..b-~- - ,?: / - / - ,"~i  -<~d ......... !! ....... ~ ........ ~*. - " - ' - - ' -  

. = - - ~ - -  ~ . ' % . . ~  - - 4 ;  . _, : : . . . . ? ' , ~ . ~ . 1 . . . - ~ / -  , ~ . L I , . . . - - E : , ~ . ~ s  " . . . . . . . . .  ; ._ ,~  . ,. 
z , " " - - 4 "  , - ~ . - - ~ , - - ~ - - ~ - ~ - - A ~ ' ~ - - r " ~ ,  t i  ~ '  ' " "  . . . . . .  ~ *  .,o . : ~ c ~ -  ~ ' ~ ? ' / / ~ i / : 2 ~ , ~ :  7 . . . . . . . .  - - ~ . ~ ,  t I l;' , _ .  

i ~  ! ; I t , l I ,  ' I : I i ! : i ' 

I - ' - ,  i S l l l l l t i ~ y  I I I Q l ~ l . I , .  ' i ~ l l ' l  " l ~  : 

' - - . 4 ' . .  l ,  : / I ~ ~ ~ ~ I ' ' [  1 ! , I ~ t I , t 

' Li ,d_.~ L '  L _L i [ .  i : i i . . . . . . . . . . . .  ~ k,r:. . . . . . . .  7,-*. ' , , ' l ' l ~ S T .  Z O :  R U N  4 

' .  ' , , ! , " - ~  I / i : ! ! ~  ; ~' : " ~ \  

_ 

\ \ ~ , t ~ .  ~ i t , " - -k"  , . i  t . . -  "~-.  ~ r - ~ .  . - . - - = = ~ . ~  -~ 

\ \ . . ~ ; 7  i ' i  ~ A "  ; I I, . - - - " I i  . , - ' !  : - : ? ¢ l l - T ~ ' : ~ " ~  - :  . . . .  +~,,- . . . .  = - - - "  
\ ' ~  . . . .  ~ - - - I ~ = ~ - - . i ~ . ~ - - - "  - . ~ .  , - ~  ~,  : i l  l , . i . ~ "  

, ~  ~-~.<" I -,-4-~ ' I .  t-... . . . . .  r : - . l ~  , - . . ,  ' /  t ~ a  , ~  . ~  

" ~ ' ~  , ~ - ~  - , ~ , ,'~:-,:- --:# h':, ~ -  . . . . . .  
. £ ~  N ~ ~ - - - ~  ~ ~  > , / / / f - _ , : . -  ,. -., .................... 

]t_i,< . ¸ -  

J-!- 

~ : S -  

' . . F Z _ L  . . . .  ' i i  I ,, 

~ : - ' T ' - : ~  . ~-,I:~ I;,~ 
:~--i ~ _ _ . . , ~  . < .  , .~  

" , , ~ ' . ~ . ' ~  ~ , . ~ L '  L .  - , , ~ r , , , . ~ . :  . ~ . j . ~  . . - ,  . U ,  . , , . . ' ;  
~ i ~ ' - - - ~ _  ~ 7:>I . / : : 1 ' ~  - I ; ' - - . .  , '  ,- '-", ' .r '  : . 

, ~ . -  - = _ l l o . . ~ . ~ _ . , , i , i I ,  . . ~ _ . ~  ~ .linl ~ . ~ . . , a L i 4  & ' i  i l l . ,  

• , ~ l l l l i n l l a l ~  ' , i ~ . l l ' l  . # .  ] . . . . . .  - ' . • l l ~ i ~ w ~ Y ,  m ~ t ~ i . - 1  ' 

' i ' - -  T - I  " - -  T -  ~ i - : - f  ~ "  r - - ~  ) ; ' __.  l l l r l h i ? l l  w l ~  l l l l l i g i t ~ i  i l l  

r - T - ' l  . . . . . . .  l - - t - ' i -  , - r - - f - - 4 - ,  " '-t- . . . . .  . " I  - . . . .  t . . . . . .  r ~ l :  '~ ~ ~ " ~ ' ~ : ~ . ~ , ~ " , ~ ' ~  ~,, , , , , , -  

- '  PLA'rE 1 9 -  



~ , z t .  

0 

,,~ 

~ E.~ 

W . f  
~ :~ 

["t." ',.1 

k'~.° 

~ g.3 

Z 
C7, 

-J L~J 
C) Z ) ~  
q '  ~ 0  

C4& 

LAI O 

O 

,~ ,4. ~ 

u~ '.: 

• ~ t  . I  

,z~ . .  

R I S I N G  A P R O N S - D E N T A - f E D  S I L L .  P L A T E  2 0  



0 

. :  : .  

• : . .  
• . 

. !  i "  

Z 

0" 

(.fl 

a o g  
v~ 

0 

u I  

e 

e 

o~ 
o:  ~ 

i L, * 

. |  

"S I~J 

0 th 
. . a  
.Li)  



The Hydroulic Yun~p :Apron: 

Apron io-¢91 st El. 60. The use of the~hydrsullc Jump wcs 

recognlzsd as a ::~st effective mosns of dlssiwstlng the energy of the 

ov~rflow but i~ ,~as rowdily:soon that the depths of the ~notural tnil- 

r.ctcr over th~ apron wcr~-too groat to pormlt its formotion. The 

cpron than must be rclsed until the nsturcl tnilwater depth over !it 

"~:s the s~,m= cs that rccuir,Bd by the Jump. In order to obtain some 

idec of Just ho~l much thc apron ~muld have to be raised, the t~il- 

water ,:as loo,varad until s Jump formcd well back on th~ cpron. 

Th~ appoer~nco of the Jump is suite distinctive anti,with 

llttlo experience the ~,ailw~.tgr:~cc-n be sdJustod by eye to obtain 

s depth for m~xlmum encrgy dissipation. 

Photo ~3, Plato 18, ~recedlng, shows the flowconditions 

~ith o t~il:,L~tor dapth of ~pproxJmetoly 80 .foot, corresponding ~to 

tha nntural dz~th of the backwoter ot th,~ damsite. Note the compsr- 

otivoly oulot oppc~r~nce of th~ water su2f~ce as the overflowing 

shoat cuts tundornooth with little or no impediment. 

As the tc, i!':~Jtor is lo,.~orod, ho',vovor, the o vorflo~ ~Jet 

strikes onto the: well ,~ 1~--n of b c~, t~r with:much ~gitation ~nd turmoil 

end consecuont rapid loss of volocit~r through tha ~f!o~. 

Photos on Pl~to 22 follo-ing show the flow appo~rances. 

In Photo 46 th~ t~ilw,~ter is still too hitch for the most effective 

pcr=)rmencc of the jump end in Photo 48 the t~ilwater is just a 

@ ii~ic too low a!lo:=ing the jump to s',Toop off th~ apron slightly. 
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In photo 47 the adjustment is Just :about rlght, forclng~the :Jump 

well beck against "~'e face of the dam, without ~dro.~n'ing lit , o u t .  

This is the condition that i~t was attempted ~to sttsin in,all ts'i!- 

water settings for the various flows ~of 'test 2 'plotted on Plote '23. 

These observations for con, ect tailwster ~depths were ~later 

checked by measurement ~ith s Pitot tube of :the velocities down- 

stream under various t~-llwater depths, as shown~on ~Plste 2.4. The 

Pitot tube remained fixed for each curve-taking and while the ~eloc- 

ities indlceted are not ~the average ive'loclties through the .section 

it is thought that the m u~ves show e relative energy dissipation ,for 

the different depths of tsilwsten. ~Note ~that there is a: decided ~peak - 

in the curves that gives a definite teilwater depth to obtain s mln- 

imum velocity. ThQse peak points are plotted on Plate :23 as test i'19 

and check Closely the adjustments done byeye. :Computation oflthe 

depths required, from the formula D2 = -2 .V--~-" "------r---- , 

g 
also show close agreesJent. D 1 'and ~.V 1 were computed :teklng :into ac- 

count the friction loss determined from ~tests ~sho~wn on Plate 85. 

Fig. i on preceding Plate 19 and th~ following ~Plete 25 

give the velocity p~-ofiles through the flow alor~ the apron. Note 

the more rspidly diminishing velocity v,,hen ithe tsilwster is ~ correct 

for the .jump ss in Fig. 2, Plete 25. (Compare velocities st ststion 

7 with Figs. i snd 3. ) It :is rogreteble that the sections uere not 

extended farther downstream for they do not quite include the com- 
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pleted Jump where the velocity comes to practi~ally:zero while in ~ 

the case where the tsilwster is too deep for the Jump there still • 

! 
remains quite sn appreciable velocity for some distsmce farther 

downstream. It is seen that the wsterLsurfsce bythe point gsge 

rises shove that shown by ~he flost gage downstream but where the 

Jump is completed farther downstre~n the ~wo levels are sensi~iy ~s ,. 

the s~ne. 

It is seen then thst the natural teilwster gives depths, 

aver this ~pron as originally designed, too deep for much energy 

dissipation, in fact, thedepths/ceuse ebout the highest velocities 

possible on the riverbeds; see ~late 24. 

The curve showing tsilwsterreq~ired for the hydrsulic 

jum~ lies sbout 20 feet :below the neturaltailwster Curve (Plate 

23), practically parslleling it, howe~er, so that it is reasonable 

to assume thet if tho epron was raised 20 feet, or toE1. BO, depths 

of tsilw~ter over it would c~use the jump to form for elmost ell 

stages of flow. This ~hen was the next step. 
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Apron.Level atE1. 80.: 

;I 

"With ~the bucks: :sn~ 'apron"downstream :le~el<at ,!El.. 80 - '~ 

there ,was:i. appsren~ly ~ go ~d !lydrau1~ic ~Jump :forme~i for :~sl'l-:s%ages... 

of flow, :by the natural ~ ~ths,:of :tai, lwater over :~he ~apron,.:~, 
i~ il " 

• There was.:no date [~aken:~on ~.this ~test.Jo%her 'than:'obser, vs- 

t ion no.tea., but the moving-pictures of i.test '5, .~.~un..il, ~show ~i.~he ibe- 

havior .of the .~ump :for the en1~ire :flood ,ra~o. " . . . . .  

,Various lengths...of ~,%he 'agron :~downstream '.were itrled.., i:It 

seemed even ..with the .apron ,extended .as :much as '.70 Teet %beyond .~he 

original :length 'that a small :s~ll was:necessary '.-.to •:prevent ~erosion 

in the sand bin below. However~., ~a.;.plaIn~:striP.repr.esent,ing::~bout 

8 2-foot heif~ht of ell.1 on .,xhich .there was ~no :.apparent :iimp.ac.t .~from • 

the :flow~es almos.t as effective .as :.!~he"?IO'foot .~dentated :.si,lll ::whi:oh 

the wa~er struck with .considerable force,-~s ~indica%ed ~,by -the :-boi,~'ing 

above it. :..\\ 

.The same: was 'true .~hen :the :apron was shor..tened ~to a ~length " 

35 feet"beyond ,the origln~l. - - . . . . .  

' " :" . t •: 

When the sm~ll sill was iplaced at '.the end ~o.f :the .original 

apron there was a :decided impact,on .,iT,, "~hich :-crested ~almost ;~.as~mUch 

~boiling .as the dentsted sill. when placed ~in:~he :same poSlt:ion. :-The 

erosion ss indicated in . "' ..-~ " , , : " ,the .send b._n was s~i~tl.y ,less ..for :the den- " 

tated sill. . . 
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The comPleted lump, r :the~polnt ~o~ full~recovery ~,where 

the velocity reaches a,mlnimum, ~does :,not occur unti:l.:e di-stance o~ 

about 150 feet downstream ,from :the ,:e 

s sill of much height when~:placed ~ac 
"" - ~I !i I I ~I ~ 

full impact of thehigh velocity~alon~Itheili~l~o TM ~" ~ ~ ' 

It wouldseem, ,then , •that a smsl,if~.s~ll(coul~ be~.used ~' 

merely es e deflector f.~ • . . . . .  I ! ~I ~ , . o ~.s ~he!ght., suff~clentl!to l~i~t ~the !bottom 

velocit 

where they would ~be retarde~nat~elly !l!n the lump action. The 

apron length then ~ could he,reduced considera5ly and nee~ only i be 

long enough to cover the ~ange ~o~~,the wilolent-churning and~back- • " 

roll at the start of the jump. Ii 

A sill 4.5 feet high with its ,face.sloping to 'the :~floor 

l0 feet upstream was !tried ~t the!end ,of the~ 35jfoot ,extension "apron. 

~br a 15-minute run corresponding ~to the m~ximum flow ~there was 
i 

practically no erosion ~in the sand ~bin ~b:dlow the apron, end ,.there 

was no •bubbling whatever that Would ~indicate-:Impact on ,the ',sill. 

From these very -~ satisfactory r0su!ts, ,~which-were ,later 

~9 
borne out by further Oxl~eziments, this tYPe of deflector si!~l,-with 

the shortened apron, ~wss s~opted for 'later :hydraulic Jump set-upts. 

With the apron level ~and ~raised to El.-80, as,sts~ed shove, 

there wee apparently e •good jump formed at ~ll quantities,of flow. 
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This wss due to the fact thst the "cur,ve 'gl~Ingdepths ,requlr~dS.for 

the jl~mp closely perallels the :netural %sflwster depth <cUrve. But 
r 

there woul~ be only one ,flow, theoret~icallM, where the nstur~l .ts~il - 

wster depth over the spoon would gi~e exsctly the depth reo~ired :fOr • 

the Jump even if the soron wes rsise~dlisli=htlv more a~ ~-~+~ ~: : 

b e n e f i c i a l  by the  curves on Pl,~te 26i fo l lowing ,  I t  wes thought ths t 

i f  the epron was sloped, t h e  .J~p Could move up , :or .do~  the~slope 

u n t i l  the depth recu i red  w~s e n c o ~ t ~ r e d ,  :end so rthere would r e s u l t  

a good jump formstion for each flow,Jlno mstter whet the~vsrietion '- 

in the nstural teilweter. Also, coni~i~derable Seving~in concrete 

could be effected by slopina off ~heapron ss the~h~ickness~.et the 

end avereged sbout 20 feet. ' "~~ 
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1 : 6 - ( S l o p e d  A~ron :;Stszting ~t~'.E] ; ; - B ~ I  " 

.V~Ith 'tgl, s ;set-up, ~.~he :-same ~ser, i-es.:,of ,tests ",were ~run ~.where 

the .t ~i, lwater was .Jug.~ied ,.unt i,l :'s :,idepth :~as ~,foln~d ')~hat ~gave ~the :.best 

~Jum~ :formation ~we~ll~:up ~on:the a~ron. ~These .?dep~hs~for ~ 

~plo.t ted ' v e  ~s . . . . . .  ~" " " :~ different .flows are.. ~'in ,the .:cur hown on!l~lste ~:28 ,~fd~io~Ing 

-~ ' I t  : is  s e e n  ' , tha t  ~ t h i s . : a p r o n  :~iS,some : ' 6 i ~ o  :8 , f e e t  ~,too:~ilow ':eS .. • 

the recuired depths a~e less i,~han "i.those ;occurhing :wlth,ithe ~natural 

: t a i l w a t e r . o v e r  t h e  a p r o n .  - • - . :~ .  . : . ,  _.:~... 

With".the "sloping apr.on:~no •definite ~caicUl~ion :c~n:be.ma~e ~ . %:  

for the depth ,required :Tor~the .~]um~ :as :the ~.polnt ~sbove ,wgich~the 

depth is assumed is indeterminste. ~:The ~theoretllcsi-.position(ofithe ~ " -  

Jump on the slope can-be computed~but,,;it would no.t ; . be :known  .~if th;is c~ 

position ,would start the ]t~np we]~i:beck.~against :~the !.f~ce .of ~the :dotal 

end y e t  n o t  .so T a r  . b a c k  a s  ;to tidro~n .i~t o u t . . .  ~Unle'sa , the ;"Jump,~s tar t s  

well up on the apron, :full .usa is::nO..tmsde :of the ,~apron?length. ,The 

c a l c u l a t e d  p o s  i ' g i o n - : m i g h t ,  s t  a r t  ~the :"j~ump : some d i s t a n c e  ,.do~'~ : t h e  : s l o p e  

awsy from the :dam face snd so ~for equal)~rotec~lon ~his .?lengLth:must, 

be  a d d e d  t o  t h e  p a v e m e n t  d o ~ r n s t r e a m . , .  ~ " 

,It was a case of experimental cut .:an-d ,:try :sn~d :the :noxt 

s t e p  was  t o  . r a i s a " t h e  e t e v a t l o n  o f  ~ t h e - s p r o n  a s  .~wSs• ' : indics ted  ::from 

the curves on Plato 27. ~" 
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'Photo 49 on ~the..fol~l~wlng Plate i~28 ishows :the ,~Jump !for .'.the 

msxlmum dfsohsrge over the :spi~1~lwaz. qkTote ~that its beginning is 

wel:lup on the curved bucket ~so thS't ~he g reenter ~disturbsnce of if.low 

takes place over ~the •8D.ron •pavement. In ~,the iad;Justment~of ,the ,ta-il- 

water for the other ~flows ~this same ~cond:it'ion was :obta~Ined. 

The sloped-Taced s~i,1 4.5 ,feet ~.hi~h ,was,~used at the ~ena ,O'f ~ 

the apron with no evidence of bubbling that would "indicate ~impaot ~on 

it. That it was effective in rsislng the-.veloCities .from .the•~r;iver 
9 C, 

bed downstream is evidenced ~by-~the lack~of serlous ,erosion :in ~the 

sand bin below; see Photo ~50, ~Plate 28. ~ ~ 
&" ~ ,~? 

/y C~ • 

Contract ~ith photos on!Plate 18 preceding to 'show,differ- 

ence in surface flow condiZions of the.two schemes. 

In this test, runs were:made .~t6 obtaln the effect,.o'f.sep- 

state gate operation. ~Pho~to 51 on i~following Plate i~-28 shows sn appar- 

ent good .itLmp forming on the spronwith the flow,coming ~from gates i~l 

and 2 only. However, there seems ~o ~be ~a concentration set.up in bay 

2 as evidenced by the erosion of the.rssnd !below; see Photo ~52, Plate 

28. ~ 

This con.dition.~was also encountered in.the dentated siq'l • 

set.up; see Plate 20, ~end emphasizes the danger of opening~onily one -; . 

or two gates rather than lowering ~ll four ~gates ~simu~taneously. 
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:~:~ 'Sloped 7Apron, ~'St art in~ i at '~E] . ~90. 

'~,.~L~ze elevation "oT ~the ~apron was :ra~ised ,'sl:ightly ~as ~was ~ 

',in~icated :necessary ~ifrom ~'~the ,above ~exPeriment..~u-d ~sgalln, ;for . . . . .  

,various ~£1cJWs, the "tai~lwater was ~adiJ uste~ ,unti~l the ;~Jump ~fO~e~d .~ 

. . . . . .  . i ] , " /', 

well up on ~the ,apron. ~These :depths ~ere ~lo'tte~d fin ~a ~CU~Ve;,~ ishown 

on i Plate ~.9, ~which foliows i,.very i close ~,to ~the curve ~of ina~u~al • 

tailweter depths over ithe npron, iFor '~the\~h1.~her ~f~lows :the i cur, yes 

indicate tha~ the apron shoul~ ~be raised ~sti~L1 ~81~ittle ~mo~e.' 
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1:4 Sloped Apron St artln~ st ~EI. 97,.3: 

Accordingly,, the apron was raised ~sli,~htly and the bucket 

curve made tangent to the apron Slope and the ~slope of ithe dam face. 
@ 

The slope of the apron was retained st i to 4. ~% :steeper slope, i 

to 2, w;~s tried, but a satisfactory Jump would not form on i~t. The 

overflow sheet cut under the tailweter and followed down the apron 

slope to the bottom with very little loss in Velocity. 

Another alteration tried was to remove the apron slope 

entirely, allowing the discharge to leap off the high bucket ledge. 

Experiments with this set-up will be discussed later under the head- 

ing of "The Yt~mp-Off Bucket. - 

In this test, with the 1:4 sloped apron, the teilwater 

was adjusted for different settings of flow until it seemed to the 

eye that a good jump was forming on the apron. 

A closer check on the settings that produced s maximum 

energy loss was obtained when a Pitot tube was placed st ~he end 

of ~he apron and the relative velocities measured under different 

tailwater depths over the aoron. These curves are shown on i P18te 

• ~0 end Plate 31 following, and the, ~ peak points from them have been 

plotted on Plate 32. 

@ 
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@ 

® 

There is e. very Close agreement in ~he~depths ~requlred 

for the !Jump to those actually ~.fforde~ :by the ta'i~lwater °levels, 

except at the lower~flows. ~is means ~thst ~at ~the ~lower stages 

the jump .will move ,'down the .spron 'some ~but 'the velocltles off the 

end ere ~hen so low~th~t possibi~li~t~ies.of.eros,ion .are ~Sii@ht. 

The highest possible ~velocIty~enteZing the .Jump,, ~with 

s consecuent ~qTeeter tsi.lwater ,requirement, is.obtained ~when .th~ 

flow is over the gates from 'the pond at Tts maximum elevat:ion. 

With the pond -held constant at "its meximum'height, ,~olnts 

of least velocity were obtoined as .the gates were lowered ~(Plete :33~)~, 

end show depths slightly Lhigher then those afforded ~by :~he ~ .tailwster~; 

see Plate 34. The close agreement, however,, of:these ~depths, and 

those obtained 'from the other condition of flow, to the aetu~,l•,depths 

that will occur over !the apron .is accepted as staple proof that the 

apron is set st :the correct .elevation. 

L 
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iln order ~to save ex=svatlon on ~2he ~right 'bahk, .~he ~apron 

was gradually raised, ~Lin horizontal ~l~ines UP ~snd downstream, ito I,E~, 

83 st the right wall. iThis ~is 'about .the ~msximum elevation ito •whlch%" 

the apron Can be raised ~as ~seen from ttest :5, ~Plste ~26. Thesel cut.weevil 

indicate that the correct elevation for ~a ih0riz0ntsl .apron ,would~be 

2 to 5 feet above ~the El. ~B0 ~aprontested. 

Photo 55 on !Plate i~5 ~fol~lo~ving ~shows -the ~erosion ~after :a 

flow of 260,000 c. f. ~s.,, over •the ;rs fs6d~aDron, ,which ~when compared 

to •Photo• 54 o~ ~the erosion ~from ~he constant ~slope epron ~set-np,(~ 

indlcstes ~that no harm results ~from~raising the apron :in :th<is cor- 

ner. In fact, it seems to :be s little better 'judging from ,the ~ex- • 

tent of the erosion. The ~flow~wss allowed to continue ~for :the seine 

length of time in each ~instsnce. 

~The standard sand hin,~dopted, ~seen fin ~Pho~o ,53,, ~!as ~8 

compromise between the ouestion of getting e bin ~be~low ~the apron ~of 

any size and of ~losing the effect of the contours by ~their removal. 

It w~s thought ~hat the cxcessive erosion of~the sand in the far 

corner was due to the interference of the contours t-hat :formed a 

barrier to the ~low. The stream, Nhen ~stri~ing :them, would he de-~ 

flected downward, creating en eddy~or ~rol~l that would tend to l~ift 

the sand,out. This seemed-to be \true as much less erosion resulted 
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when the contour block was removed from ~the ;far :corner; ~see~iPhoto 5§. 

It would then saem that no concentration of flow or any less~dTsslps- 

tion of energy was occurring on ~the right ~ide where ,the apron .was 
z, 

raised, o 

In the sbove-men~ioned i tests there was a ~6.foot sloped- 

face sill used at the and Of the spron. It was thought ~that ::~his 

height could be lowered, perhaps, to an,advantage, as the si~ll was 

designed as s deflector rather than =a barrier ~to velocity along 

the bottom. The theor~y is that the ~si1~l should not be too high so 

that it deflects the high veloCity:,sheet from the bottom npward 

across the tailw~ter thus cutting off the effect of~the back~pres- 

sure necessary to produce :the ihydraulic jump. *i~=It ~'should~only be 

6 

high enough to llft the velocities ~from ~the ~river ~bed end throw 

them into the backwater where their ~retardation takes place L in ~=the 

natural action of the Jump. If the ~si1'l !itself ~is going to be used 

to retard the velocities it should ~be high enough to co~er ~he Tange 

of the greater velocities,of ~the jet slang the bottom, end conse- 

o uently its heig~ht would :vary inversely wi:th the height of the dam, 

for the higher the daz the thinner the overflow sheet ~will be ,at the 

toe. Another factor, of less ~i~portsnce, is ~the depth of water:~th~t 

is going to be over the sill. The height o£~the sill is:mcdif~ied 

directly by thadepth of the tailweter, for the greater its depth 
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the thicker the o~erflow ~jet ~wi~l~l ibecome in I passing through :l!t, 

which calls for a higher sill :to cover ',the range of !the :thicker 

Jet. ~ sill or 'blocks with :no tai~lwster o~er :tham !i~s pract~ically 

useless, ss the jet is :merely :sprayed iinto the "s:Ir~, almost ~as 

high as the orlginal~wster 'surface, ~and ~fails :to the r'Iver bed 

gs.lni'ng practically its original ~e~lo city,. ~There ~must ~ibe ~talil- 

water to .float it off, so to speak, sfter !the Jet has beende- 

flected from the Lriver :be~d. iAt thst, ~unless:!the tsilwater L~is 

very deep, the :high velocity :is merely transferred ,to the surface 

of the stream and wl'~ll eorode th e banks, ibe±ng :in some instances, 
L~ 

as ATest a source of danger as eroslon/!to the stream bed . . . . .  
~, 

• Photo :57 on Plate 36 shows ~th~.:erosion after ~s run~0f 

the maximum flow, withes 4.5-foot all,1 at :the .end of .the apron 

instead of the 6-foot sill as used fin the .test shown ~in~Photo 55. 

The ~.5-foot sill is apparently just :as effective ~as Jthe ~higher 

" ]~" 

sill. 

The power house wall downstream was raised to El. 140. 

Note that lessero~ion resulted in the Lbin below ~(Photo !58). This 

point will be further discussed later under the has~ing,"ThePower 

House Wall.,' 

Other experiments under this test ~included extension of 

the apron with sills in various positions. With the apron extended 
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~0 feet below the sill~, s gre~ter erosion~resulted .in the:ssn~ b~nJ 

At l e a s t ,  p a v i n g  b e l o w  ,the s i l l  d o e s  no gO~5d, "es ~he ,.waSer b e h i n d  

it is practically .~ead. When the 'sill wss::placed at '~he ~end of 

the extension, however, considersbly less :~eroSion .6T the":sand re- 

.suited. Of course . ,  t h e  g r e e t e r  t h e  l e n g t h  ~of a p r o n ,  t h e  l e s s  ' .wi l l  

be the erosion below It., ss the present length of~spron:does:not 

cover the range of the jump ~sction, during the greaser flooas. 

With ithe sill reversed, verticsl face turned ~upstream, the erosion 

was lessened due to the ~sill tsklng the ~Impsct,of ~he Welocities • 

~long the floor. This turned the jet ~u.pwsrds wi~h gres~ bubbling 

which tends ~to destroy the jump action .and places ~he dependence 

on the sill for ~elocity retsrdation. ,.At the lower Tlows t~here was 

o 
no impact on the sill noticeable because for jumps of less magnitude 

the length required for Tull recovery is less nnd the high velocities 

8re lostbefore resching the end of the apron, This is clearly il- 

lustrsted~ in Fig. l, Plste 38, which shows the velocity contours " 

through the Jump for ~8 flow ofsbout 80~,O00 c. T. s. Although the 

velocity entering the jump is ~roun~ 93 fees per.second, $he :highest 

recorded velocity.on the floor below the apron was only 13 feet per 

second. The sill was remov.ed for this run. 
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There is ,l, itt~le .or ,no loss ~by ~fr'ict~ion in ~the :water ;~low- 

i n g  o v e r  t h e  c res t . ,  "about 99 pe r  c e n t  ~.of ".~he ~to:~al h@sd ibe ing  ipres-~. 

ent ~st the toe to c~eate the velocity entering the ~jump; .see"Plalte 

85. If on the model 'there is s sst~isfsc:tory ~-~.Jump :.performance 'with ~2~ 

the maximum velocity 0btalnab'le~, :-there is.:a-factor of ,safety result- 

i n g ,  s s  t h e  f r i c t i o n  o n  t h e  p r o t o t y ' o e  ~ y  :l:~.:,ex~ected ~to b e  . g r e a t e r  

and conseouently a less depth of :tallwater ~ctuslly wil'l !be~,reo.u:ire~. 

To s e e ,  however ,  , jus t  ~how .much . l e ewsy  ~wes Llx~ssible,, ~°,the - , t a i lwa te r  

~as lowere-d in an attempt to .:sweep ~the ~jump o£f the '~pron. Wi'th the 

tailweter 5 feet below that efforded !by :the .naturai .depth ~e.t .the,dam- . 

f :  . 

~ite, there w~s ,no apprec~iable change ~In .the position or .,action of 

t h e  Jump.i s ee  Photo  ~0, ~ l e t e  ~6, end :.~lg. 2 ,  ' P l e t e  ~ 8 .  ~/~t . ten f e e t  ••. 

below normal, the Jump has started to move down the :s~lope 'end ~the 

velocities lesving the end of the apron :ere increased ~somewhs~; 

see Photo 51, Plate ~7, end Fig. 3, .Pls~e 38. The ~river ibed ~bel~w, I-~- ~=~ 

however, is stl~I1 amply protec'ted by ~the :sill which i:lifts ~the ~veloc L 

ities up end into the ~jump, that hss .now mo,ved sl~ight'ly downstream, 

When the tailwater is lowered 20 feet below noturel; see Photo .!62, 

the start of the jump has moved sway from .its 'normsl :pos~itlon .up,on 

the curve of the bucket, ss shown in Photo 63, but yet :does not~.sweep 

off the ~pron. 
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Thus it is seen that there ;~is s consTderab'le"~'.factor of ' " 

safety afforded if there .shouted 'exist any '-variance .~in it~e .actugl 

performance of the ~prototype from .the expecte~ ~perfo~m~sne-e.:as .pre- 

J 

dicted from :themodel.~tests. ~Also, :if :the.itai,lwster ~ ' ~ h . o u l ~ ~ b e .  ~i~!~ 

, , . ~  . . . . . . . . . .  j . . . . . .  • , : , .  ,:. • , : ~ .  

lowered -by erosion~of the gravel deposits ~in the.i;:river :bed .b~low, 

or should de.~ths exist different from"..those pre~icte':d~by ~the rat, ' 

ing curve, the effect on the ,~ump Lperfo~unance would~.be sIight. .i 

.Photo 64, Plate ;37, ~ shows the flow condi~tions •with the 

tsilwater raise~.l 20 feet sbove the :.elevation -that ~is ~ex~ected .to "' i 

exist with the maximum flood. In th~is ~.case the jumo is drowne~d .... ~i;i:~"~ 

.... . i out, and although the velocities lea~ing the end of the apron :are -i 

C'&~i not greatly increased; see~Pl~-te 33, :-~heywill "persist :for ,~ ~con- .,.-~ 

siderably greater distance ~ov~astream :than if the jump.occurred; "(i:!! 

see Plate 25 precedirtg. :Due to .the upwer~ deflection ".by ~he si~l:l - 

of the floor velocities there w-s.s prac~ica~lyno ~ch~nge in ,the :.aro- 
~j 

sion in the sand~binbelow,~the ~pron, for e .wide ,change in,depths 

of tailwater; see tests under"Stepped .Apron" ~ifG],iowlng., .... ', .;~ " 

It may-be ar~ed that a lower ,apron could ~have been used 

with no attamptbeing ~ede to obtain .thehydraulic jump~, as;long as 

the velocities were deflected UP from .the ziv~r ~bed below the .apron, 

The results would have been far Llass satisfactory, as :there are 

many disadvantages. In :the first .plsce, unless ~the .velocities ..are 
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retarded considerably by .the .Jump, tilerel Wi,!~l :be ;imp~,ct. against -s 
F, 

sill of almost any proportions which reverts iback to !plac'ing de- 

pendence on the sill .with :the danger,resulting :from,any break.L;in ~, 

it. .If ,the velocities are deflected u pwerd "from 'the ~river ~bed, 
c~ 

they will not be retarded appreciablywithout .the r:Jump ~oecurring 

end would fall back to the ~bottom, causing :eroslon,perhaps at ~a 

distauce beyond the point of danger to the apron but ~erosion at 

any point is considered undesirable. If the sibyl was made-high 

enough to deflect the velocities to the ~surfa~ce the .dan~er o'f 

eroding the river banks is encountered as ,well ~as ~necessltating 

heavily reiuforced and ~nchored sill structtu~o. 

@ 
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The Steppe~ ~'Apron:: 

It was ,thought •that an ~advantage mi'~ht be gai:ne~ By,.bulld'- . 

ing ,the apron in steps ~h'ich ~would il'essen ~he fioor ,velohities, .break ~i!' 

up'iiconcentrations and Check anytendency ~he, JumpSmight: h~ve to~,~move 

its position ~up or ~down ,the ,slope, for a light variation in tsilwater 

,elevat ion. 

Steps of various ,sizes were tried, ranging from 2 ft. ~igh 

and 9 ft. wide, roughly, ~to •9 ft. high and ,37 f~t. wide, to Qs~ertaim ~ 

.those ,best ,adapted .to the purpose. Fig. l', Plate 39, shows sketches 

of the ~srrangem~nts tested wi-th data and:~:photographs taken., Figs. 
, ! 

'and 3show velocity contours through ~the flow and are typ~cal~,for 
z 

all the set-ups. Very little difference ~in~elocity 

distribution was found for any of ~the varietions:of ,the .floori:, icon- • 

:struction tested. " I , ~  ) i ~ : ~  

The ~steps checked the~velocity only sllghtlyfor ~the max- 

imum flow .bUt seeme~ to false the ,concentration from~t~el floor :and 

spread it through the teilweter ~o s ,greater extent,then the~:amooth ' 
, , , o 

slope apron. Contrast Fig. :2, Pls~e :39, with:Fig. ~ sho.Wn on iPi.ate 

81 following. " 
C 3  " 

ron. a Se No concentration existed across the ap • ) en from ~he 

transverse ~elocity .section, Fig. 3, Plate 39, Thiswas :trUe also 

for the plain apron; in fact, little or no ,.difference was discermlble 
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in ,the ection of ithe two ,S~'ons except .,at the lower flows ~t~here wa.s - 

perhaps more turbulence :end ,gr~eoter ~euergy .loss :caused by ,t~he;,steps. 

Also, the Jump seemed more ~stsb!e:; ithat .is,, it ~would ,no~::move i~s . 

position for a variation :in ta~ilwster 'depth as readily ,~as 'on the 

:smooth apron. " " ' '1 

.Plate 40 ,'shows "~th~,t ,the elavetion .of the ,apron is ~:ap- ~~ ~'~, 

proximately correct as the ,depth of .water o~er i',t, a~forded ~by. :the ;-~ 

,natural river is,vel, causes eb0ut the :.maximum reter~sltion~of ~e'10c-- 

ity. 

. .  ~ , [ , ~  

Howaver, for protec~t:ion of .the :river bed ;elt ,the ;higher 

flows the turn-up si~l :at the ~Qnd ,of ,the 'apron-i,S ~ti ' l ' l  :necessary.: 

(See photo .66. ~.) A ~,5-f~t. ;sill was used in .the ~ rUns"ishown on ,th~ 

following photographs., -Plates 41 .to 45. This ,~hei~ht seemed ~to stop 

erosion as effectively as ,the 6-f,t. ,si~.l; :compare Photo ~70 wi.th 

:Photo ,67. 

.The .pictures show :the r~lstive erosion To N ~crious suen- 

• tities of flow~, and it is .-seen thot .for the lower stages .the .sand 
tl 

in the bin is practically ;undisturbed. The ~or~b~y ~pond ,wcs l=opt 

constant st its maximum elavation:.and the .gat~s.lo~ered. ~This  gave 

the highest velocity possible of the .wa.ter enter~ing ~.the Jump st ,the 

to~ of the dam and is ,the ex~trome casc for which ,the .Stoup ~es ,to 

function. That its performance is s~,tisfactory is se~en by-the curves 

I ' r, 
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-on Plate ,33 ~which Shows ,that the natural ,tai,lwater affords .depths 

over the apron to c~use ~he maximum d~ssipation of ener~yj, en~ 'also 

that there i~s no indication oT ~erostve veloei~ties'ion ~he ~ri~ver ibe~ 

directly below the apron.-i.~ .further factor .of ,ssfety ~s ;i~d1~cated . 

when-no greatererosion results ~f the,toilwster i.s raised.or Iow.- 

ered .12 ~feet below the ,normsll; see~is~tes42~and .43. in the.fo~e- -:~ 

ground of ,Photo 73 a greet ~bubbling ~is ,;noticed Which ,-is caused ~y 

the flow ,striking the contour block :below .the ~sandbin. .Th~s "is 

much less-eg_~raveted when the Sump ~occurs., where ~he veloc~i.es 

are leas, but is t~he cause of:much of .the eroslon in the ~ssndb~n 

in the ,far •right cornen. ~.i~is. has ~been discussed ~before end ,was 

illustrated by .showing the ~.eroslon ~i.th :and without :the contour 

block in plece~; sea,Plate 35,preceding. As.thOle:effect Is~ore -- 

~or less constsut the-erosion ;in the :send ~bin .shows more the rela- 

tive merits of the set-ups bering itested'~thani~he extentto which 

"/ 

k 

erosion may be exl~.ected to occur., l~t will ',be.moted ,also that ,ex- 

cesslve erosion seems to result st~the ;base ~of .the lef.t or 10ower ~ ::~i! 

house wall. This was stopped,by extendi, ng the ~wall downstream. ~' 

In the Photos 83 and 84 the wall wasex~ended60 feet downstrmam 

but it was later found ,that a shor;~erextenslon.wes:.elso very el" 

fective. 

The pictL~es shown here of the erosion in the sand bin 

below the stepped apron set-up differ llt%le from those taken with 
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the smooth apron installed, insofar as showing the relative amount 

of erosion for the v~rious ~ua~titles ~ of wster~flowing. /(Compare 

• Photo 67, Plate 4l With Photo 154, Plate 35 preceding.) cNo further 

views of the sand blz <erosion below the smooth spr0n will be included 

although in the final design with the za~on rsised:on the ~rlght side 

sl~igh~ly less erosion resulted. :i(No~e l~hoto 55, Plste 35,) 

The stepped ,~pron i hss its advantages over the smooth slope, 

in stab~lizln~ the Jump and reducing the velocities somewhat ~but its 

construction would call for m large ~smountof form work ~and the off- 
/J 

set~ cause eddies below them ,that may ~stsrt ca~itation ~and disinte- 

gratlon of the concrete. The sers although built in ~staggered :lines, 

could set up s vibration that would be Injurious io the :structure. ~ 

They may be used to a greater advantage on installations where ~the 

natural teilwater depth o~er the spron for e ~iven flow does not 

correspond verF closely to that requimed for the Jump, as a n  aid ~in 

pre~enting the jump from moving its ~position on the apron for ~slight 

vsristlon in tsilwater. 

The Madden installation is particularly fortunate in having 

a natural tsilwster that furnishes depths over th~ 8pron •very closely 

corresponding to those reouiredfor ~he jump; see Plate 34 preceding. 

The diffictuTties that may ~e encountered in building the 

apron;in steps perhaps overshadow the advantages, so thet no strong 

recommendation is made here ~or adoption in the desi an, but it is 

thought, nevertheless, that their use would c%use an improvement in 

the hydraulic jump performance on the 8pron. 
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The H~draul~ic Brake Pocket~: 

The hydraulic :braise pocket~, snother a~iteration ~tr:led~on 

the 1:4 slo~ed swron was in the form'of a~chsnuel~or pocket cut 

across t11e full length .lust below the start of the :slope. In ,the- 

ory, this pocket was supposed to catch ~a portion of the ~overflowing 

sheet of water, deflect ~t~down and around the .pocket so thst on." 
I 

J 
emerging, at s very slsckened velocity, it woILld unite sgsin with 

the  J e t ,  c a u s i n g  i t  to  t h i c k e n  and have s r e s u l t e n t  ~ e l o c i t y m u c h ,  

less then ori~inslly, or in other words, the pocket was .supposed 

to create a roll or ~hirl undernesth the overflowing.sheet that 

would cause a drag on it end retard its velocity, thus leaving 

less work for the Jump ~to do and so decrease 'the velocities st 

the end of the apron. 

However, no satisfactory performances were obtained with 

the various size pockets tested, dimensions of whi~th are shown on j ' ~  

Plate 46 following. The velocity contours shown are ,typical, l lttle "~ 

Jf 

or no change in them being discernible for ,various alterations of 

the pocket . . . .  .: 

The pocket .seemed to 'do little good but ~no-harm. 'tCompare. 

with test 30, run 5, Fig. 2, Plate 79, Shown .later,.:) In ,some in- 

stsnces, it might be used :to s~ve concrete. 
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would be a iJL~p-off tucker [discussed~la~er ) with ~a ~support!ing :a~ron 

downstream, lying b61ow the trajectory :Parabola, that ,would :prevent 

the pressure of the ;tai, lwt.~ter "from ~deflect~ing ~the sheet ~upwar~ -'at 

the lip of the bucket. " 

The deflection of :the maximum velocity .to the {sur, face ('(:see 

Plate 46), causing the bubbling,as 'seen in Photo :86, Plate ,47~, was 

aztributed to the fact 'that the si, ll w~'s moved UP-On ~the "apron leav- 

ing s greater distance ~from its top ito the f.loor, than was i present 

in the other set-ups. T~is.larger .space e11owed 'the back-rol~l ~,below 

the sill to develop with greater ilntensity and so deflect the ~jet 

upwards 

- . ,', 

This would indicate that if~,erosion d'id occur <below ~the 

sill it would not reach a very .grest depth before ,the return,flow 

would be increased to an extent capable of deflecting the maximum 

velocities entirely away from the river bed end ~perhsps cause a 

deposition of material behind the sil:l. 

0 

i 

This ~bubbling was noticed ~in all runs with the sand ibin 

installed below ~the apron when the :level,of ~the sand was lowered to 

amy extent behind the sill. (see Test 18, runs 20, ~i ,and 24, ~Plate 

65, shown later.i) When Zhe sand bin was rePlaced by a floor or the 

contours to s level with the end of the apron this !bubbl.lnc ceased. 
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In this test width the r011 pocket, thetailwster was al- 

lowed to Jsweep off ~the ~spron and velocTty end depth meosurements - 

were made of the overflow Jet above and below the ~Nocket. 

The following tabulstlon gives the overages of the ~mea- 

surements taken. A-~ne velocities are Lthe average of 18 readlngs~ 

taken with the Pftot tube st nlne =stations across the apron. ~The 

values are quite uniform at ~the ~various ststions, no ~part~icular 

concentration being noticed. 

The depths were taken ~ith a :point gage at the dlfferent 

stations end are averaged uto the nearest half foot , ~prototype scale. 

It is seen that li~ttle~or no veloclty is lost in the 

pocket and the Jet seems to,be nna~fected. Al~ of these ~readings 

were st the maximum flow and the wster ~in the pocket ~seemed dead 

with no whirl apparent. At ~lower quantities of flow a whirl ~was 

developed but little of the velocity seemed to be lost. If the 

downstream, edge of the ponket was raised very much, considerable 

impact against it developed which was not the desired action. 

This scheme was tried later, however, with a sill placed ~below 

the Jump-off bucket. 
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• : . i Befonel.}Pocke~., - ~ c k e ~  
: : Q : ~,ve. :'~rel. ::.~ve. Depth',::..~ve ;~ --Vel,;' 

Bun :Pocket. ~.F.,S...Et .... ~e, See..: :  Ft:. : : ~ r  ~Sec.::, ,:,Et,. 

7 : 
8 .: 

13  : 
15  : 
18  : 
2 1  : 
23 : 

. ,  

Averages 

2 :S6C,OOC::  9 6 . 7  : 6 . 0  :: 9 6 . 0  
F.,A : 2 5 8 , 5 0 0 :  9 6 j 7  : 6 .o"  '. 9 5 . 6  / 
3 :260,000: 95.8 ,: 6.5 : 96 ,:~': 
32_ ::260,900 : 96.'4 : ~0 : 94.8 
3B :260,900: 96.3 : ~.'0 : ,96,~0 

4 :256,C00: 9 6 . 0  : 6 . 0  :: ,91~J0 
4B :260,500: 96.5 .: 6.5 :: 96,5 

:259,600 : 96.~ , :  ,6,21 : ,95J2 

'•,. 6.5 
:: '#~.,C 
: ,6.~C 

• 6 .~0 

: 5.5 
• : -6:.-5 
: .  6.0 

At Sta. i~- ~efore the pockets. 

d (theoretical) =~ve.Q ' / ave. vel. x width ((439.'5 ft,.) 

= 259 ,SC0 ,, 96.3x 439.5 

' =  6.13 

d (eve. measured) 

Difference ~- .08 prototype v~lu~ 

= .08 : 72 = .00111 ft. = 1/64- inches 

Diff. in per cent = 

Vel. (theoretical) = 

C8 ~ 6,.21= .0129 = 1.3% 

$59,200 / 6J2 x 439.5 

-- 95.2 

Vel. (eve. measured)=96.3 

Difference = 1.1 e 96,3 --'i.14% 

', ,,~" 

Li 
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l~2om the Sb~e tabulation ~some ilnteresting ;data may ~be ~ob- 

reined and also 8 chec~on Lthe accurncy of ~the ~testling. ~Taklrng~sn 

average of the readings before ,the @ocket f t ~is ~saen the% the .v~loc- 

i ty was measured as 96.3 ft. iper sac. end :the depthef the ~et as 

6.21 ft., prototype scale. <computing the depth from the discharge 

and velocity recorded gives 6.13 ft. or ~comPuting the veloci;ty from 

the observed ouantity and depth of flow ~gives 95.2 ft. net sec. 

against the meosured 96.3 Tt. per sac. as ind~icated by,he ?itot 

tube. This shows a balance, deviating a little over ,one i~per cent 

and is considered os very satisfactory evidence of the accuracy of 

the apparatus ~nd performance of the testing. 

The development of the roll pocket was attempted primarily 

D L 

as a means of saving concrete in the very thick apron which had to 

be raised considerably to cause the hydraulic jump ~co formon it. 

Later this heavy apron was figured in the stability of the dam/ 

greatly increasing the factor of safety agalinst sliding and .earth- 

quake stresses. ';* 
2= 

Hence, further exneriments with it ~were discontinued. 

However, it is thought that some such pocket could be developed 

that would be officiant in retarding the velocities of the overflow. 

It seemed thot the pocket should be larger thao those tested ~snd 

have a greater ovorhang of the upstream edge, 
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The .2ump~0ff Bucket:: 

It ~was es~,ly seen that it would be ~necessary ~to ,project 

the overflowing sheet into ~he tai~lwater at an elevation ~hlgher ~han 

that oriEineS~ly shown ~t El. :60, In~order that the Lhydraullc Jump 

could function proper~ly ~and ~no~ be ~rowned out. iPrellmlnary com- 

putstlons showed that if the ~water entering ~the Jump was at ~a~out 

W 
~El. 90, the natural teilwster would furnish depths over ~this point 

necessary to form the :hydraulic /jump. • 

In an attemptto save concrete in the apron and st:ill se. 

cure some sort of Jump Bctlon to dlsslpste ~the energy of the over- 

flow, s-set-up was tried with the curved Lbucket ralsed ~o El. 90 

with a strsIEht drop off ~down to the s~ron ~at El. 60. 

The overflowing sheet struck the wall of tailwater on 

leaving the ledge of the high bucket and was deflected upward'in 

s sprey~; see Photos 91 and 92, Plate 48 following. At all ?stages 

of discharge the nattu-sl ~tailwater ~was st an ~elevstion ihigher ~han 

the lip of the bucket, the ~difference in pressure forcing the Set 

up and at the same time pI~ducing ~ roll, or ~backflow upstre~nj 

below the ledge of the bucket. ~ 

It was found ~that if the ta!lwater was raised a certain 

8mount, ~this s~rsy would ~be ~co~vered ,to an extent, making a •much ~ 

better operating condition if used in an ~stsllation; see Photos. 

89 and 90, Plate 48. 
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The 'po:ints Where :th~is .condi:tion ~first "occurs .as ,the ~tai,i- 

water is rsised ::have 'been :~lot'ted :0n,.,Plete -51. .The ,curves :show .the 

three conditions o.f flow...:As :the ta'ilwster is-.then lowered from ,~he 

-olevst:ion .where the sp~ay .is covered., the jet is deflected .free into 

the sir nnd if lowered still further. :e point is re~che~. ,where ,the 

beck pressure is relieved snd ~he .Set falls to .%he ,floor. These- 

conditions ere illustr~ted in Photos. 93 ~nd .9~, Plste.49, showing 

the stresm~ lines through",the flow. 

If a sill .is plsced on ,the floor bei0w ~ point where ,the 

Jet .strikes, the velocity is ki;lled 'by impact in. the s~ne manner as 
~z 

when the bucket is lowered to the some levelt~,~as :the floor•.and ~.sill., 

see Photo 95, Pl~te ~9. ~ 

From the l:ip of th~ bucket to the .floor was filled in 

with s 1:2 slope in an ~ffort to get the hydraulic jump to function'; 

see Photo 97, Plate 50. ~ The slope in this case, ~however, w~s too 

steep to obtain the proper~jurnp action, At lower dlsch~rges the 

ov~rflow Jet followed t~e slope dovrn .and struck the sill below with 

grost force,  apparently l o s i n g  . l i t t l e  ve loc l ty- : in  passing through 

.' ~ 
o , .  

r 

the tailwoter. The sill serve~effectively up until near maximum 

flow when the .jot leaped the sill an~ continued ~ownstream causing 

erosion of the sand d6!~sits in the river:~bed below. 

,When •the sill wss ~ploced up on !&he slope the Jet :s~ruck i% 

st ~ll flows up to and including the maximum; see Photo 98, Plebe ~50. 
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It was ~found that a i~:4 slope was about as ~steep a floor 

that the .let would follow end give :anything l~ke ~the ihydraullc Jump 

action In retarding the ~eloclty of flow. 

It may be seen from the curves on Plat~ ~51 that the jump. 

off bucket at El. 90 was too ~high for the nstursl tailweter to fur , 

nish a depth over the lip that would cover Zhe spraying jet, which ~ 

is the condition of •best operation. 

The bucket then waslowered in one test to~El. 8Q, the 

apron remaining st El. 60 and which set-up gave very sstlsfactory 

performance at all stages of flow; that is, the jet was deflecte~ 

upward snd the spray subdued by the :covering of tsilwater. 

The action of the Jump-off bucket is very effective in pre- 

1 

venting erosion bolow the apron; in f~c t, the back-roll established 

under the lip of the bucket •will pick up ~sand from Zhe river ~bed 

below and deposit it against the face of the bucket. This ~happened 

in the test with the bucket at El. ~SO and the sand deposition was 
< 

so great in a few minutes as to form a sloped b~nk away from lhe 

ledge of the bucket which apparently relieved the upward pressure 

at that point and the jet shot down to the floor sweeping out all 

• ~ Plate 49 the sand in the bin below; see Pho ~o 96, 
i 

Due to the sensitiveness and instability of performance 

of the Jump-off bucket scheme no further studies weremmde of this 

set-up. 
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However, an arrsngement that may have proven feasible ~s' 

with further investigation would ~be a Jump-off bucket atE1. 86~ 

with s straight face 'down ~to the apron .pavement i00 ft. long at. 
L 

El. 60 at the :end of ,which a lO-ft, dentsted 'sill would ~be .placed. _ 

With .the b u c k e t  a t  E l .  86 ,  o r  l o w e r e d  & f t . \ ' j . f rom. .e levB-  

tion of the bucket used in test 2!, shown on Plate 51, the indica- 

tions are that the natural tailwater would furnish correct depths 

to cover the spraying Jet and give ~the condition desired. "" 

The sill would afford protection if the jet should hsp- 

~pen to cut down to the floor instead of being deflected .upwBrd and 

would also act to prevent this ,by forming B barrier to the movement 

of sand and gravel upstream by the back-roll. 

The Dentated Bucket: 

With the idea of pro jectin~ the overflow Jet at various 

elevations and "diffusing', the energy in ithe tailwater, the high 

bucket was dentsted st intervals as sho~mn in Photos 99 and i00, 

Plate 50. Little retardation was accomplished with either ~set-ups 

Bs the sand in the bin below the apron w~s washed out entirely 

almost at the start of e run with maximum flow over the spillway. 

It seemed that the jets fell to the bottom quickly with little 

loss and swept off the end of the pBvement st high velocities. 

Nothing very promising was evidenced with this set-up so that 

further investigat ions were .dropped. 
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However, ~t seems that if the den~s~es 0 ! open1~ngs .~):'e- 

tween the blocks were made ~smal~ler there would ~be ~ beck-roll or 

current upstresm, set-up by the i flow from the~'high ~buc~ets, whfich 

would ~be opposed by th e Tlow throu'~h ~he dentstes s~ the Tloor~ 

level and s resultant dissipation of energy woul~ tske p~ece by 

impsct of the two currents. ° 

Incidentally, model tests with this type of bucke~ lo- 

csted at the toe of s dcm 'discharging into s ~side channel trough 

gsve very s~tisfsctory results in ouieting tlie tsllweter. The ~, 
e~ 

set-up was tried in the model of the ~Hoover Dsm ~side ~hsnnel Jspill- 

woys, tests on Which were conducted by the writer ~al6ng ~ith those 

on the Madden Dem st the isboratory In~For.t Collins. 

In th~ side chsnnel ~sst-up ~he beck-roll is ~0nfin~d and 

the downstream side of the trough ~lso acts as e deflector ~o t~n 

the flow beckupstreem so thst it is much istronger in offering oppo- 

sition to the flow coming down the fsce of the dsm throu'~.h ~the den- 

tates. 

The success of th~is operation where the chsnnel d0wnstresm 

is open, as in Madden, is problemsticel. 

The ruggedness of operation and the adspt~billty to the 

conditions ~t M~den gave preference ~o the use of the hydreulic jump 

method so thst investigations of other devices for dissipating the 

energy of the overflow were dro~ped. 
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Drum. Ga%.~ ~[schar~e and O~.r~,tion: 

Nbdels of the ar~1 gates were installed in the crest ond 

coefficients of discharge and nappes and pressures were taken with 

the ~etes st different positions under various pond elevations; see 

Plats 52 following. A good view of the gate installation can be ob- 
<k 

t6ined from Photo 52, Plate 28, and Pl.~oto 106, Plots 64. 

Takin~ points from Plate 52 and plotting coefficients 

agslnst position of gates, it is seen that maximum efficiency is 

obtained when the crestsof the gates are near El. 244 (see Plate 53), 

or for s constant heed over, when the angle of the gate chord is 

from 45 to 50 de~rees with the vertical; see Plate 54. It was known 

that sloping the face of a sharp-~crested weir would~ increase the ep- 

10arent coefficient but it was h_~rd at first zo reconcile a higher 

value th~n the ogee crest showed. 

In order to check the influence of the curved face of the 
t, 

drum gates, sharp-crested flat ~-.stes were substituted and similar 

runs made; see Plate 55. These curves were obtained with pier con- 

traction supgressed, so comparing with like cuzves of the drum gates' 

installation (Plate 56), it was found that there was very little dif- 

ference, except, of course, that with the gates in a horizontal posi- 

tion the ogee crest showed a decided better cooffici~nt than~.the flat 

crest ; see Plate 57. 

Thara is no aoubt of some influence caused by the curved 

face of the gate end even the flat gate is affected by its installation 
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on top of the curved dam crest, but it seems thot the vsri'ation in 

coefficient when the gctes are :set at sn :sngle is caused by the as- 

sumption of the head sctin~ on the crest. 

In the tests the hesd was measured, :in the customary manner., 

from the highest point on the gate to the water su%face upstream where 

the velocity of .approach was negligible.. 

At some :position of the g~te near its ~midpoint of travel, 

or st about a 45-degree angle, ~he top of the gate is probably close 

tc the m~ximum rise of the under-nappe of the overflow snd ,the head 

os measured then more closely approaches the theoretical ,head over 

the perfect crest. 

When the gate is raised furthers, the to'p lies below the 

maximum., rise of. the under-nappe end if the ~heed is sssumed to be 

from the top of the g~te a less coefficient results. 

If the gate is lowered from ,this mid-positlon, the ~under- 

n~ppe tends to leap the tip end of the curved gate and torise higher 

than the actual high point of the gate,s surface. If the :head then 

is assumed from the high ~oint of the ~curved surface of:.the ,gete to 

forebay level, the coeffici:~nt will be lower. 

In other words, if the head is 2aken as the distance from 

the point of highest rise of the under-nappe ~o ,the forebay wa~er 

surface, the coefficient will be the ssmo no ma.tter whet ~he slope 

of the ~ato. ,With the gate about its mid-position the head, as was 

measured, more nearly corresponds to this distance end the highest 

coefficient is obtained. 
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Comparing P!stes 52 nnd 56, it is ~seen that the loss by pier 

contraction is small. The greatest loss seems to occur when the gates 

are in their maximum r~Ised position, but here the measured heads end 

auontities of flow involved were so ~i~ll that too much weight should 
@ 

not be given to their values. 

Plate 58 shows some coefficients taken at o lster dste from 

the preceding plates end after the drum gates had been rC~noved and the 

crest filled in solid with s smooth block. There is a very close 

agreement between the c~ves t~ken eta wide interval epsrt and after 

various alterations to the model end is considered s good indlcaZion 

of the accuracy end consistency of the testing, 

The assumed cepecity of the spillwey as used for design may 

be verified. The curves show s coefficient near 3.~71 for 31 ft. over 

the crest, or a pond elevation of 263, which gives ~ discharge of 

256,000 c. ,~f. s. ~nd this together with the 30,000 c. iT. s. te~ken es 

the discharge of the sluices ~nd needle v~IveSobtp.ins s discharge in 

excess of the required 280.,000 c. f. s. flow. 

However, the indications ere that the flow over the top of 

the gates when in the maxlm~un r~ised position will ~be 70,000 c. f. s. 

with the pond at its highest elevslion r~nd that it will have ~o re- 

cede to El. 260 before the discharge csnbe throttled to 50,000 c. 0T. 

s. It m~y be desired to throttle the discharge after the peak of a 

flood h$~s p~ssed to protect shipping in cansl, as traffic is inter- 

rupted when the flow exceeds 50 000 c. f. s. at the point where the 

river end canal join. 
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Neppes and ,Pressures .on :Crest : " 

The upper .water surf~ce or nap~e .was measured a.t var, ious 

depths over the crest end for 'diff.erent "gs'te sett,in~s~ '~ ~;(See i.Photo "~ 

29, "Pls~te ..16, for ,point of.-g~ge .apparatus.;) ,; .'Pressures /~it .points. ~,: :-~, 
0 

along the crest were obta~ined .~from .piezometer .openings connec,ted "!~ 

to glass water gage tubes. .These".are ;~ecorded:.0n".~late 59 :fo~±ow g, ! 

• I't was desired ,to ~locste ~he i~take i:to ~the floe%,, co nt~ol,1.- 

i",ing the movement ~of :~he drum gates, ~at .a ~po;int 'eb0Ut: .the :,location of 
"" /j~ 

piezometer :#3,,.shown on -Plate 59.. , . - .  o 

This .lo cstLion, was found ~undes:irable as.. it may .%e :seen Lfrom 

the pressure c~r.ves .that :as 'the g~.:te is .lowered, 'due. to the increased .,. 

velocity and centrifugal ;force of the over.flow,, .less ~nd;less pres- 
,,;, 

• :'3 although-the forebsy level r~ms.ins sure is recorded st plczometer .~. =, 

.the same. This would mecessitste moving ,the .intake ~to some po~int in 

the bulkhead .section far .enou@h sway ,from the spiSD.way to .be out ~of 

the influence o:f~the draw-down. 

Plate 60 .shows naples .and .pressures after ,the drum gates 

were .removed and r~placed by amooth ~blocks, in.whlche~d1~ional 

piezometerswere plsce~. 

It ~is desired to lo~ate ~piezomotersiin similar positions 

on the-prototype structur~ to z.fford s check ~gelnst model-results 

and the curves are inc!uded as ~ record for comparison. 

. . , / ;  

/. 

~t 
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~'.comparlso n of the~model resultsw~th ~the :theoretTcal com- 

putetion of the distribution 'of ~p~essures on :the ~' crest ~is :shown on 

Plate 61 following. :,~No ~test was msde '~t ~exsc'~ly the ~ssme !head 'as ~ss- 

sumed in the computations ~but ~the one Shown eo~responds ~n wste~sur- 

face elevation of the 'overflow ~nappe :a~,lthough ~he head u.n. s tream is 

higher resulting from e i:iower coef.~iciient of :discharge ~beIng~obtained 

in the experiments. It is :seen ~that ~there :1s a Close :sgreemerLt in :-~ 

the vertical pressure .on top of '~the ~crest .but ithe experiments ~indi- ~':,  

,L, 

c~.,tc e slightly greater vacuum by :~xtend~n~ :farther :~ownstream on - 

- -  e~1- , ' i  ct  
seems to the back of the aam~\ .~0e main difference ]:le In :the ~posi-~ 

~" ~ ~'~ 

tion of the upp~grsnd lower nappea.. .... : 

It mi:~ht be e~dvsntageous to ven~ ~thls vacuum:,by s Channel 

cut across the entire length of the crestosnd Just ibelowof%he piers, 

into which there would be openings at interva!s from an :sir header 
• r 

conduit. (Sketch sho.~n in ~.Fig. 2, Plate ~60~); This ,wou~]i!give posi- 

tive aeration to ithe entir~ i-le~Eth of the ovorf!0~;ing shee~ and ~prc-,~ 

vent the probable rooking e, nd ibreaking of'the vacuum due to spasmodic 

aeration from th~ ends et the piers. ~~ 'ii "~ 

i ,> ~: 
How-ov~r, it has been maintained but never proven, t0~he -~ 

writer's knowledge, that this vacu~on the. downs treem side of~Y~the ~" 

crest incressas the coefficient of dischorge. It would ~hen, ~.p_er- 

hnps, be uuwis~ to install the vent unti,1 this point w,~s checked by 

.129 
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model tests. It was plsnued to make ~his experlment~, among several 

others, on the Madden model, but due to such a full program of test- 

ing at the laboretory i~ wcs;never done. 

It would seem desirable, nevertheless, .to ~more ,positively 

aerate the outside ends of the drum gates !by,placing e vent down 

it 

,ii 

through the end~walls, opening •Just below .the ~lipof the ,~gate. The ,~j 

only opening afforded st the ends 'where the trs~inlng wells Joln,the 

.piers is s two-foot offset ~thst on the model seems ,to fill UP and 

prevent air reaching the under-nappc. ~' 

@ 
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.Ns es ~snd ,Pressures~,~ ,ainst,~S~de :W~'i~s~: ~ 

In order ~to ~check ~_he, :,heTght ,sn~ stsbll:i~t~. ~of ~he ~:;-end ~Iis,L 

l L. •' •" "; • 

of the ~spillwsy .the mappes end pressures.~sgainst -:them ,,were, measured 

for various positions of the ga~es. The=.,maximum po'ss~b!e ca,se ,.Wa~ ~ 

taken with ~he forebsy st.~ts h'ighest elevstion, an~i.~he gste"so.penL. 

Ing. The nappes shown on Plate 62 indicate the :hi:g~est :r.~se of ~:he ~'~ 

water surface agai~ist ,the .wal!,'whldh r~se,, :due to ,surface tension,, 

is probably .exaggerated .on .the ,model.'~but .:i.f :used for ~esTgn • /-~e :out-. ' " 

lines ~taken are on ,the :safe ,side. ~ ". " • • : i ,. " " " 

The surfaces •were measured ?on !booth :isige~al-ls and :ishoWe~.- 

such close ,agreement ,that the .cut,yes ,.were Cdrawn ~t'hrough an avemage. / '": 

of the ~ints.- ~0n Photo 87, .Plate ~7,, -,precedi.ng, is shown the " • . . . .  

_ straight edgo, mounted ~'above the .well from which the~sur~aoes~,~.were ......... , 

measured by point ~gsge. . . - 

t,~ i s  •:seen f r o m  ~ h e  ~lr .aw.ing".;(Plate  6 2 ! )  t h a t  . t h e o r i g i n e l  - 

wall barely contained the Jo~ ;when ~the ~.ga=te ~as.rs:ised .slightiy 

above ~the crest. The wall ~height ~was .raised in the final :design 

to overcome ~his, and .also the .point of ~ske-of~ofrom :the hack ,~f i 

the pier was lov~ered es the .original .was unnecessarily high to ,con- 

tain the overflow. 
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,Pressures ~were :measurea :,'.~by ~lezome~er !openLi.ngS .th.~Ough':~he 
wa11:at .var:ious' ' ' " ' ~  ~ • " ~ ~ • ' " , " • ~ "  •'' :points:, .~lush :and ~smooth .'width :".~he.:-surface;; :'see "'Pho<to 

"88 :on .p~.ece-~ing 'P~ete ,~Z, ~Uonnect~on ~to ia ~wa'ter ~co~umn ~in ~g~lass ~gage 

tubes was ~made :with ,e rubber hose,. The tubes ,were :~II:led ,wi~h~'a~ter 

%0 the elevatlon ~.of :the ~p'iezometer .~openi~g ~en~. ~the Jsversge .r;ise :above 

that po:int, recorded dur:ing :,the run, and ~mul!t.Ipl~ied :by ,%he ~sca.ie : r a -  ' 

tio of '72, was taken ~as the ",prototype ip~essnre ~agstnst the ~w:a~l "at 

'that point. These ~values have been .tabulated ~on~'l~iate :62. It-~wl,l,l : ~ 

~be noted that ~,very :,little .pressure <:is :exerte~ ~sgalnst ~the-~wa1,1S~, ~ex, ~ : 

.cept st ~.the very bottom :where ~he,overflow Set ~has spread ~.enough ~to :: ~ " " :i-~:i 

strike the sides ,At .th~ts :lower ~po:int ~the :walls ~:ere :sufDic~ently ..... :, " +~- 

~backed ups, :by ~he ~power '~house isubs~ructure on ~one ;side :an~",t:',he~balik~ ' ' 

on the .o:~her :so ~:thst mo ;:reinforcement or.. -additional :thickness '.was " 

"necessary ,to give the wa~:is emple ;strength. ' ~. • : .... -. ,:, i 

lJ i 
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..S,,~m, u i ' } e n e o u s  fG~ ' te : rO l~ re~ : iOz~ . :  " .:. 

".The phdtogr.spNs ,on.';the..)preoe~:Ing ;,pls.tes ,'Nhowt, lthe 'I,low-;over: 

% h e ~ : g s : t e s  :at ~~:l'fferent:~:sett~n~s, . ~8'~so d~hei l j .ump!". ,per~t 'o~rJanCe ~l~ron 

under :.these :condi:t:ions. .The ,:overT,low ;] et :s¢r~kes ~he =,ib:~ck .:of-!.the ."dam 

U ' 

' 69  ~,~ ' . -El ,  4 2 6 3  ; i E 1 .  i 2 3 2  ,25 ."4 ,000 . - : : : ;  " !. . 

'"/5 .;43 ~E1 .  : ,263  ) E l .  1 2 3 6  " i ~ :~2 I , ]%~000 

"7.:7 ,'4~ '.El,. ~.263 :!El. ~'240 .".172.,r000... ~ -" - "" 

17,9 ~,.4 ~ 1 .  ~263 ' ~ • 'E l . .  ' 2 4 5  ~ . 1 9 , j 0 0 0  

. 8 1  ~45 !F_,I. ' 2 6 3 :  : 'E l ,  : 2 5 0 ,  'LT0.; :000.  . . . .  

:It ~is :seen thst a ,balanced-e~.-fec't~i.ve ~ump~oceur, s ~,whent.'~the ,- - .- .. ~: 

,gstes-8~e ,moved ~together ~end .%hls.tmetho~ ~of :simultaneous ,oper.etion , ,~, 

.shoul~d ibe strictly ~adhered ~to ,~on !the ,Proto:~ype. , i 

:sepa~ate~Gate!~0P erst:i°n': • " ' " ~' :- i 

",.When :one.,or !two .gstes-~sr, e operated!":selarete~y"~t is .eeen.(~. : : .-. .... ~. : 

) .%hat" the .teiLlwster p0urs :~nto,the :- " ......... ':" ~' ' :(,Plate ~"i0 i :, .. ~.ump :-~rom.-:.the -s:i~es : ~ ::-,i9 " .:: 

• ~interferilng with :i:ts ',performance .snd ;,pro~uc'Ing :a ~conc~ntr.s~i'on",.of.-. " ~ ! • .~ : .  . . , : ! ~ , , . .  , . . . .  : . ,, ! 

"f~low. ~("S~e resultant ibed ,:erosion in Photo :52~:-.Pla~e :28,!) " 

T~is .cond~ition is mot '~pecullar .to ..~,the ,slo,,ped ~-hy~r, au~;i... ~ ' .., .i -:, 

-jump :a~ron, ~" ~but •oCcurs ,even ~w.i.th "" " :' ' ._ . the :denta%ed :si"l'i :ins~e,1 ,le d...~ .,the 

,end, of ~the ~apron; ~see ~.~hoto 40, .~iate 20. These iphotogrephs .Show" : - .,! 

i 

clearly ':the ,d:anger _of :sepsr, ate ,gate :0Peter:ion. • - i 
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:Sluice 'Dp0nings and.~)eflecto~.s:: 
-: <, -L" " '. • 

. . - , . . • f -, . " • 

Tests ~.were ~no~e ;to "ascertain ~he <,e~fec% :o f ,the ,slui'ces- 
~ " ' " " '  : i ' " ' : . ' ~ '  ' ' ? :  ~ . 

d i ' s c - h a r g i n g  " i n i o  *he 'J.m~p. : : F i g .  "ti!} . , P l o i e  6:5;:  ' s h o w s  * h e , -  v e i o C  l ' iy: .  

• contours through .the ~ump :at ,a :see~tlon,.between: .{he ,.slu.i,ce :;openi•ng iii • 
• - ( [  r .  . 

2 = . " " L '  g '  . . -  . _ " , ' .  L ' 

mid , .pier, .  , F i g .  :2 i -s  ~ s ' k e n  ` t h r o u g h .  t h e . : o p e n i n R ; w i t h  f l o w  ~ e o m  ;t,h~,:: . i ,  •: : ' " •  

. . . . , :  . '  . . . . + ' .  . , -  , . , , . , $ ?  . . . . 

sluice as well as over :";t~e spfllwny.. .,~,comparlson 'shone .',no per-. 
- . r  

ticular concentration or ,change ~n the Zlow lines th~oug~ ~`the S : ~ n p . .  " ,  " i.i 
f 

In ,~he above tests `the s'.luice ,openingswere ',located on,,,'~he ,center 

• " © / / /  - " ' < -  ' 7 '  " - '  - 

line of the gs`tes ss le,idout In ,the orig~nal'.deslgn. - . . . . .  " 

_ There seemed ~o .:be :a ~,concentr~!%ion .or~iling ~up ",behind " - " 

the :piers as the flow from . . . . . .  ' " " • `the'~ t w o  , g a t e s  : m e t  ' .down t h e . .  :back  of-:: ;th~ :. :" ~-; 

dam. It was thought that if. t,he :s1'uices ,could be .moved ;to ;the ~ ":": .... ' !:'/ 
% • - , .  ,, _ 

center .line of :the ,.piers;, ;the i,-def,iector;s over tho."0penlngs,.,,would 

i:. < 

tend to :break .up .this concentration.. To :~s:imulote ,the ~ffect,~ ,o " 

• : - . ,: - 7 -i .=-.:i- ,: 
f/lse pier was .ploc0d above the .sluice opening on center ilins',of" . " - '..." ..,~ 

gate '2 and velocity :~contours .taken :b~low:; see Fig, 3.,<.P.late ,65.. .~: : . -. c 

Comparing .with Fig. i., .,taken awey from the ,:s:.luico i~o.pening, ';t-h:~re " , . .  :%"  

is li;ttle cha ge<::seon and .no .,interference with the jump ~erformence:.. ' : " " -::i.~' i 

The ,same ,test was:.mede on s~uico i, No,. :3 .and li,t~.le differenoe-<,no,t'ed:;- 

see .Fig. :i.,-P.1'~te 66. ,Photo iOl, Plato 63,_.sho~s the fa~'se~"pler - - .,. 

set-up . . . .  

The deflector .over -~ho ,sluice .opening, as ,ori.gin~Iiy ,draWs - 

up, .was ~of .too ~lat a radius <t~ turn :t, he water compl~:,tely Out :ofv,tNe 

l a 8  

-% 
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• i/.'" I :'~'r'-','.:':'.~:~:~,:,... ~.,:'j'. 

:~assage... :'I,t .',.is .~seen :o~er '~ithe .!n~est:i,~:iu•i.ceway ~ ~In ~,~ho%o :.::i"02.;"~Pi~a~,te., ' ~. i. ' ...... " 

63. :The ~Zar ~61u,lceway.:haS ia ,de~,ie~%0r ~of ~& .aha~Pef..:.r.aaiUs!,an~-:::~if, ts : - '/'r" !' 

satis~ac%ory end Wh~ieh ~wss~ ~fins~,ly ~ad6pted; i l%S opers%ion :mey libel " "~ ~een ~• 

103 .an~ 1'i04, On !Plate ~63 .:f0~li6w'in:g..i~ .i(No~te :~he.:.r:ib :~:;.'i~ne.:.:~fn ' i i l 

.'l~hoto :10S ~eaused ~by ~the'.~me ~Ing of, " e -Jets..:bah:Ind ..the iplers..:~:) ~..i~.~e: :' 
( 

i'-! 

def, le c'to rs , seemea :to :.e2fe ct:IveZy _,~flatt en..,0ut. ~,th:is .:.ro-~:... :,Bec au~e~:il!0~fl :' . i 

this advantage ~and ~somm structura,l :~reasons., ~ ".the ~sidlces .~wer, eifimal~.y -! :i 

~shifted '.to %he ..Center :Tine :.of ",the ~pid~s. .- .: " - - -h~ .... , :.~i 

Dimensions ,.of other .t s ~ef.iectors. :.tes,ted • e '~:i~en:in ..... 

~Ig. 3, .Plate 66, .,Little -diif.ference ,~wes too.ted in ~e':~low :when.:: :the ~- • " 

,tsilwater was !raised to ::its ~norme:l .~le.v~t!.ion',n0 ;m~t~ar ;whe.~ .~.:~of -%. :'.:i 

: , " r . . . .  "'" " . , . 

deflector was .used. (:Compare :F~'g. 3., '~Pl,~te. ,65.,..and i~i~i,g... ~ ...., ~Plate.. :~66. "")., ,~ i " ~ ::"/: 

It is conceivable .~.that ~he~hlgh ~eloc,~.ty ~o.ver.flow. isheat .:paa~ /.~ - 

h slumce ex.~ts ~would ,cr.eate~,a. '~acuum.:in L~hem.- :To::check this,,,e~.~pli~e -. ~ - 

,.was ~place~ ~in the :passage end .connec~ted :i~O :S.~water ~.U-~tUbe~. The~,~"i--. " : " ~ 

:rangemsnt 'is ~shown :'on :~Ig. '3,: iPlete".~G6, • :and ~he ipressdr.es ~er.e -~ec0rde:d~:. ' :: 

on L:Plate 67. • . . 

J ,Wi, th :the con~i~iion ;of-no ~bsck~ater on ~the ~apron, ~ s" ~'~ ~ 

@ 139 ~: " 

. • :: .'I • •.i I ,--i:~ !.::,~. 



:@ 

@ 

v ' .  , k . - / . . . ,  . . . -  ~ . .  . . t . ,  ~ 

J 

, . , . 

. . . . .  , : ,  , ,  

" , • [ ' . 

: a £ t e r  .the ~peak .~o,~t . , .  i S  . p r O b e b l y - d u e ,  :~0 . : ae ra t tOn: ie t  ,.the;-,'~eT,~e c~tor 

] " i p  w h i c h  '~the '!iincr.eased :flowl.;tends :;tO : ' leap.  - :  

/:ii 
- , , .  - - " ] *  

. ,  • ; ; t -  

" " ': } : ;::::!i: 

However:, ,under  :~he  <actual ,o~er .a . t . ing& ,con~:i t ; ions;•  , •  :')~he't•i:i~s" i ::: - . .:i!.i 

- '~ . -  " "~ i .  '-' i : " . . - ' ."L/, , 

Photos 6, 8, '10, l~' " 0. . ., .... . . . . . .  . .... ......... • .... . , ,and 16. _!Plate ~85 ~shows ,the ,water surface;~ror, " 

.files .over :the -apron. . . ,~ ,. '2 ~ ._2:<" _. 

The Curve :shown ~on ?P.lete 67 -~oe s molt .necessNrily:.,g.ive :the .):: '"" 
• "W - 

actual lyressures ~just :at  ~the :gluice ~exit ..'because ::the-:.piezometerl ~plpe < " .... " ' " "  . . . . .  

d'J:;' :;h' ~! 

was not :extended ,past the,~bends ;in ~the,!passageway~of ~he:mo:d~,i.,i:i',:Con_ " " ~:: :J:.,;~ 

sequenti~.,.. :~here .was an ~air-cushion ~between.:, . it :end ."the :Bc~uB'.lb.~tall, " .  _ . :. .ii;~ 

U ~ .-. L 

water which would cause ithe ~mBnometer.resd;in~s ,to .gi.ve ~ ,pressure ~ ! 
.! 

~somewhat ~l-ess .then ,actus,l. . '- • ': " .- . . . .  " 
" " ._C, i 

( 

The ~est .showed, at-any .rate., that."_there .was ~no '.v~cuum " .., .,. 

exis~:ing .to .necessitate .an increase in :.the :al, r~.vent :capsc:it.y.. : ...... ::: :- 

.?Sluice end .needle ;~vdlv~ ~operu!g:iua <ic :~Nown ,on :Plste;:6.4, - :-:~ 

Photo :105. .The tailwa:~er is ,edJusted at-its natural ,ele.vatiOin,as ~ i,, "~:;" 

shown ,by ~the rating curve .for ,._this flow.. ?.Photo -i06 ,shows ~the~eroslon " ~ -:: L?;: : 

.,of the gravel ..deposits .caused ~by the flow. ~There.:~,w.~s ..... :no dangerous. . . - ':~.'.. :~': ~, 

:erosion noted ,:below-:the apron ibut ._the indic at:ions :wer.e--~that ,the ~dr,~1~t ~ :_ "~ 

• .tube tai,lrace ,would be .pre.t~y -wall cleaned ~of :sand .by :the flow .:~om ~ 

~he needle ~alves. /?Eig. :~:, :~iste ~66, gi,ves ve'Io.city ,,c04n~ours. . ~thro.ugh . 'i" ~ 

.the ,flow ~f~om .a s!uicewey.. " ! 

!.- ... *. 
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.~ :sand :bin :.was :.located %@low +.:the rely.on ~in 

.tests "and in ~some ~0£ @he .:cur.ve:s ~on )Ple'tes)65 ~end ~66 ..~,t ..ks~ + ".seen•+ "~+ths~ "~:. 

- " Ing - ' •" ' + ........ -' ............. "• • ....... - ,veloci~y.2esd __s :seem ,%o .~.be :,.taken :below ithe ~,send'?l~ro.f.f,les•,. •'~.The .~san~d .; 

p r o ~ i : l e s  :were  ~ t e k e n  ~ b y . ~ p o ~ n  t ~gage + " '  " ' " =+ :: af%er '+s i~5-mfnute ,Per;io~ ~of .;;flow+, 

: T h e  ~ . low ,was ~ b r o u g h t  . u p  . c s g a l n  ,+end ?the.?Pi~%o+t : ~ u b e : . . , m e e g ~ e m e n t s - i ~ t a k e n ,  i : : :  " 

unthe Os s n d  . . . . .  " ~ " • : •  . . . .  " I n  :some. ! I n s t a n c e s  ~:~ r ,~er i o n  , o f  i ~ h e  , e . . . . . . .  r'~"" " + :''-)::' . . + . . rmsy " h e r e  , o c c u r r e d . < o r  : , ' , . ,  •.~: 
. . . .  O '+. +-,', I I  . . . . .  

" . . . . .  ~ j :  t t  L r t '~l " , , " +l :: + 
' ' ¢ . " : } + : ~ +: " . . . .  ~ " + l ' " " " 

;the +point ~of',the +tube ++mey 'have ':been ;puShed [~own..~into :the ~+san~ ++un- 

0 ":+ + ~ -'+-+t+: " 
. _  + . . ~ j ,  P ~ , o ~  ~,-~,,,. .+ - - , ,++ - : " ' "  ++ 

++ o o ,  - ++ ' ' - :  +~he J~,low ;and :.s .+. t o  ~ o n  +for  t~hese],..,runs : a r e  : S ~ J O ' W ' n : + # i n l . : + ' . +  ` "+ ./'f 
+Pho.tos +107 +and +,~08 ++snd "are 5.~ypiesl :£or +S:~ ~of + ~ e m .  +~The <excessi~v.e : 

,:er.o s i o n  ,+in i t h e  :r, l g h t  • c o r n e r  . . . . .  '-O~f ~%.he ~b'in ,,was ..~due. ~ t o  . , ! i i t e r l e r e n c e ~ " f +  - + , •  . . : +,L . ,, r ":.+' 

• he..:contour?blocks, ss ' .wss :Previously m e n t ' l o n e d . .  ,:Also, ~t: +'WS S ~  ~ ~ r  ~ '~ + + 

:~tice+d '+that :in,all ~r.uns ,,with ;+the :sand ~bin +•below :~the -spoon, :: /) +there +.. 

t; 

~wss :more :bubbling ::below ~he :sl:ll .due,.yprobebly., "to s +~greater ~beck-: 
,f -: 

~ro~l ~being £ormed .,behind ithe .+s.i+ll, ,thet :deflec~ts. ".the ~h±gh xvel.oc, 
+ ' : L ' l  ~ "+  ~ ' + ~  " + 1 '  # I " # .  +'~ . . . .  + " " lJ 

, i ~ i e s  :upward. . + - -  : ' " . . . .  , , :  ' • , 

. N o t i c e  ;the 

w a l l  ~is :iinstalled. 

: ~ u ~ i a t w ' a t e r + ~ b e l o w : ! t h e  . ~ p o w e r  ~ h o . u s e  ~ w h e n  ~ t h e  ~ h i s h  ~. " • - . .  

+?, 
+ .  - 

% 

~i, ~ 

. , + .  

" + 5  
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Right } Bank:~iExc avat io.n: ~. ~-~ . 

- • ~ , e 

:On :',the,, r.i'g~t ~_side, ':the bank"s~ings in ,:a~ross !:the ; spillway, 

,apron '.in :the :,.peth~,of :,the ::flow ~from ,.the -~le st ~gate. -"On ~the ;'dra@ing 

.o f ;the .:original"!layout (Pl'ete ;!17 ), ~,this ;'~hill's£de :wss ;~left .'.in and 

i: faced ?.with -!a ~'concrete ~ pavement. ~iThe ~: mo'd dl ~,-test s ~:showed ~,that ~the 

:slope.:of ,She ~hillsi de. we s ~too ~ Steep :for tthe ':water .... 'to ~"~ri'de." .~and' • 

consequently ",the ~ flow ~slipped ~-down :iinto ~'s ,::concentrate~d -!Jet ~ at ~the 

base~:of :the slope. It ,was J$ried ~to u~flatten ~,this ~ slope ~,'but ~very 

little •success ,was had fin attempting ~to,.make :.the ~.wster :iflow ~inue 

veryuniform sheet slong shy sloped.si~de, .~A.werped ~surface 'probably 

could have been worked : out th.~t .we uld "-carry :its ~share ,of uthe ~'dis- 

charge but, at that, there was no provision ;for '~retsrding :its !ow~loc- 

ity. A sill placed along :;the-,slope~wss ~not,very,:satisfectory~ ss ':the 
- o 

tallwater ,over it became ~less "end less ~ up i the ?slope,stUd the )Jet was 

spr.eyed up ;into the sir. 

It L was, decided ~to :cut ~thls bank ~.wey where ~£t ,protruded 

scz~ ss the :apron but it was : st ilZ~necessery ..to ,.work,,:out ~some !,~ran- 

s it ion b sck ~to th-o hil is ida ~':bolow ~:the 'spron.~ ii-Pho,to i~i09, ~Plate ,;68, 

following, shows one • form;of excavation !gried. ~in:whi-ch -the face 

was cut away on an up.slope: downstream. At =tho!high~r.'discherges ~', 

/I \\. . 
the stream struck t~is ?slope with ,:considerable ,velocity, c~using re 

bubbling as seen;ira:Photo Ii0. ~ 

This-necessitated cutting:away some more :of the :bank, .the 
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best form of excavation ~found ~being~a ~warped ~surface ~es J!shown !in 

Photo ~20, ~Plste 9. No i impact ss ~evidenced ~by !bubbling ~was not ic@d 

with this set-up, 'even at 'the maximum !flow. ~(See~Photo ~!18, ~Plate ~9, 

end other photographs of the ~Zinal~m0del i~Isyout. ~) 

~Velo citles ~ along the ~ curve ~ of the ~ hillslde ~were ~measured 

at the maximum flow end have ~been ~plotted ~in~Fig. ~l, !Plebe &69. UV:The 

readings shown on this drawing were !taken ~wlth tthe~polnt ~of the iPi ~- 

tot tube turned parallel L to the ~line~of ~the ~contours so ~as to,obtain 

the maximum veloclty f011owing the curve~of ~the ~illslde, ~The ~curve 

in plan of the contours has been developmd~out ~flst ~on ~the ~rewing 

and the velocities projected. !(Sea,Plate ~13 °for plan of ~thei~hi~l- 

side excavation. ) 

It is seen that st maximum, discharge ~this ~Jbam_k then will 

be subjected to an average velocltyof around~35 ft. ~per sec. ower 

practically its entire surface but just at the~end of the ~spr0n the ~ 

velocities will exceed 50 ft. per sec. 

One remedy ~Is to cut ~the bauk~way !farther ~sllowing ~a 

greater mass of water ~below the apron to retard the velocity, ibut 

Just at the end of the present,side wall, ~the ws1~ls•of~the ~lllslde 

would still~ be subjected to the high ~velocity, xhich~might ~tend~o 

undercut the concrete side ~wsll aud paving, 
I)' 

An extension of the °side well end Lpaving downstream ~to 

cover the rsnEe of this high velocity would be s great addition to 
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the factor of safety st s compsr~tively:small~additlonsl:cost, i lt ° 

is suggested, also, that ~ short cutoff wall into~thebsnk~st~the 

end of the side well, end pavlng would sld in prevonting~a~bsck-cut- 

ting. If the bank fscin,E were extendod~36~i~ft. ,'~ov~.stresm :~it ~cofLld 

be sloped off, as show~ on [Plate 69, to ::be; symmetrical with !~the • 

P, H. wall on the opposite T side epron:extenslon. 

Apron Extension: " • 

An extension of the apron and sill~downstream :this 30 ft. 

would protect the river bed from these high velocities end would "in 

itself check the veloelti~s considerably. This~has been :dlscussed 

previously under "Apron Extension~ ~" :page ~82, ~whQre ~it was !found 

th.~t the erosion in the~ssnd bin wss lessened considerably by,an 

extension downstream, of onlyR0 ft. (SeePhotos ,lll ~ and -llP., ::Plate 

68, following.) Plates 96 and 97 give~sand contours :in~bin'teken 

by point gage after flow for equal ~ periods with ~ and ~ without exten- 

sion. 

The concrete for this ~ extension:~of the apron and •side':w~ll 

could be taken from the main apron~by flattening its slope.~slightly 

with no detr~iment to the performance of:~the~hydraulic jump~but, ~in 

fact, with an improvement in the flow conditions. It :wes:estimated 

roughly that if the slope of the apron wss flattened to .1:4.3, •which 

would lower the point of tangency st the lbuckat curve s little~over 

2.0 ft. to about El. 94, enough concrete wouldbe,~cut sway to re- 
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place in an extension ~Of the e~ron Tor 30 ~ft. i downstream. 
2 

This exact set-up was not toste~d on ~he model but other 

tests indicate that this would be entirely ;fessible :snd bonoTiclal, 

Plate 70, following, gives curves showing~the ~dePths;re- 

quired for the hydraulic Jump for two ;l :4 ~sloped aprons, ;one ~apron 

about 2.5 feet below the other ~in~elevatlon. ~These~curves were~de- 

veloped similarly fox each apron by adjusting the ~tailwater~until 

s good hydraulic jump was formed well up,on,the-curve of~the bucket. 

The curves practically coinci:&e, ~showingiilittle change in,flow con- 

dltions if the apron is lomered:only 2.51ft. At the smallerdis- 

charges the lower apron Is~better as the tailwater depths over it, 

required for the ~ump, morenearly apDroach those furnished !by,the 

natural tailwater; seelPlste ~29 and Plate 32. 

Thismay also be seen onPlste 34, where ~the curves indi- 

cate thst st the lower stag.ss of flow the:natural tailwater does 

not furnish shfficient depth to force the Jump we!l Up on,the apron. 

It may be supposed that, since the ~tsilwster doDth is ~fixed by ;the 

rating curve, if the spron is lowered tho depth over it is increased 

and more nearly approaches thst:re'uired for the jump.~i~Lowering the 

apron would benefit st the ~ higher stsz(~s of flood, also, as it is ~seen 

J 

from Plate 34 that under the maximum conditions of operation s slightly 

~wreeter depth is recuired then that afforded~by the normal tailw~ter. 

Also, a little factor of safety, against the Jump sweeping off the 

apron, is obtained, should the tailwater rating_ curve lie belowthst 
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predicted or should ~the~ send deposits ~,wash out ~of the ~rlver ~bed 

below end lower !~the ~tsilwater elevation ~from ~thst ~expected. 

The extension of ~the ~apron ,~an'd !ri~t ~:si~e w~Yl ~downstream 

30 ft. from the~presen% :design, ~wi~l ~add,~greatly to %he 8mount ~of ~ 

protection afforded ~the ~river !bed and~banks, [:Its value would far 

exceed that of any other :~comparatlvely;small alterstlon tthat could 

be made to the ~flood ~control~:design. ~Little,if any,~additlonsl 

cost would:result as :.the :concrete ~for :this extension cen~be ~fur- 

nished by :lowering ~he slope ~of 'the main ~apron :only two ~feet ~at 

its upper ~end. It ~ould be Ubeneficisl!to the ~ hydraulic ~Sump ~per- 

formsnce to lower the spron at ~its:upper~.end and to flatten :%he 

slope, especially for the lower'stages of flow which~w~ll, ~too, 

occur more frequently. The additional length~will ~brlng the--:apron 

to the end of the power house wall and make %he ~design more:con- 

sistent. 

For the above reasons ~it ~is:herewith~strongly:reco mmended. 

that this alteration be made, somewhat ~elong the ~1~ines as shown:on 

Plate 71 following. 
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The PowerHouse Wall: 

The river ~bed Just e ........ b low the ~damsite makes s rather abrupt 

turn and naturally forms a reverse ~flow ~or eddy along the ~ef~ ibsnk. 

This eddy is accentuated by the overpour of the water ~from~he~'~il - 

race, which is at a higher level, ~into ~he ~Jump on the apron. The 

reverse flow tends to deposit sand and gravel :/in ~he draft tube " 

opening~ and due to its violent surging and ~pulsating causes varia- 

tiofis in the tailwater level that 'would ,,be detrimental to speed 

regulation of the turblnes.0. '~Also~ ,~ , the overpour into the ,hydraullc,, 

jump on:~the spillway apron creates anunbalanced con d:itlon resulting 

in less veloci~ retardstlon. 

The r e m e d y  i s  ,to . b u i l d  t h e  . d i v i s i o n  .wal,1 d o w ' n s t r e ~  :from 

the power house to a dist.~nce where the recovery in the j~ has' 

b e e n  c o m p l e t e d ,  a t  which- tx~ln t ,  t h e  w a t e r  s u r f a c e  l e v e l s  ~of f  a t  .a 

constant elevation, and ~to ~build the wall lhighenoughto prevent 

overpour. The tests ~showed that the well should ibe ~extended }at 

least sixty feet downstream from its ,present lengthto completely 

eliminstethe whirl for 8 flow corresponding~ to the maximumflood 

of 280,000 c. f. s. At thisstage the tailwater is at 'El. 141.3 

and the wall height should be brought upto that point to prevent 

any overflow. 

Of course, the nearer the height and length of the well 
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are brought to these msxlmum dimenslons, tlie more protection is gained 

against the effects of ithe whirl. The wall, as ~finally ~recommended, 

was the least size that would afford sufficient !protect'ion st Lthe ~high- 

est ~loo~ stsge. Its heiF~ht at 'El. 128 is suLfficient,~o contaln ~the 

jump; that is, the actual water urface in~±he Sump~oes ~not greatly 

exceed El. 128 until s ipoint ~beyond the ~end of the apron; see iFig. 2, 

Plate 79. The overpour from the wall ~at El. ~128 ~is then on:top of 

the Jump end does not sweep into it ~as is the case ~when the ws~l is 

lower at El, 95. The length as extended 30 ~t. ~below the aprondoes 

not entirely stop the eddy at maximum discharge but ~s :much ~mone ef- 

fective than the shorter wall. Absolute elimination of the ~whi21 and 

back-flow against the power house :is attained with the final design 

of wall for flows up to 160,000 c. f. s., which flood has a probable ~ 

fre0uency of occurrence of once in ~160 ~Years. This Us ~i~lustrated 

on Plate 72, followin~, which sho~vs flows of about 150,000 c, f. s. 

with both the original snd Zi~sld~sLEn ofwell Installed. i(Not? 

I/ 
the mirror-like surface of the po~er house tailrace when overflow 

is prevented by the high wall, Photo ll~.) Any back~lowlmo~ement ~ 

of th~ wster picks up~ssnd and deposits It in~the draft tuba open- 

ings; see Photo i15. The pipe seen ~rojectinE from the ~ri~er bed 

was a support for th~ Pitot tube trsckandoff~red no obstruction 

to the flow of water. In the picture ~thore 81s0 may be seen the 
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point gage apparatus sot in place for measuring !the ,neppes •;over ;the 

crest. With the entlr~,, el~iminst ion -of ~thebackflow~;-~no sand .~is de- 

posited in the tailrace:; see ~Photo ~I16. ~The edd y~and ~c~verpour ~into 

the spillway are quite vliolent at the maximum d~ischarge ~when ~the Tow 

wall is installed; see Photo ii17. T~is ~is~i ~overcome ~to ~e ,great ~extent 

by. raising, the wall to El. 128 ,but there ~ ~s" ,st~ll" som~'~ over~low iof ~L~he 

well as the tailwater is st ~hout El.~'141; " seePhoto I18. ,Even th:is .~,~ 

small backTlow tends to •leave s~nd ;in ~the tailraces; see ~Pho~to i.120.. ;~ • 

The overflow is ~L, hecked considerably, however~, resulting ';In a '~ery ~ ~, 

q u i e t  t s i l r a c e ,  as  s e e n  b y ,  c o m p e ~ i s o n  oi" :the - t ~  _ c l o s e - u p  v, i e w s ;  : see  

Ph~tos 121 and 122, Plate 74. 

The sand depositlon-ras seen inJPhoto 120 ,gives an '~idea cf .... 

what m~y be expected to result to the earth overburden when ~e :flood 

of 1.srge propontions occurs. ,The ~low:was allowe~d 'to :run for ~two ; 

hours in this test which represents s period of sbout 17 hours on 

the ~rototype. Note that .the.rock contours below ~the apron end along 

the ri,~ht bank are swept clean of their overburden ,and the channel 

is esteblished along this side. The chsnnel on the left :-bank Lis 

caused by the reverse flow or eddy. Note . that its ~extent is ;less 

when no overflow of the power house wal'l-occurs; see Photo T16. 

~e rope seen_in the photographs ;is stretched ~at El. 92, .no •flow 

:~eter level. ,. .... • 
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J Photos ,123 and !2~ illustrate ~the :flo~ "when ~he ~powsr~,%ouse 

wall was removBd-entirely, The-sggravoted ~.whlrl 'I's clear.l~y :seen/~as " 

well as the excessive deDosi,tion o f  sand In ,the ,d~aft :tube :exits. ': ~ 

Note the extended channel ,on ;the left ~bank caused !by the reverse ,~flow. ~ ,,.~.} 

This ;r.everse flow ~ couldCbe .retsrded ~by ibuildl~g.a:,jetty:~:. • :or. _ . :~i i!ii. 

dike out into the stream 7from the, left 'bank ~and wou/~ :a:id consider-i-~ ~ 

ably ~even if a high :~ower"~house ,is ,used as .there ,i'~ a nstursl::iten- ~ .... ~" i- 

dency for an-eddy here du~ ~0'~the ~curve in :the river ~be6, 1 
,, | 

oth~r views of flow conditions and ,sand ~el~0~it:ion when i i" 

the high wall is used :may be seen ',in ,photographs of ~h~ f,inal design i ~: 

onPlates 5 to i0, S!so Photo ,58, :Plate 36, and Pho:to 'IOVI, Plate ~64. 
t~ 

( 

The value .of ~the wall extension, ,even a -b" . e  low elevation, ; : 

is seen in Photos 83 and 8~, Plate 45. 

1 
Plate 75 following shows ~the energy and ?hydraul~ic ~gradl- 

ents through the jump on the apron for various flows width both the " : ;i 

high and low wall installed. There is 1~ittle ;d:i~ference discernible , 

but the s.snd erosion test showed slightly less e~'osion resu]/ting~when , ?i 

the high wall was used. Contrast !Photo 55 Plato 35, an d:p~dlbo:58, !i 

Plste 36. . . ~ , 
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The.~Final i~De s ~  ! : 

The final :design .:of -the '.model '!then iinclu~ed ~the :h'igh...~ower 

house wall .. st El,. 128 '.with ~extension ~ 30 .~ft. ~beyond :the ~present ~i'length 

of apron, its downstream :face ~belng 'eloped ~'off ~i ~to ~I:; ~see,~Photo ~126,, 

Plate "76. Other deslgn-~feetures, ::sltere~ "from ~the 'original ~,layout,, 

which were :developed from ~%he ~'models ~sre : :~the ":one ...to ~ifour :sloped ~: 

apron start'lag at El. 97..3, :the .6-f%, ~sloped ;face i si:ll ~at ~thB ',end 

of the apron, the ~locatlon of Sluicewsys '.on.~center ."line of-pi'ers,, ! 

the shape of. deflectors :over the "sluice ,exi'%s, :the :he'lght an~ :shape 

of the ,.end training wells of the sp~1~lwsy,, the right bsnk~excavet'ion 

and apron rise .on 'that .side ~andthe correct :!locstion ~0f.~the intake " ' 

to the .float controlling-the ,"drum-'gste..0peratlion. ~O,ther ~po:ints. 

"jL 

that were checked were "~the :capaeity~of.':the ~spil:lway, ~coefficlents 

o f d is charge i belng : determined for .the :. dr um~ get es .:in .a.ii .:po sl.t!ions -. 

with various flows~over .them; •the ~amount and _effect of ~.the ~vacumm 

oh the crest, ~the 'proper aeration, of :.the :drum :,gates ~from :the ipiers, 

the elevation of the sluice-outlets .with respect ~.to.,the .effect ~of 

discharging into the hydraulic.-:jump :on :the apron ,and -erosion :,below 

.the apron, the :possibillty-of ~vacuum in slulceway .due ~o sp'i.llwaF 
7 

overflow past the exit, and:~the ~necessary~height ~of the pavement 

on the right bank ,was cheeked. .Tho.~pr0per~operation o.f ..the Jspi1~lway 

gates was else determined and ,:the .erosion of :the :sand :Bad )grevei~<de - 

posi%s .in ~he .river bed pictured sf.ter :a largo ~fleod ;over 'the-spit"l- 

way. 
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Photographs,of :if, i0w Conditions ,:during iva~ious ~s~ages .'of Jan 

increasing "flood !have :been ~previously. ~given , on :-Rla~%es~ ':5 ~and ,'I0. 

Cross sections through tthe ::21ow ~on :.%he %aPron :at ithese ~varlous ~Stagea - 

are shown on the :fdllowing ~lates : '83, ~8~.,!B5, ~86, 87 ~and ~88. ~,They 

give the velocity contours ~and :water ~surfsce ipr0ffles through tthel 

Jump ..and ~the~ressures resulting on,the •apron and:~bucket. .~nes~of ~'--:'-.~/ 

~hlgh ~velocl%y through 'the/Jump may,::be %raced"iln ~Photos :,]215~and :~I'16 

on ~Plate .83A which :picture stream ~:l;ines ;etched~.on :thin :iron ~platea 

that were f, irst covared :with :wet ,paint ~and .~Immersed .in the .stream, 

.The rather complete :data included ~here of a ~lerge ,number 

of flow :stages ::is :presented ss ~proof of satisfac~ory ~performsnce -of 

~the hydraulic jump during the :whole ~ranae of a :f-loo~d discharge. 

Also, if properly interpretod, there :may !,be .obtaine~ much ,valuab'le 

data 'for use of the hydraulic jump in o thor structures. 

.The writer ihopcs, in .tho :near-~futurc, ,to ~find itlime !to-e.t- 

tem~-an analysis of.somG of the .dat~ .and present i£t :,in~a form ~from 

which the information cen,~be applied,more 'dlrecZly ~o the desilgn-.of 

other installations. 

i 
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i'In ~an attempt ~to obts~in,~a ~mathemat~ICal ~.Che~dk ~on~the ~hy- 

draulic Jump ~pe~formance on'~,the ~apron, i~tests iwere ~mede ~to .determine 

t~he ~D I and iV! or ,the •depth ,and .velocity, :respect:ivel~,, ~enterIng, i 

.the Jump, , .... ~ ~ 

The mecsurements ,t~ken of ~%he velocity ~w~th ~.the i~Itot itube 

and the depth 'by point :gage at the ~,toe of !the d~m :for ~var~ious !~lows 

8re shown on .Plates 8~ 'ancl 84. ~:~They'were ,complicated ~somewhat .!by 

t h e  i n f l u e n c e  o f  t h e  s l u i c e ~ - o p e n i n ~ s  w i t h  ~the . d e f l e c , t o r s  :above',-but 

~n average of values shows a remarkable check,on ~the ,~theoret:icgl 

Q =A V formula. T~is is considered s good !indication~of-~the accur- 

acy of the testln.N methods ~snd npoaratus. Nd~e :~tha~ ~the distr~ibut'ion ~ ~ 

of velocities throu~h ~the depth andwldth-of the~ov~nflow !jet,are 

quite regular without notlcesble concentration st ':.eny.psr.ticuler " ~ ~ ' ir~:i~ 

point, This satisfies one of ~tlls ~firs~ ~pr6requisites i.Ofi~e ~oOd: • 

jump performance. 

.AlthouEh the depth 8nd-~veloclty enterlingthe ~jump may ~be ~ ~.~ 

determined with a fair d.e~ree ..of~accuracy ther~ ere me ~scceptablo 

formulas dove!oped, %o "the writer'~s ku~owledg~, which-.would;e~low ~a. 

theoretical computation, with any~assurance, of ~the depth~o-f.~ta'i~l - 

water required to form a 'satisfactory:hydraulic ijump~on~the ~sloping.• 

apron. 

The tasts ~showed that ~on a ~lcvel ~aPron 'the :depth downstream 

necessary to .produce the ~jump checks ~:,very closely~,to ,that computed 
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'from. ~the momentum foxm~ula, i(~see ~Fig. i~2, 'Plato ~25) ~but ~on ~e sloped 

apron the ~detum from which ~to measure ~D2 is ~Ind~crminste. ~ 

Consequently, ~the :slopdd ~apron~'had to :be ~ioceto~d, ~by ~a 

series of sxperlments, Bt ~a certain e!evStlo n ~so ~ths~ ~wi~th ~he given 

~tailwe~er at any ~flow, ~ ~ ~ • ~he depth "wasL~suffxclsnt ~to ~stsrt Lthe 4ump 

as far ss possible !back Bgslnst !the TaCe of :the i~am, .... 

The ~dopth necessary to Term ~tho ~Sump ~was ~t~ken as~tho d~9th 

st which the least velocities were recorded :on ~the floor at :the ~er~d 

of the apron; sac Plates 30, 31 and 33. 

This depth over the apron, as ,finsllyi~located, corresponded 

wry closely to ~the depth furnls~d by,the ~neturs! tail~c.tor for all 

conditions of flow (see Plate 34), ~thus ~sssuninE the ~hi~host !posSible 

retardation of the velocities lea~ing~tho apron. 

This scheme of tekinE the depth necessary to produce ~tho 

jump as the depth under which the floor velocities iwbdld ~be the ~luest 

is substantiat-Jd when used on ~the l~v~l spron s~t-up ~by~compazison 

with~momentum formula which will give close coincidenZ~dopths; :see 

Plate 24. 

Plat~ 85, Tollowing, ~is ~ cond~ns~tlon of some of the Lcuzves 

pre~iously included, ~to show the relative conditions of ~flow over \the 

whole range of required operation. The nappes over th6 crest ~nd ~pro- 

files of the surface of ~the overflow Jet, with no tai!w~'tor over the 

apron, were tsk~n by ~point gage measurements. The ~elocity is computed 
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from the :head ss sh0,wn~ib~y!ii~he dif, ference iln e~evstion to which ::the 

water rose in 'Pitot +~es snd ,the elevst:ion of ~he 'w~ter ,surface 

on the apron. ~ Pitot ~tub~,s were fixed~in <theapr0n and ~oonnected 

to glass gage :,tubes ~by~8:rubber hose. The water c01umms :in ,the glass 

tubes' ,fluctuatedlIquite ~s bit ~and the readings plotted were ,the maximum 

rise during th'g~:~un, :consenue~tly, the ~veloc~ties ~obta'ined :are no,t 
. f 

necessarily the average :through the cross ~sectlon, ,but :will ~ser~e tO 

shou the relative values from one point to anothen. To reconcile the 

-j}, 

depths ns measured by the point gage with ~he IQ =~ V::formtula it~,wss 

necessary to ~ssume s coef~icieut ofO~9~5 for the veloclty ss indi ~ " 

csted by the fixe~ Pitot tubes which was a ratio of the,average ~a~- 

ues through th~ jet ss foundi!by ~he ~test sho~wnon~Platos 83 and 8@~o 

them~ximum ~elues obts~ined hero. ~(Velociti8s drawn on Plotes83 and 

84 were messured ~ith thGmovsblc Pit0t ~tube, which had ~ coefficient 

of 0.g95.) 

Ho~,ov~r,i!the v~luos as r~surod by ~th~ ~fixedPitot tubes 

were the highest v~lue of the v~locity 0btsinod end to:be on the:safe 
i 

side ~oro used in computin~ the consoqu~ntdopths required to ~couse 

the hydraulic ]umo.\b~,~T.,ese d~pZhsor D2~ for ~arious flows have been 

plotted, on Plato 85, parellol to thos!opeof the floor and, ss 

customary, ~h3r'~ the l~in,~.s cross the tail~at:~r "-~levation, pro,!~cted 

ugstroem, ~ locus of the theoretic8l position of the jump was ob- 

tained. It is 9~rhsps significsnt that ~these computed positions lie 

f~irly close to.g,~hor neer :the mid-point of the epron. Auother llne 
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is drawn ~throu~n the points ~where '~he ~theoret~ical ,Oe~ths-cross ithe ~ 

actual water ~surfeces showing ~the :locus of the cos'ftions where 

computed depths necessary for the jump are actual~ly encountered on 

the ~apron. 

It is seen ~thBt ~the lump ~st~rts well back agBinst the ~face 

of the ;dam at all stages of flow so ~thst the entire length of the 

apron is utilized in ,pr~Ltecting :~the rlver~bed from ithe }high ~veloc- 

ities enid turmoil most e~ident ~at 'the 'beginn~Ing ~of the Jump. 

The heed loss ',in fricti'on ~by ~flow over ~the ~model ~wss <tBken 

as the distance Trom the msximum ,pond surface ,to ,the :energy !gradient 

as shewn~by the height to which the ~ater rose in lthe i~Pito~ ~tube 

gage glasses; thP.t is, with no tailw~ter,over ~the apron. 

The friction loss has been ,plotted as per cent of total 

head for v~.rious depths of flowover ,the crest ~and at different L~sta - 

tions along theapron. 

Ib is seen that the loss is verY small, about one per cent 

of the total head, ,down to the ~point wh-ore the flow enters ~thc jump,. 

This gives a factor :of s~foty in predictLn~ the performanco~of the 

prototype whore Jtho loss in ener~z by friction may be expected to 

gr3atly exceed ~h~t shown ~for flow over the pr~.ctica!ly ~friction- 

less mod~l. 

The relative 'loss in energy along the floor caused by ~th e 
z 

jump may~be taken as ~tho difforenco between the energy gradients 

without and with the tailweter over the apron. The loss is~greBter 

as the flow decreases. Or, taking the mean velocity to be repro- 
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sented by thed'if,ferencebe%ween~he ~.ta:ilwe~er surlfsceJsndlhe ;height 

of ~he water column in ~the iP:i:to% :tribeS, i't..fs 'seen ~he~ the i.loss is 

much :more rapi~ alongthe '~pron :fo~ ~,thelower..flowso ~tl;%he:hi~her 

discharges the full reco~very: in the ijump ;~oes no~ take .plBce 'until .: 

some dist anee ,downstream, ;so ;%hat ~the; ~eloc'itie s lea~ing ~he apron 

are .still rather high. ~.Consecuent~.,:the:grealer ~he".leng~i:,of ~he ,~ :~ 
q 

apron, ~o ~he point ~whers ~he Jump is ~complete:, the:~more-,protection 

is given :to the ,river bed. 

.~s a rosume~, 'it:maybe :ststed :agsln ithet i~ was found ~hat 

the ~pron could be ,:shortened to cover less ~hsn .the ,~i'stance •needed :,, 

to complete th~ ~ump :by turning u~ :~he:high~v~loci~ioS ~ha~ ,porslst . :~ 

i ~z 

~long the floorbyplccing,a:smell:sloped, face.sill st ~he lend of ~hs . " 'i~ 

Bpron. This sill need :only be 'high,enough ,to !project the ~lo.Cit~es :~ : 

clear of the river bed :belo~,.and gllow :them .to :continue :downstream • L 

,& 

considerably tuidernc~th the ~surfece.of Zhewa.tor m~til finsllyre- 
. . •. ' 

tarded bY the stst;ic iprossure in :th~ na~ua,81-coumsc ,of the hydraulic 

Jump action; compsrs Plet~s'~9 ~nd ~81. 

The sill f~nal'ly ~doptod ~as 6 ft..hiz~.,wi,~h s sloped face 

down to the aoron slthough.ono.4,~5 feet h~=h aeomoQ Just eseff~cllvc 

in preventing erosion :in the ri~er .bed bo!o~. 

If the sill &s mede too lorge-it .wil~l 9reject the ~high 

velocities from ,the floor of the apron to the surface of th~ s~r~am 

when their ~rate of retardation will be much less ~nd the-river banks 

will be subjected to erosive forces that would prove objectionable. 
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:The ?higher sil.l .would ' ' ::~ , ' ~ ~'~, :' .' " also ,be .sub.~e~e~:'to ,greater :impact,, 
..... :.: , , 

thus. increasing ~the'.posaibi,lit:les :o~f ~a ~break,-,whTch, .however ~snlsl'l:, , 

~ u l d  endanger  t he  ,whole ~structure:~ 

, This -was considered :as ,the ~c.~ief Objection to the :use of 

the dentsted .si'l,l layout ,:as .or.iginal'ly pl~mue-d, sn~ .led :to ;the in- 

~estigatlon of the-sloped:'apron, which .was f~nally ,a-dopted. 

~The hydraulic jump .forms On ,th:is .slope ~at g!1 :stage~:.O~- " 

flood, snd the diss;'ipat'ion .of ~he: .tremendous .energy ~of the fg~:ing. 

sheet takes iplace 'by the nstural actionof .impact ..of water-against 

water. .~. 

Acknowledgment is ~made "..to i~&r,. ~W,.I~E. ~Bingham, 2tuilor. !En~ineer 

for the.~Bureau of Reclemst'ion, .for:h:is 'set.vices in splotting :~he teat 

data end making the .cue, yes ~and :drawings :inClu6ed in ~th~s report. 

;.r 

I ~would also like~to express:here my appreciotion of ~the 

fine cooperation and assistance given:me ~by the bureau engineers.~snd 

'the whole :personnel ,employed nt the ~h~drnulic laboratory in iperform- 
L 

ing those tests. 

RespoctfL~!y submitted, 

i 

.- 

Denver, Colorsdo, 

February I, 1932. 

J 

R.R. Randolph, Yr..,~sst. Engr.., 

The~Panema.C~nel. 
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