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PR EFACE 

The Engineering R esear c h Center at Colorado 
State Uni versity is located between two lakes , Horse-
tooth R eser voir of the Colo r ado Big Thompson P ro-
ject , and College L ake. The laboratories of the 
Center were strategically placed to utilize the high 
head , 250 feet , available from the reservoir and th 
storage capac ity of the lakes . T he Cente r is the 
focal point for research and graduate education . 

There are four p rincipal parts to the C ente r : 
t he offices for staff and graduate student s , the 
hydrauli s laboratory , the fluid dynamics laboratory , 
and the outdoor hydraulics - hydrology laboratory . 
The r esearc h activities of the cente r are fluid 
n,echanics , hydraulics hydrology , ground - water , 
soil mechanics , hyd r o - biology, geomorph ology and 
e nvironmental engineering . 

The hyd raulics labo1·atory includes 50 , 000 
square feet of floor space in which basic and applied 
research activities are und ertaken . The floor of the 
laboratory is c onstructed over a large sump systen, , 
having one acre foot capacity , which pern ,its recir -
culation of water through the various researc h 
facil ities . Generally , p um ps are used for r ecircu -
lati on but t he high head and la1~ge flow capacity from 
the r eservoir can also be utilized . 

The Center includes well equ ipped n,achine 

and woodwork shops. All r esearc h facilities of the 
Cente r ar e constructed on s it e and in the c ase of 
this model study, necessary m etal work , c ar p ent r y , 
and nearly all the plastic work was done by pe rsonnel 
in the s hops . Th e s hop p e r s onn e l are particularly 
well expe r ienced i n the art and s kill of model 
construct ion . 

This model study was undertaken by C oloraclo 
State University with close coor d ination with Tippetts -
Abbctt -Mc Carthy - St ratton (TAMS) of New York, for 
whom t his work was clone . T h urgent need of hy -
draulic information for purposes of p lanning and de -
sign was recognized fro m the begi nning and all 
information obtained from the model studies r e levant 
to those purposes were transmitted to TAMS in ad -
vance of this report . Decisions affecting model 
construction tests or testing program , or tim e 
schedules wer e made with mutual c ons ent through 
assessment of appropriate information and c onsid-
e 1·ation and accord with proj ect planning . 

Grateful acknowledgement is hereby expressed 
by the writers to personnel at TAMS for their c ooper -
ation , t o personnel of the s hops for their ingenious 
cont ributions in solv ing model con s truction problen ,s , 
particularly in the plastic works , and to ot her s co11 -
t1·ibuting to th e model study and the pr eparation of 
this report. 



TABLE OF COr TENT S 

P ag e 
LIST OF FIGURES .... . .................. . ..................... . .............................. ii 

LIST OF TABL ES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . v 

s UMMAl--l y . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . \ Ti 

l. INTRODUCTIO ........ . . . ...................................................... · · · · · · · · · 

General Descr ipt ion of the Project . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 
Desc ription of the T unnels . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 
Proposed Tunnel Operation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6 
Scope of the Mod el Study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7 
Chronology of Model T ests ......... . .................. . .... . ............... ... ....... 7 
Selection of Sc ale and Mod e l Crit e r ia .......... . . . ....................... . ............. 8 

!I . T U EL 0 . 1 - DIVERSION............................. . . . .... . ..................... . ... 9 

Model Const ruc tion ... .... . ..... . ...... . .... ... ..... . ...... ............... . .. . .. . .... 9 
Model T ests and Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20 

Descript ion of Flow Conditions - With Ceiling ....... . .. ............ ... .... . ... ..... 20 
Desc r iption of Flow Conditions - Without C eil ing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20 
P ressures - \V ith Ceiling...... . . .... . ................ ... . ....... ... ... . ... ....... 2 1 
Pressures - Without C0iling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21 

Form Loss oeffi c ie nts - Intake Gate s Ope n . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24 
Closure of Intake Gates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25 

Gate Closure in Unison . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25 
Unsy n1m e tric Gate Clos ur e .............. . ................ ................ ........ 30 

Outlet Deflect or . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3 1 

111. TUN EL NO . 1 - POWER .. . ......... . .. ............. ........... , .... ... .. ..... . .......... 35 

M odel Construction .... . .. ....... . ........ ...... ... ,.. . . . .. .. ... . ......... . .......... 35 
Model T ests and Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39 

IV. TU NE L 0. 3 40 

1\/lodel Construct ion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40 
Model T ests and Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48 

Description of Flow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48 
Form Loss Coefficients - Radial Gates Op n ............. . . . ................... . ... 49 
Service Gates - Sy1nn1ctric Closure .... . . . ......... " . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49 
Service Gates - Unsy1nmetric Closure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51 
Radial Gates - Symmetric C los ure. ..... .. ..... . .. .. ........................ .. .... 51 
Radial Gales - Unsymmetric Closu r e . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51 
Radial Gat e Chamber ......... .. ............ .. .. ... .. . . ..... . .............. .. ... . 51 

Stilling Ba::;in ....................... .. ................. . . ... . ..... . ............. .. .. 52 
Chute . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52 

The Basin .......................................... . ............................ . .. 54 

V . TU r NEL NO. 4 58 

VI. CONC L SIO SAND RECOMMENDATIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58 

Tunnel 1 - Diver s ion................................................................. 58 
T unnel I - Power . . . . . ........ . ..... . ... . .... .. ... . .. . ............ , .. , ... , . . . . . . . . . . 58 
T unnel 3 ........... . , ............. .... ......................... . . . ......... .. ... . ... 58 

APPE NDICES 



2 

3 

4 

5 

6 

7 

8 

9 

10 

l l 

12 

1 3 

14 

15 

LIST OF F IGURES 

General p lan of dam . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2 

General alig nme nt of tunnels .... . ..... . ... .. ..... . .. . .... . . . . .. ... .. .. . .......... .... .. . 

Tunnel 1 - Detai ls of structures ..... . .. . .... .. ..... .. .. . . . . .. .. ..... . . . .... • ...... . . .... 

Tunnel 3 - Details of structures ... . . . ..... . ................. . . . .......... . . .. .. . ....... . 

General plan - L imits of model construction . .. . ........ . .... . . . . .. ....... .. . . .. .. . ... ... . 

Schematic drawing of general model .. .... .. ..... . .....•.. .... . . ......... .... . .. ..... .. .. 

P hotograph of completed model. ..... .. .. . . ... . ... ..... . . ... . .... ....... .. .. . . . . .. . . .. . . . 

View of plexiglass window in t he side of the head box ... • . . ....... ... .. . ... . .. . . . .. .... . ... 

Intake , gates, a ir vents , and transition T unnel l - Diver sion . . . . .... . . .. . . .. . ... ...... .. . . . 

T unnel - Diversion intake wall piezometer locations .. ..... . ... . . . ... . .. ... ... . ... .. . .. . . 

T unnel - Divers i on int a ke piers p iezometer locations ... . . . ...... . .. •. ... .. . . .. . . ... . . .. . 

T unnel - Diversion intake piezometer locations along center line . . . . .. . . ... . . ... .. .... .. . . 

T unnel - Diver s i on intake t r ansit i on piez ometer locat ions ... .. . .. .. ....... .. ... . ... . . . .. . 

T unnel - D iversion piezometer locations ... . ... . .. . . ... . .. ... . ......• . . . ... . .... .... .... 

T unnel - D ivers ion central gate chamber and transitions piezomet e r locations . . .... . . . .... . 

3 

4 

5 

10 

11 

12 

12 

12 

13 

14 

15 

16 

17 

18 

16 Arr angement of the combined diversion a nd vertical p ower shaft model with c e iling removed 
for T unnel 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . • • . . . . . . . . . . . . . . . . . . . . . • . • . . . . . . . . . . . . . . . . . . . 19 

l 7 Tunnel - Divers i on intake without ceiling piezometer loc ations . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19 

18 T unnel - D iversion model disc harge capacity curves . . . . . . . . . . . . . . . . . . . . . . . . . • . . . . . . . . . . . 20 

19 (a) Flow t hr oug h intake a nd t r ansition . .. ................... ... ............ . .............. 2 1 

(b) Flow upst r eam of central gat e chamber . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21 

(c) F l ow d o wnstr eam of central gate c ham ber . . ........................... . . ... . . ... . ..... 2 1 

(d) Flow at tunne l portal. .... . ... . .......... . ..... . .... .. .. . . . ................... . ...... 2 1 

20 Flow with ceili ng removed . . . . . . . . . . . . . . . . . . . . . . . . . . • . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21 

2 1 T unnel - Divers ion piezometric heads at intake wall ..... . .. . .. . ................ . ..... .. .. 22 

22 T unnel - D iversion pressure on gate c ham b er wall .......... . .. . ........ . ....... . ...... . . 23 

2 3 T unnel - D iver s ion ene r gy g r adients fo r tu nne l slope = O. 00 3 . . . . ........ . ... . . . . . ..... .. .. 24 

24 T unnel - D i version energy g r adients for tunnel slope = 0 . 0114 . . . . . . • . • . • . . • • . • . • . • . . . . . . • 25 

25 (a) Hydr aul ic jum p downstr eam fr om the int ake gates at r eservoir leve l 1 20 0 . . . • . . . . . . . . . . • . 27 

(b) Hydraulic jum p in the t unnel at reservoir level 12 6 0. ..... . ..... . ........... . .. . . .. ..... 27 

(c ) Hydr aulic j um p i n t he t unnel at reservoir level 135 0 ...................... .. ............ 27 

(d) No jum p in the tunnel at r eservoir 13 56 w ith adequat e a ir flow at gate sha ft ...... . ........ 27 

(e) J um p loc at ed ups t rea m of centr a l g at e s haft ............................. . ............. 27 

2 6 Tunne l - D ivers ion - Air demand at intake fo r g ate clos ur e i n unison . . . . . . . . . . . . . . . . . . . . . . . 28 

27 T unnel - D ive rsion - Air demand downs tre a m fr om intake gates .............. . ....... . . . .. 28 

28 Tunne l - D iver s ion low press ures on intake wall a t 70 pe r cent uni form g at e ope n ing . . . . . . . . 29 

29 Tunne l - D ive r s ion low pressur 2s on pie r at 70 percent uniform gat e opening . . . • . . . . . . . . . . . 29 

3 0 Intak e g ates 60 pe r cent ope n................................................ . ............ 29 

ii 



F igure 

3 1 

3 2 

33 

34 

35 

36 

37 

38 

39 

40 

4 1 

42 

43 

44 

45 

46 

47 

48 

49 

50 

5 1 

52 

53 

54 

55 

56 

5 7 

58 

59 

6 0 

6 1 

6 2 

6 3 

LIST OF F IGURES (cont'd) 

T unnel 1 - D iversion air demand for separate gate closure ..... . ....... . •......... . .. . .... 

Type I deflector - original des ign , reservoir level 1200 , Q = 8 1 , 6 00 cfs , tail water 
level 1 1 0 l ........• . ........ . .................................. . ......•..••........... 

Type I deflector - original design , reservoir level 1262 , Q = 1 08 , 300 cfs, 
tailwater level 1105 ..•.••• • .......•........•......•.... . •....... .. .......... .... . .. ... 

T ype I deflect r - original design , reservoir level 1365 , Q = 140 , 600 cfs , 
tai l water l evel 1107 .....••..•.......... .. . .. . . • . ..... .• .......... . •..••.............. 

T y p e I deflector - original design , reservoir level 1456 , Q = 163 , 000 cfs , 
tailwater level 1108 .. . ••••...•..••....•...•.• , •• , •••.... .. .. . ....•• • . ••. •... . ... . .... 

T unnel l - D ivers ion outlet deflector ................. ... . .. .......................... . . 

R ecommended deflector, modified T y pe I, reser voir level 1 200 , Q = 81, 600 
tail water level 110 0 ... ..•..••...•....•..••. ••••••...• .. . ..•....•.•..•.......... . • . .. . 

Recommendec deflector , modified Type I, reservoir level 1258 , Q = 107 , 000 cfs , 
tai l wa t er level 1109 ....••••.•....•.. , . . ..• . ...... . ..........•...••. , • .. .. . ........ .. . 

Recommende deflector , modified T ype I, reservoir level 136 1, Q = 139 , 500 cfs , 
tail wat er level 111 5 ...........•..• . ............•...••............. , ••••..•...... . .... 

Recommended deflector , modified T ype I, reservoir level 1462 , Q = 164 , 000 cfs , 
tail water leve 1 l 11 6 . ....•...••.......•......... . ... , •......... . ...• . ... . ............. 

Inta ke vertical shaft and trans ition for T unnel I - P ower •..... . ...............•......... . . 

Installation of the vertical shaft , transition and trash rack structure inside the head box .. . . . 

Central gate section for T unnel l - P ower ... .. ...... ..................... .. ........ . ... . 

Adj ustable control at the tunnel outlet. .......•........•............. , .................. . 

T unnel - P ower - P ower intake shaft piezometer location .... . ................. . . . ..... . 

Tunnel - P ower piezometer locations ...........• . ....•.•............•................. 

T unnel - P owe r central gate section piezometer location ..... •. ..... . . . ....•...... . ..... 

T unnel - P ower pressure heads in vertical intake and transition ....... ........ ......... . 

Flow at the central gate during emergency closure . Gate opening 5 per cent , 
reservoir elevation 155 1, Q = 12 , 500 cfs . . , ....•........•..........•.••.............. . .. 

Completed n1odel of Tunnel 3 .... . ...................•.................................. 

Intake to T unnel no . 3 and the transition to t he circular tunnel .. .. ... ...... . ..... . ........ . 

Bifurcation and radial gate st r ucture .... , .... . .... .•.... ............... .....•. .... ...... 

T unnel 3 - Intake piezometer locations .......... ... • •... .......... ......•.... .... ....... 

T unnel 3 - T rans i tion downstrea m from intake piezometer l ocations . ... ..... ............ .. . 

T unnel 3 - C nt ral gate section piezometer locations ..... ........... , ..•....• ......... . ... 

T unnel 3 - Transition downstream from central gate section piezometer locations .......... . 

Tunnel 3 - P iezo1neter locations ...........• . .....•............. . ...... , .....•.......... 

T unnel 3 - Bifurcation and transitions piezometer locations ........... . . ........... . ..... . 

T unnel 3 - Stilling basin and rad ial gate chamber piezometer location .. .............. . .... . 

T unnel 3 - D isc harge rating c ur ve ......... . ................. . . . .....•.....•.. , ........ . 

T unnel 3 - Energy gr adients .......... , .. , ......•.....••..............•........ . ....... 

Flow i n T unnel 3 downstream of gate c hamber , r ight gat e closed , le ft open 75 percent ...... . 

Vie w of the f i ns c r eat ed in t he r a d ial gat e c hamber .................... , ...•.•......... . .. 
i ii 

P a g e 

30 

3 1 

3 1 

32 

32 

33 

34 

34 

34 

34 

35 

35 

36 

36 

36 

37 

38 

39 

39 

40 

40 

40 

4 1 

4 2 

43 

44 

45 

46 

47 

4 8 

49 

5 1 

5 1 



LIST OF FIGURES (cont'd) 

Fig~ Page 

64 T h e fin was eliminated in Scheme A . . . • . . . . . . . . . . • . . . . . • • . . . . . . . . . . . . . . . . • . . . . . . . . . . . . . . 52 

65 P ressure heads on the chute floor . . . . . . . . . . . . . . • . • . • . • • . . • . . . • . . . . . . • . . . • . . . . . . . . . . . . . . 52 

66 Flow in the chute with the original wall . Q = 111,000 cfs . . • . . • . . . • . . . . . • . • . . . • . . • . . . . . . . . 53 

6 7 Divider wall length reduced to 207 feet . . . . . • . • . • . . . • • . • • . • . . . • • . . • . . . . . . • . . . • . . . . . . . . . . . 53 

68 Divider wall removed. Note formation of fin at the center • . . . . . . . . . . • • • • • • . • • • . • . . . . . . . . . 53 

69 Flow through one side only . Divider wall length 207 ft ..... .. ..... . . . ...... . ... . ....... . .. 53 

70 Tailwater rating curves .....•.•.. . ••.. . ..••. . •• . •.••••.•......• . ..•. • . . •. • , . • . . . . . . . . . 54 

71 (a) Hydraulic jump in the s tilling basin at tailwater 11 09 . Reservoir El. 1300 
Q=71,000cfs ...••••.•.•.•..•...... •.. .• . ..•.• • •.•• . •.••.........• . .... .. . • ...... 54 

(b) Hydraulic jump in the stilling basin at tailwater 1095 , Reservoir El. 1300,,.... ... . .... 54 

(c) Scour downstream of basin ... • .. , • • ,. , ,,,,. , ..•.. , .. . ,........... . ....... . ...... . .. 55 

72 (a} Hydraulic jump in the stilling basin at tailwater 1114 . Reservoir El. 1425 
Q = 93 , 000 cfs . . .•..•• , .. . .. • . •. • , , . , .. . , • , •.• , .•... . .....•.... . . . ...••.. ..• . . . . . . 55 

(b) Hydraulic jump in the stilling basin at tailwater 1097 ,,., . . , ,. , . , .• , ••• , ••• ,, •. , ... . . ,. 55 

(c) Scour downstream from basin . . . , .•• , , . • , , , • , .. , .. , . . . . . . . . . . . • • • . • . . . • . . . • . . . . . . . • 55 

73 (a} Hydraulic jump in the st illing basin at tailwater 111 1 , Reservoir El. 1550 
Q = 111, 000 cfs . .• •.•• • .. . •. • •• • . .. . • . ...•... , , , •• , .•.....• • ..••••.. .. ...•. . ...... 56 

(b) Hydraulic jump in the stilling basin at tailwater 11 04 , R eservoir El. 1550 ............ . . 56 

(c} Hydraulic jump in the stilling basin at tailwater 1098 . R eservoir El. 1550 ... , ... . . ... .. 56 

(d} Scour downstream from the stilling basin at tail water 1098 ...... , . , ••••••.••...• , . , . . . 56 

74 Hydraulic jump profiles .. , , . , . , . , .. , , , , , , ...• , , , , . , • , , , , ............ , ...•....... . ... . . 57 

iv 



Table 

2 

3 

LIST OF T ABLES 

Page 

Model prototy pe scale scale ratios , , , , , . , , , , , , , , , , , , , , , , , , , , , , , , . , . , , , ..••.. , . . . . . . . . . . 8 

Model loss coeffic ients for Tunnel no. 1 - Diversion,,,,,,,,,,,,.,, .. ,,,, .. ,.,........... 26 

Model loss coeffic ients for Tunnel no . 3 , .. ,,.,,,,,.,,,.,,,.,,,.,,., .• ,.,,,,,., .... ,.... 50 

V 



SUMMARY 

Hydraulic model studies were performed for 
the tunnels of the Tarbela Dam to be used for 
diversion, power and irrigation . Specific studies 
were made on entire models of Tunnels l and 3 and 
portions of Tunnel 4 . 

Tunnels l and 2 will operate satisfactorily 
for diversion as designed excepting that a slight 
modification to the outlet deflector is suggested . 1 

The modification involves increasing the height of 
the wall by 15 feet and increasing the angle of 
deflection a slight amount to keep the jet away 
from the stilling basin of Tunnel 3. If the three 
intake gates are closed individually , large un-
balanced forces will develop across the piers in 
the intake; these forces will be avoided if the gates 
are closed in unison. Air vents are suggested at 
all intake gate chambers to prevent low pressures 
from developing in th'e tunnel during gate closure . 
The temporary flow ceiling in the tunnels below 
the vertical power intake shafts need not be con -
structed from the viewpoint of hydraulic conditions. 
Tunnel I will operate satisfactorily as a power 
tunnel. When the service gates in the central gate 
c hamber are used to shut off the flow under emer-
gency conditions , large unbalanced forces will 
develop across the pier in the gate c hamber if the 

gates are closed individually but will be avoided 
if they are closed in .unison. 

Tunnels 3 and 4 are satisfactorily designed 
and will operate effectively provided the radial 
gates are closed or opened nearly in unison . If 
one gate is full open while the other is half open, 
a local cavitation area will develop at a point near 
the crotch of the bifurcation. Provided the radial 
gates have nearly the same opening and are opened 
or closed nearly simultaneously, low pressure will 
not develop . 

The walls immediately downstream from the 
radial gates should be constructed as shown in 
Scheme A (Figure 4) to prevent water fins from 
developing at the wall and causing spray into the 
gate c hamber and over the walls of the chute . The 
divider wall of the chute may be omitted, for it had 
no effect on the hydraulic jump in the stilling basin . 
The chute curvature was satisfactory . The stilling 
basin performed satisfactorily for all reservoir 
levels below 1425 and was indeed satisfactory also 
at maximum reservoir level of 1550 from the stand -
point that scour at the end of the basin was not 
enough to endanger the structure . The model 
cons truc tion, and details of the tests performed 
are described in this report. 

Decision to include construction of the first stage of the powerhouse concurrently with the dam was 
made after completion of these tests a nd resulted in elim ination of the outlet deflector . 

vi 



I. IN T RODUCTION 

2 
General Description of P ro j ect 

T d.rbela Dam, proposed for construction on 
the upper Indus in West P akistan, is a major feature 
in the system of works implementing the I ndus 
Waters Treaty and the Indus Basin Development 
Fund Agreement of 1960 . T he dam site is some 29 
miles upstream from the Attock bridge , which is 
about midway between Rawalpindi and P eshawar in 
the northern part of West P akistan . In its initial 
stage , the project will provide 6 . 6 MAF of live 
storage on a river where the average annual unregu -
lated flow is 6 1 MAF. It will be the first step in a 
long-range plan to develop extensive off-channel 
storage. It will also make possible an ultimate in-
stalled hydroelectr ic generating capac ity of 
2 , l 00 , 000 KW. 

The dam , shown in Figure 1, cons ists of an 
embankment across the 9, 000-foot width of the 
n :ain river valley , a group of 4 tunnels in the rock 
of the right abutment to provide for irrigation re-
leases and future power , two saddle spillways cut 
through the rock of the left bank and discharging 
into a side valley, and two auxiliary em bankment 
dams to close the upstream end of the side valley . 

The Tarbela reservoir will ha ve an ultimate 
gross storage c apacity of 11 . 1 MAF (elevation 1550) 
and a c apacity at t:,e assumed minimum drawdown 
of 1 . 8 MAF (elevation 1300), leaving a net usable 
capacity of 9. 3 MAF . In the case of 2-stage con -
struction , the initial stage would provide a net usable 
c apacity of 6.b MAF (elevation 1500) upon completion. 
The assumed minimum level of drawdown , elevation 
1300 , will pro vide a depth of 200 feet of water at the 
dam. The full reservoir depth will be 400 feet for 
stage I and 450 feet for the completed project . 

The main embankment dam will be constructed 
using material excavated from the spillway c hannel 
and from t he tunnels and d i version channel; additional 
material required will be obtained from nearby 
borrow areas . The two saddle spillways on the left 
bank will have conventional overflow crests with 
radial gates and will d:scharge into c hannels leading 
to the large excavated c hannel along the natural side 

valley , t he Dal Darr a, whic h r eturns t o t he main 
Indus d ownstream of t he dam . The t ot a l s p illway 
capacity will be about 1 ,400 , 0 00 cfs a t full r eser-
voir level for both stages of construction . 

T he four tunnels will follow a cur ved align -
ment through the rock abutment at t he right end of 
the dam . They will ser ve for river d iversion during 
the final stage of const r uction, and ult imately for 
power and irrigation releases. Tunnels 1 and 2 , 
closest to the river c hannel, will be reserved for 
future power; each tunnel will serve a group of 4 
turbines and generator s, each of 175 , 000 KW capa -
city. As initi a lly constructed , the tunnels will be 
concrete lined throughout; later, when the power 
units are installed, they will be lined with steel 
downstream of the gates , located in mid-tunnel 
shafts . Tunnels 3 and 4 will be used for di version 
during construction and later for irrigation releases . 
Eac h will be equipped with shut-off gates in a mid-
tunnel shaft and with a Y-branc h leading to a pair 
of radial c ontrol gates at the outlet . T hese tunnels 
will be conc rete lined upstream and steel lined 
downstream of the shut-off gates . T unnel 3 will 
eventually be converted to serve tre third stage of 
power development. 

Description of the Tunnels 

The geometric alignment of t he four tunnels 
in plan and their relative location one to another is 
shown in Fig . 2. The relative location of the tunnels 
with respect to the dam can be seen in Fig . 1 . P ro -
files of the tunnels to indicate slope and some details 
are also given on Fig . 2 , while furt her dimensional 
details of the intake structures , gat e sections , tran-
sitions, and outlet works are given in Figures 3 and 
4. 

The tunnels are numbered 1 through 4 top to 
bottom , on Fig . 2 (left to right as viewed by an 
observer looking down str eam) and t he meth od of 
reference to the various tunnels hereafter in this 
report will be by numbers , for example as tunnel 3 . 
All the tunnels are essentially parallel in horizontal 
alignment , although they vary in diameter and in 
slope . 

2The proj ect is described as conceived prior to comp letion of t he work covered by t h is report, i . e ., as t he 
first stage of a two-stage project . Subsequently, the c oncept was changed to include immediate construction 
of the dam for full reservoir level (El. 1550) and of the portion of the power plant served by T unnel No . 1, 
resulting in c hanges in some of the features described herein . 
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The divers ion intake structure to Tunnel 1 
(see Fig . 3; identical for T unnel 2) is 73 . 5 feet wide 
and 75 feet high at the e ntrance . The floor of the 
intake is level at elevation 1089 . 5 feet. 3 There are 
three vertical fixed - wheel gates with net openings 
13' 6 11 wide by 45' high in the intake structure which 
will be used to close the diversion tunnel. 

The gate shafts are sealed at elevation 1194 
and air vents will be conn ected to the gate c hambers. 

The 36 - foot diameter vertical shaft which will 
form the permanent intake for power will be sealed 
by a hemispheric bulkhead at the entrance , elevation 
1225 . The plans provide for construction of a tem -
porary roof between the vertical s haft and the hor i-
zontal tunnel at the intersection, wit h holes in the 
roof to enable equalization of pressur e above and be-
low. P ossible need for this roof was subject to 
model investigation . 

The size of all tunnels extending from the 
entrance struct ures to the central gate c hamber is 
45 feet in diameter with a ppropriate transitions for 
c hanges in shape from circular to rectangular or 
vice versa . Downstream from the gates Tunnels l 
and 2. are 48. 5 feet in diameter which will be reduced 
to 4 3 . 5 feet by installation of steel liners when t he 
power pla nt is constru cted . Tunnel 3 is 43. 5 feet 
in diameter and T unnel 4 is 36 feet in diam eter . 

Outlet constrict ions are contemplated for 
Tunnels 1 and 2 to prevent negative pressures along 
the crowns of the tunnels near the portals and de -
flectors are considered essential to deflect t he flow , 
especially at T unnel 2, to p rotect the base of the 
stilling basin wall of T un nel 3 from scour . O.itlet 
str.ictures, ty pes I and II shown in Fig .. 3 were sug-
gested for study in the model. Other possible 
arrangeme nts were to be included in studies with 
the general river model in P akistan . 

The ce ntral gate c hambers house two vertical 
lift service and two emergency bulkhead gates in 
all the tunnels . The gates , gate slots , and cente r 
wall in Tunnels 1 and 2. will be c onstru cted after the 
diversion is completed and conversion is made to 
power tunnels. All service gat es and bulkheads have 
net openings 13' 6 11 wide by 45' high . The se r vice 
gates are designed to close against the flow, while 
the bulkheads will c lose only under balanced pres -
sur e conditions . 

Radial control gates will be r equired at the 
outlets of Tunnels 3 and 4 to r egulat e the d ischarge 
and in order to keep the ir sizes within reasonable 
proportions t h e flow in e a c h of these tunnels will be 
divided by a wye branch at the outlet . E ven so , the 
radial gates will be 16 fee t wide and 24 feet in ver -
tic al heig ht. Two s c hem es were cons idered for align-
ment of walls in the radial gate structure in relation 
to the walls of the tunnels. Both schemes are shown 

in Fig . 4. I n Sc heme A a nearly in - line arrangement 
is s hown with gate slot s for the radial gates , while in 
Scheme B the walls wer e offset by 2 . 5 ft . 

D ownstream from the radial gates , stilling 
basins of very large sizes will be r equired to dis -
sipate the energy . The c hute length in the approach 
to the stilling basin is 390 feet with a divider wall 
to permit gradual merging of the flow from both legs 
of the wye branch. The stilling basin itself i s 2.50 
feet long with walls l 07 feet hig h. There is a square 
e nd-sill 14 feet high at the end of the stilling basin. 
Variation in length of the c hute divider wall was in-
vest igated in the tests . The results were c oordinated 
with those from Nandipur , where a model of the 
two stilling basins and exit channel was operated 
c oncurrently with the tests descr ibed here in . 

Propos ed Tunnel Operation 

R iver diversion through the tunnels will oc cur 
after the wet season of the year in which the f i nal 
portion of the main embankment i s to be completed. 
The gat es of the buttress structure shown in Fig . 1 
will be lowered , closing the last remaining water-
way in the river valley and forcing the flow into 
Tunnels l and 2. . P rior to this time, T unnels l and 
2 will have been c om pleted , incorporating the rive r -
dive rsion features described earlier; Tunnels 3 and 
4 will have b en com pleted in their final form; and 
a plug of rock temporarily closing the tunnel entrance 
channel will have been removed. 

D uring the diversion period , eac h of the 
Tunnels 1 and 2 will remain open until its diversion 
capacity is no lo nger n eeded . At that time it will 
be closed, and it will remain closed the r eafter . As 
the season advances , both the anticipated flood flows 
to be carried by the t unnels and the c apacity of the 
tunnels will vary . Immediately after diversion , the 
antic ipated peak dry season flows will be relatively 
small, but t he available head on t h e tunnels a nd 
reservoir storage will also be small . As t he em -
bankment closure section rises, the four tunnels 
will be capable of passing increasingly greater 
reservoir inflows because of the increase in avail -
able head and stor age . By the beginning of the wet 
season , the capacity of the four tunnels will have 
increas ed enough to pass safely the muc h greater 
wet season flows anticipated. By the middle of the 
wet sea son , the four tunnels will provide sufficient 
excess diversion capacity to permit the final closure 
of first one, and then the other of T unnels 1 and 2. 

Early closur e of these tunnels and judicious 
operation of the gates in Tunnels 3 and 4 will make 
p oss ib le significant storage of water during the 
pe riod preceding full completion of the embankment . 
A procedure has been devised to determine the e ar-
liest dates on which the closure m ay be effected with -
out e ndangering t he uncomplet ed dam . Th is pro-
cedure is to be applied in the field and will take cur-

3 All e levations or levels expressed in numbe rs in this report will be understood to have the dimensions of 
feet whether or not it is explicitly stated. 
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rent c onditions of reservoir level and e mbankm e nt 
height into account in scheduling the closur es . The 
highest reservoir level that may occur before the 
diversion tunnels are closed is elevation 1500, 
approximately . 

After final closure, Tunnels 1 and 2 will be 
pr e pared for their ultimate use. The diversion in-
takes will be sealed off; the central gate s tru c tures 
completed , and the ver tical intakes opened. Tunnels 
3 and 4 will ontinue t o be operated to furnish water 
for irrigation. 

Sc ope of the Model Study 

The purpose of the mod el studies was to in-
vestigate the hyd rauli c c onditions within the tunnels 
for the entire range of possible discharges and 
velocities . The objectives for the different tunnels 
are listed separately below: 

A. Tunnel No . l (Tunnel o. 2 similar) 

1. Diversion (with flow ceiling below the 
vertical shaft) 

(a) Determine through visual obser-
vation, photographs , and pressure 
data the flow c haracteristics 
throughout the tunnel for the range 
of exp ected disc harges . 

(b) Measure low pr essur es if any , on 
the boundaries . 

(c) Determin e t he most s uitable clo -
sure sequence of the diversion in-
take gat es . 

(d) Measure the air demand in the 
model at t he intake gate s haft s . 

(e) Determine the m ag nitude of t he 
unbalanced pressures on the piers 
within the intake structure . 

(f) Calculate the form loss coefficients 
at the entrance and at changes in 
cross-section of the tunnel . 

(g) Study the effect of outlet constric -
tion at the tunnel portal and the 
deflector . 

2. Diversion (with flow ceiling removed) 

E valuate the flow conditions at the 
junction of the vertical s haft with t he 
horizontal tunn el during diversion and 
gate closur e . 

3 . P ower 

(a) Investiga te possible low pressur e 
areas on the walls of the ve rti c al 
shaft and tran s ition to t he horizontal 
tunnel . 
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(b) Study hydrauli c conditions at all 
tunnel se ctions and in parti cular 
at the central gate structure during 
norm a l operation of the powerhouse, 
during failure of a penstock, and 
during emergency service gate 
closure. 

(c) Determine the magnitude of pres -
sure differences across the pier 
in the central c hamber during un-
equal service gate closure . 

(d) Determine form loss coeffic ients . 

B. Tunnel No. 3 

Irrigation 

(a) Observe flow c onditions and 
measure pressures through the 
tunnel for the full range of ex-
pected discharges . 

(b) Measure low pressures within the 
intake structure, transitions, and 
sections involving changes in 
geometry . 

(c) De termine magnitude of differ-
ential hyd raulic pressures at the 
pier in the central gate structure . 

(d) Determine form loss c oeffic ients. 

(e) Measure press ures in the bifur -
c ation with equal , and various 
c ombinations of unequal flow. 

(f) Determine whic h of the two alterna-
tives proposed for the walls beyond 
the radial gate will be mos t 
satisfactory . 

(g) Investigate performance of the 
c hute and stilling basin . 

C . Tunnel No . 4 

Irrigation 

D et e rmine possible differences in flow and 
pressure c onditions at the bifur c ation du.e 
to c hange in d iamete r of the tunnel from 
43. 5 ft in Tunnel 3 to 3 6 ft in Tunnel 4 . 

Chronology of Model T ests 

The mod e l was designed to utilize the same 
head box and tail box arrangeme nts for t esting all 
tunnels . The intakes for the diversion and powe r 
phases on Tunnel l were mode led separately, and 
later when observations for both phas es we re satis-
factorily completed , the two intakes were joined to 
investigate the effec ts of e lim inating the temporary 
roof at the junction of the vertic al s haft with the 
hor izontal tunnel. 



Tunnel 1 for diversion was tested initially . 
The com plete t unnel as designed was assembled 
prior to obtain ing a ny test r esults . When t he tests 
wer e c ompleted the tunnel was c hanged to represent 
the power phase without inclusion of the pow er plant 
or manifold to the turbines. The d isc harge was con -
trolled by a restric tion at the tunnel outlet . 

The c omplete arrangement of Tunnel 3 was 
tested next including the radial control gates and 
the stilling bas in, followed by tests to determine 
the effects of the tunnel diamete r change for Tunnel 
4. At the com pletion of these studies the combined 
diversion-power intake for Tunnel 1 was installed 
and tested . 

Evaluation of all model data obtained from 
tests along with tests and re-runs, additional testing 
and verification of data were accomplished with min -
imum down-time resulting from model changes . 

Selection of Scale and Model Criteria 

Similitude in the sense used here is the indi-
cation of full scale phenomena based on smaller 
models. Since the objectives of the models were 
to develop kinematically and dynamically similar 
flows to the prototyp e , it is clear that geometrical 
similarity must be maintained. Dimensional analysis 
will show both Froude and R eynolds number s to be 
dominantly important for the objectives of this study. 
For instance , in the open c hannel flow aspects of the 
model the effects of the Froude number are more im-
portant than those of the R eynolds number, but fo r 
closed condu it flow the reverse is true. It is not 
possible to achieve co nforman ce of both Froude and 
R eynolds numbers sim ultaneously , for a fluid does 
not exist which provi d es the required ratio of density 
to viscosity. The r efore , it was necessar y to select 
the Froude criterion in determining the geometric 
scale with the knowledge that some scale effect s, 

that is, departure from stric t dynamic similitude , 
would exist within t h e confines of the tunnel under 
full flow . 

Analysis of several model scales from con -
siderations of the nature of the data required, con -
ditions of flow , laboratory space and economy of 
cost indicated that a model-to-prototype ratio of 
about 1: 70 was most feasible . The actual scale se -
lected for all models in this study was 1: 69 . 6 . This 
scale was determined by the available sizes of 
commerc ially manufactured cast a crylic resin tubes 
which were used to represe nt the different diameter 
tunnels. 

With reference to the scale effect mentioned 
ear lier , the greater wall roughness in the plastic 
pipe as compared to the theoretic ally scaled rough -
ness of the concrete and steel lined walls of the pro -
totype created head loss es that were greater in the 
mode l as compar ed to the prototy pe . T o adjust for 
this greater head loss, it is possible to reduce the 
length of the model tunnel, or to increase the slope 
of the tunnel as compared to the prototype , or to use 
a combination of the two methods . It is to be noted 
however in passing, that whichever method is utilized, 
the adjustment ser ves only a small range of dis-
charges because a single adjustment cannot account 
for c hanging wall friction factors with R eynolds num-
ber in the full range of discharges. Since it did not 
appear practical in this study to reduce the length 
of the model tunnel without affecting the distribution 
of velocities within the tunnel, the model slope was 
increas ed . Two slop es were utilized in the tests of 
the diversion phase of Tunnel 1 to reproduce flows 
for a dis c harge range of from 110 , 000 to 140 , 000 
cfs (s lope . 01 14) and from 10,000 to 40 , 000 cfs 
(slope . 003) . No slope adjustment or tunnel length 
adjustments were m ad e for Tunnels 3 and 4 , Some 
characteristic ratios between model and prototy pe 
are given in Table 1 at the selected model scale . 

TABLE 1 

MODEL-PROTOTYPE SCALE RATIOS 

Parameter Scale Ratio Absolute Magnitud es 
Function of Numerical 
t he L ength Ratio Prototy pe Model 

Length L 1: 69. 6 1 ft O. 1 72 in . r 

Ar ea L 2 1 :4844 1000 ft 2 0 . 206 ft 2 
r 

Velocity L 1 /2 1:8 , 343 1 ft/sec 0.120 ft /s ec r 

Disc harge L 5/2 1 :404 13 100 , 000 cfs 2 . 474 cfs r 

Time L 
1 /2 1 :8 . 343 1 min 7 . 19 sec r 
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II. TUNNEL NO . 1 - DIVERSION 

Mod el Construction facilitate visual flow obser vations . T he curved wall 
sections of the intake structure w e re heat mold e d 

The general limits of the model for Tunnel 1 
are shown in Fig. 5, where the overlapping limit 
lines r es ult because T unne l s 1, 3, and 4 were 
modeled individually and the same model head box 
and tail box arrangements were used. Only signifi-
cant segments of the reservoir and downstream river 
bed were included in eac h model. Dimensions of the 
model facilities and actual laboratory arrangement 
are given in F ig . 6 and a p hotograph of t he com pleted 
construction of the model for Tunnel 1 i s added in 
Fig. 7 to assist t he reader's perspective and apprec-
iation of physical model size. 

The he ad box was constr ucted of plywood and 
waterproofed with fiberglass lining . The insid e 
dimensions were 10 ft wide by 10 ft long and 8 ft 
deep. P lexig las s windows were installed in portions 
of two adjacent walls (see Fig. 8) to facilitate vis ual 
observation of the intake mod els for diversion and 
power which proj ected into the head box. 

The tail box was c onstru cted to the size indi-
cated in Fig. 6. The areal extent of the box repr e -
senting corresponding areal coverage of t he river 
was cons idered sufficient to provide effec tive control 
of the river tail water level. It was not deem ed 
ne cessary to include a greater area of t he river be-
caus e simultaneously with t his model , studies were 
being conducted on a general river model in Nandipur, 
Pakistan , wher e more real isti c relative effects of 
tunne l discharge and river flow could be investigated. 

Water was supplied by a 14 inch turbine pump 
to the head box. The reservoir water level was reg-
ulated by an 8-inch bypass at the pump and an 8-inch 
control va lve at the head box . Thes e features are 
indi cated in Fig. 6. A rock baffle was utiliz ed to 
develop uniform approach conditions to t h e tunnel 
intake . Topography of the approa c h c hannel to the 
intake within the reservoir was not reproduced in 
the model. The ve locity of approach flow in the 
head box was designed to be small to be assured that 
no artificial effects would be c reated in t h e model to 
influence the r esults . Discharge measur ements 
through the tunnel were made with a cal ibrat ed 120 ° 
weir i n a weir box placed downstr eam of the tail box. 
The tail water, or downstream river level was c on -
trolled by a hinged gate at the entrance to the weir 
box . 

The diversion intake , gates, transitions, and 
tunnels were constructed w ith clear plexiglass to 
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to shape over templates which were modeled care-
fully to the prototy pe dimensions given in Fig. 3 . 
The piers, gates and all straight sections were 
machined from solid p ieces of plexiglass stock. A 
view of the completed intake model and transition as 
attached to the head box is shown in Fig. 9. T h e 
horizontally curved c i rcular tunnel sections were 
molded from straight cast acrylic p lasti c tubes. T h e 
tubes were filled with hot oil and by controlling both 
pressure and temperature, the tubes were molded to 
desired curvature within a preformed exterior plas -
ter of par is mold. 

The outlet deflector for T unnel 1 was c on-
structed of wood and coated with a thin layer of fiber -
glass resin for protection from water . In general , 
all wood surfaces exposed to water were treated 
with fiberglass r esin . 

The locations of the many piezorneters used to 
meas ure pressur es at the boundaries along the tunnel 
are shown in the following figures: 

Figure 10 - piezometer locations in the diver-
s ion intake wall. 

Figure 11 - intake pier pi ezomet er locations . 

Figure 12 - locations along the centerline of 
the intake. 

Figure 13 - piezometer locations in the intake 
trans it ion. 

Figure 14 - piezometer locations along the 
tunnel. 

Figure 15 - piezom ete r locations in the centra l 
gate section and the adjoining 
transitions. 

After testing was completed on the power in -
take (described here ina fter}, the vertical shaft of 
the power intake was j oined with the diversion intake 
structure as s hown in Fig. 16 to make a new model 
to determine the effects on the flow in the tunnel with 
the ceiling removed. The vertical shaft was sealed 
at the top by a flat plat e rather than with a hem is -
pheric bulkhead , but the difference would not have 
any effect on the tests. A petcock was attached to 
the plate to permit release of air trapped in the 
vertical shaft . P iez omet e r s were instal] 2d at spe-
c if ic locations given in F ig . 17 to measure pressures 
in t h e c rown of the tun nel downstream of the junct ion. 
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P,ezomeler Elevalion 
Number In Feet 
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LOCATION 
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FIGURE 13 TUNNEL I - DIVERSION INTAKE TRANSITION PIEZ OMETER LOCATIONS 
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ELEVATION 
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DIVERSION 
IN T AKE 

Fig . 16 . Arrangeme nt of t he combined di version and vertical 
powe r shaft model with ceiling r emoved for Tu nnel 1. 
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Model Tests and R esults 

Description of Flow Conditi ons - W ith Ceiling -
Measured model disc harge curves for the diversion 
stage of Tunnel 1 are shown in Fig . 18 . The curves 
are identified for the two different tunnel slopes used 
in the model as exp lained previously . T he curves 
a pp ly only to t he model and should not be used d i -
rectly to pr ed ict pr otot y pe disc harges . Th ey are 
included here so that the reader may better relate 
discharge to reservoir elevation or vice versa when 
only one quantity is mentioned in the following dis -
cussion . 

t;: 
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i:: 
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"' 

15/Xi 
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NOTE: Numb ers beside points 

mdicale run numbers 

1050
0 20 4 0 60 8 0 100 120 140 /60 /80 200 

OISCHARGE IN 1000 CFS 

FIGURE 18 TUNNEL I DIVERSION MODEL DtSCHARGE CAPACITY CURVES 

In the t e sts with the m od e l t u nnel s lope at O. 00 3, 
whic h m or e c los e ly r e present s t he prototyp e tunn e l 
slope of the two slopes t est ed, ope n c hanne l fl ow was 
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rr.aintained throughout the 1 ngth of the tunnel so long 
as t he reservo ir surface level was below elevation 
11 35 . P ictorially , a sequence of photographs in 
Fig . 19 s hows flow in the tunnel from the intake , 
Fig . 19( a), to the outlet , Fig . 19(d) . The reservoir 
surface was at elevation 1127 and the discharge was 
l 7 , l 00 cfs. Surface waves were gener ated in the 
transition downstream of th intc1 ke , as seen in 
Fig . 19(a) caused by the rap id c hange in geometry of 
the invert from rectangular to circular . The waves, 
although relatively large in amplitude, did not create 
concern either at that section or farther downstrean. 
in the tunnel. T he shape of this transition was 
necessarily peculiar in form because it was designed 
for adaptation to both the diversion intake in the first 
stage a nd to the power intake in t he second stage of 
construction . Thus for the transition, hydrau lie 
flow conditions alone could not govern the s hape. 
Since no serious diffic..1lties co..1ld be conc eived to 
arise because of the presence of waves , and since 
structural and construction problems would arise 
with changes in transition geomet r y , modification 
was n ot attempted . It can be seen in Fig . 19(b) that 
the surface waves were damped before redching the 
central gate chamber and the flow surface was rela-
tively smooth through the transition upstrean, of the 
gate chamber . Waves of smaller amplitude were 
again generated at the downstream transition fron , 
the gate chamber but no problem was created . 

At reservoir levels greate r than 1150 , the tun -
nel flowed full . Vortices were created in the reser-
voir a t nearly all levels which submerged t he intake , 
but des pite small amounts of air entrained no prob -
lems a rose from these vortices . P eculiarities in 
flow occurred in t he model for reservoir levels be -
tween 11 35 and 11 50 . When the reservoir level rose 
above elevation 11 35 and filled t h e tunnel entrance , 
the out let of the tunnel also fi lied because of the 
constriction there while in the remainder of t he 
tu n nel there was free surface flow . Gradually as 
t he r eservoir leve l increased , fl ow at sect i ons of t he 
tu nne l a lternately filled the t unne l and broke fr ee 
from t he crown and t he undulatio n caused a ir to be 
admitted at the inta ke which was t rapped along the 
crown of the tunne l and conveyed downstrean1 with 
the fl ow to the gate c hamber and released . T his un-
d..1lat ion a lso occu r red between t he gate cham ber a nd 
t he o..1 tle t . The fr equ e ncy of und ulat i on a lt h oug h n ot 
me a s ur ed was sma ll , and was vie wed to be mor e of 
a phe n omenon t han cause for concer n . 

Description of Flow Conditions - Without Ceiling -
The flow condition with a nd without t heflow ceil ing 
was t h e s a me whe n the tu nnel d id not fl ow fu ll . At 
r eser voir leve ls gre a t er than 115 0 , whe n t he tunne l 
was f i lled , air was tra ppe d in the v e rti cal s haft as 
s hown in F ig . 20 . T he r e was l ittle t ..1 rb ..1lent motion 
wit hin the verti c a l shaft as evidenced by t he smooth 
water s ur face i n the photograph . Whe n the air was 
rel eased thr oug h the pe t c oc k at the top r e pre senting 
a ve nt to be ins tall e d in the protot y pe , the ve rti cal 
s haft was fill e d as t he r e s e r voir l e vel r ose , a nd 
t h e r e was e s sentially s m ooth flow in the tunnel a s 
the static wate r in t h e v e rti c a l s haft fo r m ed a fluid 
ceili ng a t the j u nction . 



Fig . 19(a) Flow through intake and transition . 

Fig . l 9(b) Flow upstream of central gate c hamber. 

Fig . 19( c ) Flow downstream of central gate chamber , 

Fig . 19( d) Flow at tunnel portal . 
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Fig . 20 . Flow with ceil ing removed . 

Pr<ccssures, With Ceiling - Pressures measured at 
various points along t h e tunnel wall were positive 
for the entire range of dis c harges. Significant 
model data for the tunnel are included in Appendix A, 
tables A-1 through A- 3, at the end of this report . 
To better visu alize the magnitude of the piezornetr ic 
heads in the tunnel , piezorneter gradients are plotted 
in Fig . 21 at the intake wall for three reservoir 
levels of 1201, 1339.5 and 1458 (see Fig. 10 for 
piezometer locations) . In Fig . 22 piezorr:eter grad-
ients are drawn at the central gate chamber wall for 
the same reservoir levels . P ressures were positive 
at every measured point. 

Pressure, Without Ceiling - Th e piezome tric 
heads measured at the junction of the vertical shaft 
and horizontal tunnel wer e positive . Th e magnitudes 
of pressur e heads are tabulated in Table A-4 of t h e 
appendix . Press.1res were positive at all points 
measured , and in the r emainder of the tunnel t here 
was no c hange from conditions with the ceili ng. 
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Form Loss Coeffic ients , Intake Gates Open velocity at the downstream section in 
ft/sec 

The energy gradients through the tunnel 
measured at various reserv oir levels are given in 
Fig . 23 for the model tunnel slope at O. 003. Energy 
gradients for tunnel slope at 0 . 01 14 are given in 
Fig . 24 . From the cu r ves in these figures the form 
loss c oefficients were calculated and are tabulated 
in Table 2. The form loss c oefficient is as de fined 
in the equation: 

K. 
l 

2 

3 

form loss coeffic ient 

1, 2 , 3 , 4, 5 

the diversion intake 

the transition downstream of intake 

transition upstream of central gate 
c hamber V z 

d 
2g 

where 

4 

5 

gate se ction and downstream transition 

gravitational acceleration = 32 . 2 ft/se c z 

1480 

1440 

1400 

.... .., 
~ 1360 

:;, 
1320 

1280 

12 40 

1200 

head loss betw een the upstream and 
downstream sections of the appropriate 
struc ture in ft 

It is to be noted that the head loss due to friction is 
inc luded in the value of HL used to calculate the 
c oefficients . 
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Closure of Intake Gates - There are various se -
quences p ossible in closing the three intake gates. 
All three gates could be closed in unison or singly 
in any arbitrary order . 

T he n.oclel studies included n .easurement of 
air flow requir cl at the gate shaft caused by closure 
of the gates , n,easuren,ent of pressures on the walls 
of the t..mnel at selected points and observation of 
flow conditions during closure . The phys ical arrange-
ment of venturi meters used to measure air flow rate , 
and model control devices for air intake , can be seen 
in the photograph of Fig . 9 . The air intakes of the 
model were connected to a con ,pressed air source 
with a pressure regL1lator and valves to co ntrol the 
air flow . Compressed air was -1secl because the 
pressure differential created in the model was rela-
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tively small, and sufficient air cou ld not be d rawn 
thr oug h the air vents from ambient room pressures 
to represent prototy pe quantities and velocities . Use 
of com pressed air was more expedie nt than increas ing 
the size of the vents in the rr,odel . T he venturi 
meters , l /2 by 3 /8 inc h were calibrated prior to us e . 

Gate C losure in Unison - Under the proposed 
operating cond itions of the prototype tunnels des-
cribed earlier , the level of the reservoir during 
closu r e will be regulated a cc ording to field condi -
tions . Closure tests were made therefore at several 
reservoir levels in t he range from 1200 to 1460. As 
a criterion for vent design, it was decided that the 
rr,inimum pressure within the tunnel d uring gate 
closure should be minus 15 feet of equivalent proto-
type water head. 
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TABLE 2 
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6. 3 4.9 3.4 1. 9 5.9 3. 7 1. 7 o. 9 

83. 12 74. 35 64.50 48. 65 88. 74 74. 95 58.44 44. 16 
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Air was not required at any reservoir le vel un-
til the gates were approximately 75 per cent open. 4 

At about 70 percent open a hydraulic jump form ed 
downstream of the gates . Depending upon the rate 
of air flow admitted into the tunnel the hydraulic 
jump would be stationary or moving. Figures 25(a) 
through (c) show stationary hydraulic jumps with 
inc r easing reservoir levels from 1200 to 1350. By 
inc reasing the air flow rate into the tunnel , the pres -
sure within the intake above the water surface in-
creased and a moving hy draulic jump was formed. 
This condition is depicted i n Fig. 25(d} and (e) where 
the jump in Fig . 25( c} moved to the transition up-
stream of the gate as in Fig . 25( e) . 

Fig . 25(a) Hydraulic jump downstream from the 
intake gates at reservoir level 1200. 

Fig . 25(b) Hydrauli c jump in the tunnel at reser voir 
level 1260. 

Fig. 25( c) Hy draulic jump in the tunnel at 
reservoir level 13 50 . 

Fig . 25(d) No jump in the tunnel at reservoir 1356 
with adequate air flow at gate shaft . 

Fig. 25(e) Jump located upstr am of c entral 
gate s haft . 

At constant reservoir level and continuous 
closure of the gates, with proper vent sizes to the 
gate shafts , a hydraulic jump will move continuously 
downstream, and depending upon the time rate of 
c losure , the jump will be swept out of the tunnel be-
fore the gates are half closed . Air that was drawn 
through the vents was released through the central 
gate c hamb er . When the hydraulic jump moved into 
the central gate chamber, the need for air at the in-
take gate shafts ceased , 5 bec ause air required by the 
jump was supplied by the central gate shaft . 

The model data for air flow rates are given in 
Fig . 26 for gate clos ure at reservoir level 1460 . Air 
dis c harge is shown as a function of gate opening and 
pressure inside the intake structure above the water 
surface in equivalent prototype feet of head . Because 
pressure heads in the model were c onverted to proto-
ty pe dimensions , fictitious heads such as - 60, -80 
feet, etc ., c an result . These fictitious values are 
included in t he figure to lend support to the tr end 
lines drawn through the data , and the dashed line for 
-15 foot head which meets the design c riterion , was 
interpolated . It is suggested that an air flow rate of 
13,000 cfs be used for design of ve nts. 

4 
To avoid confusion gate positions in this report will always be referenced to t he open position . For example , 
agate will be referred to as being 75% open rather than 25% closed . 

5This c ondition existed in the model , but in the prototype air flow through the vents is expected differently as 
discussed on page 28 . 
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A suggested design curve for sizing air ve nts at 
regulated outlet works by the Corps of Engineers6 is 
redrawn in Fig . 27, together with laboratory results 
of studies by Kalinske and Roberts on , 7 and data from 
the present study . T he suggested design curve of the 
Corps of Engineers is the upper envelope of air de -
mand da ta taken on prototype s t ruct ures and includes 
full tunnel flow and partially full flows . Contrary to 
the present model results, air demand for the proto-
type apparently continues even a fter the hydraulic 
jump sweeps out . In general , the prototype studies 
indicated maximum air requirements at two point s in 
t he closure of slide and tractor gates . One maximum 
point was obser ved at a gate position between 60 and 
80 percent open, where the tunnel probably flowed 
full and the second maximum of lesser magnitude at 
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a gate position of about 5 percent . Undoubtedly at 
this opening free surface flow prevailed through the 
length of the tunnel , and the air demand would seem 
to be re la t ed to the s hear at the air-wat er inface 
developed by t he high velocity flow which would "pull" 
the air along with the flow . T he air - demand would 
also be interrelated with the break-up of the free sur-
face and the entrainment of air in the flow . 
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7 
Kalinski , A . A . , I. W. R obertson , "Entrainment of air in flowing water - closed conduit flow , " Trans . ASCE , 
Vol. 108 , 1943 , pp . 1435 -1 44 7 . 
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Low pressures were rr.easured at the wall 
downstream of the gates as s hown in Figs . 28 and 29 , 
during gate closure . Extreme values occurred at 
reservoir elevation 1460 and gates 70 percent open . 
Tabular value s of pressure heads are given in T able A - 2 
of Appendix A . The high velocity flow from the right 
gate and the di verging intake and pier walls with res -
pect to the flow caused low pressures to be formed in 
these areas . No other low pressure area was evident 
in the model during gate clos ure . Unbalanced pres -
sures did not xist across the piers within the intake 
structure because of balanced flow through eac h pas-
sageway . 

F low at the junction with the vertical shaft, with-
out the ceiling is shown in Fig . 30 during gate closure . 
The photograph in the figure shows the condition at 60 
perc ent gate opening . As the gates c losed and air was 
drawn into the tunnel , the hy drauli c jump extended 
downstream to the junction and the water in the 
ve rti cal shaft flowed out as air which was supplied 
from the vents rose into the s haft . The flow of water 
from the vertical shaft was gradual and appeared to 
c r e ate no problem in the flow . The pressure in the 
shaft was about the same as the pressure in the tunnel 
downstream of the gates . The hemispherical bulk -
head should be designed to withstand the total pres -
sure of the head above in the reservoir plus the 
reduc ed pressure within the tunne l. 
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Unsymmetric Gate Closure - Test results of 
various gate closure sequence was to first close the 
center gate , then either the right or the left gate and 
finally t he remaining gate . T he center gate could be 
closed completely without creating need for air 
through the vents at any gate chamber. Since it did 
not matter which gate was closed next , let it be 
assumed for purpose of this discussion that. the left 
gate was closed second, and the right gate last. 

As soon as the left gate was slightly closed , 
approximately to 95 per cent open position , some air 
was drawn in through the vent at the left chamber . 
At approximately the 90 percent open position , air 
was drawn in through all vents but was measurable 
only through the left vent . A moving hydraulic jump 
was created with further closing of the gate. When 
the gate reached 65 percent open, and the pressure 
within the waterway was minus 15 feet of water head, 
the jump was swept out and there was no further de-
mand for air at the intake gate vents . 

Data for air requirement in the model during 
gate closure was as shown in Fig . 31 . The negative 
pressures within the intake are given in terms of pro-
totype feet of water head and values such as - 3 5, -44, 
etc . , are fictitious in terms of the prototype, although 
the respective model values of - 0 . 5 ft and -0. 64 ft 
are realistic and were measured in the model. It is 
interesting to note that air flow rate required to cause 
the hydraulic jump to move downstream was almost 
constant and nearly independent of the gate pos ition. 
The model air flow rate required was 0 . 30 cfs , 
slightly less than the air flow required for simultan-
eous gate c losure . 

Air vents were not required at all three gate 
shafts for the non - uniform closure although when the 
vents were opened, air was drawn through all vents . 
Vents at the left and right gate s hafts would be re-
quired but the vent at the center could be omitted if 
the gates were to be operated in this order . 

The non-uniform closure of the gates caused 
large magnitudes of unbalanced pressures across 
the pier in the intake . The maximum differential 
was obtained when the center and left gates were 
closed and the right gate full open at a section im -
mediate ly up s tream of the gates . With reservo ir 
elevation at 146 2 the head differ ence was 3 12 feet 
between the piezometric head at piezometer 50 , and 
stat ic head at the same level on the opposite side of 
the pier (see F ig . 11 for location) . At the level of 
piezometer 6 2 (near t he base of the pier) the differ-
ential he ad was 292 feet . The press ure cond itions 
and head diffe rentials a cr oss the pie r s described 
above were unaffected by removal of t he ceiling . 
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Outlet Deflector 

Arrangement and dimensions of Ty pe I and 
T y pe II outlet deflec tors were shown in Fig . 4 . The 
deflectors would function during only one year while 
tunnels are used for divers ion. The effects of the 
T ype I structure on the flow at the outlet are shown 
in the series of photographs on the succeeding pages 
for flows which varied from 81,600 cfs to 163 , 000 cfs 
for. reservoir elevations from 1200 to 1456 respec -
tively . In all of these studies an inerodible floor was 
c onstructed at elevation 1090 to represent the limits 
of the rock excavati on . Some tests were run with 
pea gravel riverbed at the outlet , which resulted in 
scour holes that extended to the floor of the model , 
a depth of approxim ately 2 . 5 ft . The pea gravel 
size was 1 /4- in median diam eter with the largest 
individual pieces no greater than 3 /8- in diameter . 
The photographs of Figs . 32 through 35 s how that the 
impinging j et of water caused standing waves to be 
formed with considerable turbulence and "white" 
water . The standing wave to the right c ould cause 
problems with scour of the base of the stilling basin 
wall. 

Various modifications were made which in -
volved c hanging the wall angle , in an effort to deflect 
the jet of water away from the stilling basin . How-
ever, because any inc r ease in angle effectively 
c reated more constriction of the outlet, the discharge 
was reduced . From tests of several modifications, 
the arrangement drawn in Fig . 36 was found to be 
most s uitable . The he ight of the wall was inc reased 
by 15 feet and a break in wall angle was made in mid -
length to increase the deflection of the jet . Some 
photographs of the resu lting flow at c omparative dis -
charges with those in Figs . 32 through 35 are shown 
in Figs . 39 through 40 respectively . Although the 
tail water levels were higher in the latter series , 
thereby effectively c reating a deeper impact pool for 
the deflected jet of water , the relative improvements 
of the modification are nevertheless noticeable . The 
position of the jet and impact points were more favor -
able to the stilling basin wall than t he original 
arrangement . 

Additional testing of the deflector, es pec ially 
with res pect to T ype II, had been sc heduled but 
changes in concept and planning eliminated need for 
deflectors , thus Ty pe II was not tested . 

F ig. 32 . T y pe I Deflect or-Original design , Rese r voir level 
1200, Q = 81 , 600 cfs , Tail water level 1101 . 

Fig. 33 . Ty pe I Deflector-Original design , R eservoir level 
1262, Q = 108,300 cfs , Tail water level 1105 . 
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Fig . 34. Type I Deflector-Original design, Reservoir level 
1365, Q = 140 , 600 cfs , Tail water level 1107. 

Fig. 35 , Ty pe I Deflector - Original design, Reservoir level 
1456 , Q = 163,000 cfs , Tail water level 1108 . 
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Fig . 37. Recommended Deflector , Modified Ty pe I, Reservoir level 1200, 
Q = 81,600 cfs, Tail water level 1100. 

-
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Fig . 3 8 . Recommended Deflector , Modified T y pe I, Reservoir level 1258, 
Q = 107, 000 cfs , Tail water level 1109. 

Fig . 39 . R ec ommended Deflector , Modified Type I, Reservoir level 136 1, 
Q = 139 ,500 cfs, Tail water level 1115. 

Fig. 40 . R ecommended Deflector, Modified T ype I, Reservoir l evel 146 2, 
Q = 164,000 cfs , Tail wate r level 111 6 . 
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III. TUNNEL NO . l - POWER 

Model C onstruction 

The intake s haft to the power tunnel was formed 
in s ix plastic sections and glued together. Con-
struction tolerances were held to + 0. 0 l O inc h. 
Fig . 41 s hows the c ompleted model without the 
tras h rack s tructure which was installed within the 
head box as s hown in Fig . 42. The arrangem ent 
of the plexiglas s windows in the head box mentioned 
earlier c an be clearly seen in this photograph. Note 
also that the entire trans ition t o the cir cular tunnel 
was placed within the head box . Ve r y stiff poly -
ethylene tubing was used to connect the manometer 
to the piezometers withi n the head box to be assured 
that external pressures on the tubing were not trans -
mitted to readings on the manometers. 

Service gates and a pier were added to the 
central gate structure and t he 48 . 5 ft diam eter tun -
ne l was replaced with a 43 . 5 ft diameter tu nnel 
was replaced with a 43. 5 ft diameter tunnel down -
stream of the gate section . A photograph of the 
gate section i s s hown in Fig . 4 3 . The pe nstock and 
distribution m a nifold were not modeled . There was 
instead an adjustable control constructed at t he out -
let t o the tunnel, a s shown i n Fig . 44 , to r egulate 
the flow through the s ystem to represent reservoir 
elevati ons and discharges c alculated for the pr oto -
typ e , The prototype d i sc harges and r eser voir ele -
vations reproduced in the model were as follows : 

R eservoir Elevation 

15 50 
1514 
1400 
1300 

Discharge in cfs 

24,200 
27,500 
22,200 
17,800 

The last three of the above points represent full -
gate discharges through fou r turbines at the reser -
voir levels indi cated . The first point represents 
the discharge at maximum head w ith the turbine gate 
openings c ut back to match t he maximum rated 
generator output. There was no adjustment to the 
s lope of the tunnel as was done to T unnel 1 for diver -
sion . The s ame slope was used in the m od el as de -
signed for the prototy pe. 

P iezometers were located in the vertical shaft 
as dimensioned in the drawing of Fig . 45 . T he 
piezometers c ou ld not be located exactly on the ver -
tical and horizontal planes through the center of the 
tunnel because of construct ion seams , Thus they 
were slightly offset as shown in the various sectional 
views . Piez omete r s locat e d in the tunnel are shown 
in Fig . 46 and those in the central gate c hamber 
walls and pier are shown in Fig . 49 . The piezome-
ters in the transition upstream of t he central gate 
c hambers are shown in Fig . 15 . 
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Fig , 41. Intake ve r tical shaft and transit ion 
for Tunnel 1 - Power . 

Fig . 42, Installati on of the vert ical shaft , 
transition a nd t rash r a ck structure 
inside t he head box . 



Fig. 43 . Central gat e s ection for Tunnel 1 - Powe r . Fig. 44, Adjustable c ontrol at the tunne l outlet. 
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Model Tests and Results 

Reservoir elevation 1300 was the minimum 
operating level expected in the prototype . The 
pressures along the vertical shaft from minimum to 
maximum reservoir levels wer e positive . No 
changes were required in the dimensions of the 
shaft or the transition to the circular tunnel. The 
table in Fig . 48 presents t he pressure heads 
measured in the vertical shaft and transition at the 
four res ervoir elevations listed above . Hyd raulic 
conditions through the entire tunnel were satis -
factory . Low pressure zones were not evident in 
the central gate c hamber (see Table B-1 of Appendix 
B) . 

ormal closure of the ser vice gates will not 
be a problem because the valves at the turbines will 
be closed prior to gate closure . However , if the 
service gates should require closure for emergency 
reasons, some cons ideration should be given to 
hydraulic c onditions that could develop within the 
tunnel. A dis c harge of 43 , 500 cfs with the res ervoir 
at elevation 1550 was taken as representing an ex -
treme emergency cond ition due to partial failure of 
the penstock between the tunnel portal and the 
powerhous e . When the servic e gates were closed 
symmetrically, pressures at the walls of the cham -
ber and gate pier were always positive for every 
gate opening. The flow downstream of the gate with 
12 , 500 cfs discharge at reservoir elevation 1551 and 
5 percent opening is shown i n Fig . 49 . T here was 
adequate ventilation of the hydraulic jump through 
the gate shaft and although veloc ities were large in 

® 

t PROF I LE 

the flow beneath the gates negative pressures were 
not produced at the boundaries . The pressures 
were balanced a cross t he pier within the gate s haft . 

With unsymmetric closure of the two service 
gates, extreme c onditions in flow and pressures 
occurred when one gate was full open and the other 
closed . At reservoir elevation 15 52 a nd discharge 
of 42 , 000 cfs through one passageway , a maximum 
head differential of 63 feet of water developed 
a cross the pier at a section immediately upstream 
of the service gate . P ressures were positive 
every where in the c hamber and tunnel downstream 
of t he gates . 

Fig. 49 . Flow at the central gate during emergency 
closure . Gate opening 5 percent , Rest:r -
voir elevation 155 1, Q = 12 , 500 cfs. 

TABLE OF PRESSURE HE ADS IN FEET OF WATER 

"'" IP z p lP 4P 
Number 

Reser\1011' 1550 5 1514 0 1398 5 12990 
Ele¥OIIOn 

0 1schor9e 24,200 27,500 22,200 17,800 0. 

P1ezorr1e1t, Pressure Pressure Prenure Presson! 
Number Head Head Heod Head 

,. 320 0 28 10 166 5 710 
2, 324 6 2866 1736 756 
3, 3300 291 0 178,0 805 
44 3342 2947 182 7 B52 
5o 339 3 300 3 187 8 B9.B 

64 354 B 315 B 2033 106B 
7o 372.6 333.6 2206 1226 
Bo 4 276 3B9 6 275 6 177 1 
9o 4461 4066 2936 1966 
10, 4 084 370 4 2569 160 4 

II 4 407.4 3674 2559 159 4 
12, 402 .7 363 7 252 2 1562 
130 392.7 3517 2422 1472 
140 382 I 3416 2316 1366 ,., 369.6 329.6 2 17 6 121 . 6 

160 354.8 315 3 2038 1063 
170 339 3 3003 187 8 908 
180 3342 2952 182 7 115 7 
190 3300 29 1 a 178 5 Bl 0 

20o 325 t 2866 1736 761 

21, 319.0 2800 168 0 70. 

FIGURE 48 TUNNEL I. - POWER PRESSURE HEADS IN VER TICAL INTAKE AND TRANSITION 
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IV. TUN EL NO. 3 

Model Construction 

The head box arrangement for Tunnel 3 was the 
same as for Tunnel 1. The tail box was altered to 
fit the change in alignment, length of tunnel and 
the stilling basin. The c ompleted tunnel model is 
shown in the photograph of Fig . 50. The intake 
structure, the bifurc ation and radial gate c hamber 
models are shown in Figs . 51 and 52 respectively. 

The chute and stilling basin were c onstructed 
with vertical walls . When the design was c hanged 
to battered walls and warped transition walls for 
structural reasons , the c hange was not included in 
this model because model c onstruction was completed 
and because further studies of the stilling basin were 
to be c onducted in Pakistan . 

The locations of piezometers used to measure 
pressures in Tunnel 3 are detailed in the figures 
listed below: 

Fig. 53 - piezometers in the intake structure 

Fig . 54 - piezometers in the transition down-
stream of the intake 

Fig . 55 - piezometers in the central gate 

Fig . 56 - piezometers in the transition down-
stream 

Fig . 5 7 - tunnel piez ometers 

Fig . 58 - piezometers in the bifurcation and 
downstream transition 

Fig . 59 - piezometers in chute and stilling 
basin. 

Fig. 50. Completed model of Tunnel 3 . 
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Fig. 51 . Intake to Tunn e l No . 3 and the 
transition to the circular tunnel. 

Fig . 52 . Bifurcation and radial gate structure, 
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Model T ests and R esults 

Description of Flow - Model di scharge 
curves for Tunnel 3 are given in Fig, 60. The 
curves are intended for reference only and should 
not be used directly as prototype rating curves. 

After closure of Tunnels l and 2, preparatory 
to power penstock conversion , Tunnels 3 and 4 will 
operate as diversion tunnels which could require that 
the radial gates remain full open. In the range of 
reservoir levels from 1160 to approximately 1185, 
flow in the tunnel was essentially open c hannel flow . 
The tunnel slope was super-critical, and the flow 
was controlled at the intake . At the central gate 
chamber , there was a rise in water surface level 
because of the change in geometry and the flow 
obstruct ion offered by the pier. Bey ond the pier, 
the flow a ccelerated in the tunnel. The contra ction 
of the tunnel from 43, 5 to 36 ft in diameter caused a 
rise in water surface through the transition and the 
bifurcation . 

When the reservoir level rose above 1185, the 

/600 

I 
1550 >----+----+- 1:;.,___, __ -'--- ' 

rise in water surface at the gate chamber and the 
transition to the bifurcation closed the tunnel and 
caus ed hydraulic jumps to form at those sections , 
The hydraulic jumps remained essentially stationary 
in location as· the discharge increased with continued 
rise of water surface in the reservoir . At reservoir 
elevation 1205, the tunnel at the intake was sealed 
and an air pocket formed between the intake and the 
gate section. Almost simultaneously an air pocket 
was also formed between the gate section and the 
bifurcation. The pressure in these air pockets was 
positive. The hydraulic jumps entrained the trapped 
air and eventually the tunnel flowed full. At reser -
voir elevation 1225 completely full tunnel flow 
occurred, and no further flow irregularity was ob-
served in any part of the tunnel. 

During the embankment closure and reservoir 
filling period, the control gates can remain closed 
while the reservoir is between elevations 1185 and 
1225, with Tunnels 1 and 2 providing all necessary 
discharge capacity . After c ompletion of the dam , 
the reservoir will never be drawn below elevation 
1300 . 

t 1500 
I 

~ 
C) 

~ l-l------+-/-+-----+--+--~/,/---1--------J 
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FIGURE 60 TUNNEL 3- DISCHARGE RATING CURVE 

48 



Form Loss Coefficients - Radial Gate s Open -
The energy gradients tlrroug h the tunnel measured 

Service Gates - Symmetric Closure - Pres -
sures measured at all piezometers in the central 
gate c hamber were posit ive with the gates in the 
open position. Closure of the service gates would 
probably be made only aft er the radial gates were 
clos ed , so that normally there would be no problem 
effecting closure . The dis cussion herein considers 
an ext reme condition, where the service gates re -
quired to b e closed when the radial gat es were both 
full open and r eservoir elevation was maximum . 

at four rese r voir levels of 1305 , 1400, 1460, and 
1550 are drawn on Fig . 61 and the data ar e r ecorded 
in Tables C -1 , C -2 an d C-3 of Appendix C . From 
these curves , form loss coeffic ients were calculated 
a s tabulated in Table 3 . The form loss coefficients 
Ki was defined on page 24 in terms of the velocity 

head at the downstream section of the structure con-
cerned , where i = 5 , 6, 7 , 8 , 9 and 10 where 

5 = intake and transition, 

6 = transition upstr eam of t he central gate 
c hamber, 

7 = central gate c hamber and transition down -
st r eam , 

8 = transition from 43. 5 to 36 ft diameter 

9 = bifurcation , 

As the gates were closed simultaneously , a 
hydraulic jump was formed in the tunnel downstream 
of the gates at about 70 percent open position. 
By the time the gates closed to 40 percent, the jump 
was swept out of the tunnel and free flow occurred . 

1 O = transition to the radial gate structure . 

egative pr ess ures were recorded near the 
downstream end of the pier fr om 50 percent open to 
near closure , because the high velocity flow tended 
to separate from the boundary but did not actually 
separate. Prototype vap or pressures were rec orded 
at piezometers ne ar the base of the pier . Pressure 
data are given in the tables of Appendix C . 

Head losses due to friction in each section ar e in -
<.:luded i n the form losses . 
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TABLE 3 

MODEL LOSS COEFFICIENTS FOR TUNNEL NO. 3 . 

Reservoir 
elevation 1551 1462 1401 1303 

Discharge 111000 9780 0 90000 72500 

Intake and H 1.0 0. 6 0.4 0,2 transition L 

V 69 .81 61. 5 1 56. 60 45.60 

vz 
75. 67 2g 58. 75 49. 74 32.29 

K5 0.013 o. 010 o. 00 8 0.006 

Transition 
upstream HL 8. 7 6. 5 5.2 3. 3 
from central 
gate V 9 1. 36 80.49 74. 07 59. 67 

vz 
129. 61 100. 60 85. 19 55 . 29 2g 

K6 0.067 0. 065 0. 06 1 0. 060 

Gate and 
downstream HL 9. 3 7.5 6.5 4.5 
transition 

V 74. 70 65.81 60.57 48 . 79 

vz 
86.65 2g 67.25 56. 97 36 . 96 

K7 o. 107 0. 112 0. 114 o. 124 

Transition 
HL 1. 1 43. 5 to 36 ' 1. 0 o. 9 o. 8 

V 109.04 96.07 88 . 4 1 71. 22 

vz 
184.62 2g 14 3. 31 121. 37 78. 76 

KB o. 006 0.00 7 0. 007 0.010 

Bifurcation HL 14.0 1 o. 1 7. 5 3. 7 

V 122 . 52 107. 95 99. 34 80.02 

vz 
2 33. 09 180.95 15 3.24 99.43 2g 

Kg 0.060 0.056 o. 049 0.037 

Transition 
downstream HL 16. 0 12.2 9. 3 5.0 
from 
bifurcation V 144.53 12 7. 34 117 . 19 94.40 

vz 
324. 36 251. 79 21 3.25 138. 38 2g 

Ki O 0. 049 o. 048 0.044 0.036 

50 



Service Gates - Unsymmetric Closure - It was 
assum ed in this part of the study that one service 
gate would b e c omple t e ly closed before the other was 
closed. A hydraulic jump form ed in the tunnel when 
one gate was c losed t o about 70 pe r cent open with 
the other gate open . The jump r em ained in the tunnel 
until one gat e was complet e ly c los ed and the r emain-
ing gate was about 75 per cent closed . A view of the 
flow downs tre am of the gates is s hown in the photo-
graph of Fig . 62. 

The largest d ifferential pressure head was 
developed across the pier at a section immediately 
upstream of t he gates when one g a te was closed and 
the other full open . The magnitude of the differ e ntial 
press ur e head was approximately 36 0 fee t of water 
with the reservoir at 1550 . P ressure heads of minus 
9 feet also developed at the wall of the pier just up -
st r eam of the bulkhead gate slot , and also downstream 
of the service gate . Although undesirable , these 
pressures were considered to be safe in terms of 
the prototype. 

Fig. 62 . Flow in Tunnel 3 downstream of the gate 
c hamb er, Right gate closed, Left open 
75 percent . 

Radial Gates - Symmetric Closure - Flow 
through the bifurcation was satisfactory for all sym -
metric positions of the radial gates throughout the 
full range of reservoir levels from 11 60 to 1550 . 
Positive pressures were measured at piezometers 
within the bifurcation and transition downstream of 
the bifurcation except as expected , some negative 
pressures were measured at the roof of the transition 
near the portal where the hydraulic gradient termi -
nated in the flow and not at the crown of the tunnel . 
Thi s condition of course was with the gates full open , 
and as soon as the radial gates are slightly closed , 
t he hydraulic gradient rose above the tunn el. Magni-
tudes of the pressure heads m easured wit hin the bifur-
cation at reservoir level 15 50 and radial gates in the 
full open position are tabulated in Tabl e C -4 of the 
a ppendix . 

Radial Gates - Unsymmetric Closure - During 
unsymmetric closure of the radial gates with one gate 
completely closed and the other fully open, and reser-
voir at maximum elevation, localized negative pres-
s ures were measured within the bifurcation . The 
reduced pressur e zone was at the horizontal center-
line just downstr e am from the c rot c h of the bifur-
c ation and was on the side where the water flowed. 
A pressure head of m inus 8. 5 feet was me asur ed at 
piezometer 202 (see Fig . 58 for location) when the 
right gate was c losed 50 pe r cent8 with the left gate 
open. Whe n the right gate was complete ly closed , 
piezometer 202 indicated prototype vapor pressure . 
Pressur e heads measured in the bifurcation are t abu-
lated in Table C-4 . 

Radial Gate Chamber - The walls in the gat e 
chamber were offset 2 . 75 feet at the radial gates 
shown as Scheme B in Fig. 4. This arrangem ent 
was not satisfactory because fins were created at 
the walls by the diverg ing flow fr om the radial gate , 
which caused considerable spray wit hin the gate 
c hamber. The water f ins extended above the tops of 
the c hute walls for almost the entire chute length . 
The photograph in Fig . 63 shows the origin of the fin 
in the radial gate chamber for reservoir level 13 00 . 

The alternate arrangement, Scheme A, of the 
c hamber walls (see Fig . 4) was tested in the left gate 
c hamber . This arrangement was satisfactory and 
the fins were eliminated as shown in Fig. 64 . 

Fig . 63 . View of the fins created in the radial 
gate chamber . 

8P ercent of radial gate opening is defined as pe r cent of angular movement to full open position. 

51 



Fig . 64 , The fin was eliminated in Scheme A. 

15.9 
6.5 

Stilling Basin 

Chute - P ressures measured on the floor of 
the chute are shown in Fig , 65 with maximum res er -
vo ir level 1550 ·and both left and right radial gates 
25 percent open. P ressures measured at this posi-
tion are shown rather than for larger gate openings 
because the veloc ities beneath the gates were larger, 
c ons equently, pressures were minimum . Negative 
pressure heads of -3, 2 and -0 , l feet were 
measured at piezometer 265 and 266 respectively 
(see Fig. 58 for location) . Other pressures were 
positive and are tabulated in Table C- 5 of Appendix 
C . Negative pressure of -3 . 2 feet was the lowest 
recorded on the c hute. At lower reservoir levels, 
pressures on the c hute increased because the 
velocities reduced . 

The length of the divider wall on the chute was 
reduced to observe relative effects on the flow in the 
c hute and stilling basin . T he first wall tested was 
309 feet long with vertical walls , hereafter this will 
be referred to as the original divider wall. The 
s hortest was 207 feet long with walls on a 1: 12 
batter. Tests were also made with the divider wall 
removed. 

NOTES: 

I Reservoir level 1550 

2 Left and right gates 25 % open 
0 ( Total)= 24,800 els 

3 Pressure heads ore drown above 
Chute surface 

El. IO 2 5 00 

FIGURE 65 PRESSURE HEADS ON THE CHUTE FLOOR 
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Figure 66 shows the flow in the stilling bas in 
with the original divider wall installed and both 
radial gates fully open at reservoir level 1550. The 
base of the hydraulic jump was located within the 
divided chute. With the wall reduced to 207 feet the 
base of the jump was in the same position but bey ond 
the end of the wall as seen in Fig . 67. Even when 
the divider wall was removed c ompletely, the flow 
in the chute appeared satisfactory. A fin was 
created however, where the high velocity flow joined 
together as seen in Fig. 68. Flow over the c hute 
and in the stilling basin with flow only on one side of 
the 207 ft long divider wall is shown in Fig. 69 . 

Fig . 66 . Flow in the chute with the original wall . 
Q = 111, 000 cfs . 

Fig. 6 7. Divider wall length reduced to 207 feet . 
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Fig . 68. Divider wall removed. Note formation 
of f in at the center . 

Fig. 69 . Flow th!"ough one side only . Divid e r 
wall length 207 ft . 



The Basin 

The original length of the stilling bas in was 
250 feet measured from the end of the c hute to the 
end. sill which wa s 14 ft high. Several modifications 
to the basin were tested as listed below: 

1. Increased the height of the sill 10 fee t from 
14 to 24 ft . 

2 . Increa sed length of basin 50 feet from 250 
to 300 ft with 14 ft sill . 

3 . Increase length of basin 50 feet and in -
crea sed sill height to 24 ft . 

4. Increased l e ngth of bas in 100 feet with 14 
ft sill. 

5 . Increased length of bas in 1 00 feet and in -
creased sill height to 24 ft . 

At eac h modification and the "original" basin, tests 
were conducted at three discharges with varying 
tail water levels . The calculated tail water rating 
curves in the river near the tunnel outlets are given 
in Fig . 70 . In the model tests, higher tailwater 
levels were used than those indic ated in the c urves 
and the results c oulc\ be interpreted as lowered 
basin floor . Lower tail water leve ls than the curves 
were used to test the stability of the jump in the 
stilling basin and also to subject the river down-
stream of the basin to severe scour c onditions . 
Together with these studies, changes were made 
with the chute divider wall, and the basins were 
subjected to unequal flows from the left and right 
sides of the bifurc ation . As previously discussed, 
the radial gates are recommended to be operated 
symmetrically . Under this c ondition , as explained 
before, the chute divide r wall did not affect the 
hydraulic jump. 

111s.---~---~--~---~-----.----, 

1110 

"' <:) 
;::: 
~ 

"' ~ 
§ 
~ IIOO 
,,! 
;:, 

1095 

1090 
60 70 80 9 0 10 0 110 120 

0 IN THOUSAND C.FS 

FIGURE 70 TAILWATER RATING CURVES 
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At any r eservoir level t he stilling basin must 
effecti vely d issipate the e n ergy for the maximum 
disc harge, i. e . radial gates full open. Hence , 
this discussion will be confined to that c ondition. 
Tests for partial gate openings were a lso made , 
but when the full open flow was s atisfactor ily dis-
c harged through t he bas in , there was no problem 
with partial gate openings. 

At the minimum reservoir operating level of 
1300, the discharge was approximately 7 1 , 000 cfs. 
The energy in the flow was effectively dissipated 
in the original basin as well as in all modified b a sins. 
Tests were made at tailwater levels from 1095 to 
1109 . Figures 7 l (a) and (b) s how photographic ally 
the jumps in the stilling basin at tail water 11 09 , 
and 1095 respectively . In Fig . 71(c) the c ontoured 
streambed downstream of the basin shows that 
scour was negligible . Similar photographs for the 
modified basins are not shown here but the basin 
performed satisfactorily at this reservoir level and 
discharge . 

Fig. 71(a). Hydraulic jump in the stilling basin at 
Tail water 1109. Reservoir El. 1300 . 
Q = 71 , 000 cfs . 

Fig . 7 l(b) . i1ydraulic jump in the stilling basin at 
Tail water 1095. Reser voir El. 1300 . 



Fig. 71(c). Scour downstream of basin . 

At reservoir level 1425, the discharge was 
93,000 cfs . The original basin was adequate to 
dissipate the energy of the flow. Figures 72(a)lb) 
and (c) respectively show the stilling basin flow 
conditions at tailwater levels of 1114 and 1097 and 
scour resulting downstream with tail water at 109 7. 
The tail water level increase from 109 7 to 1114 
moves the hydraulic jump upstr eam in the basin by 
approximately 90 to I 00 feet . The scour downstream 
with the lower tailwater was not serious although 
depths up to l O feet were indicated . The modified 
basins performed equally satisfactorily . 

Fig . 72(a). Hydraulic jump in the stilling basin at 
Tail water 11 14. Reservoir El. 1425. 
Q=9 3 ,000cfs . 

Fig. 72(b) . Hydraulic jump in the stilling basin at 
Tail water 109 7 . 
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Fig. 7 2( c) . Scour downstream from basin. 

At r eservoir level 1550, the discharge was 
111,000 cfs . For a tail water level of 1111, the 
basin was considered barely adequate hydraulically 
to contain the jump. Reduction of the tail water to 
1104 moves the jump downstream and part of the 
jump was beyond the limits of the basin . At tail-
water 1098, the jump moved further downstream . 
These conditions are s hown in Figs. 73{a) (b) and 
(c) respectively . Although the jump could not be 
contained within the basin at tail water 1098, the 
r esulting scour downstream was not severe . The 
scour depth was approximately 20 feet at the end 
sill. 

Increase in the length of the basin and height 
of the end sill were only slightly more successful 
in containing the jump within the basin . In Fig . 74 
the profiles of the hydraulic jumps are drawn for 
the various modifications. With tail water level at 
1111 , the jumps were confined within the basin, but 
at lower tail water levels of 1 104 and 109 8, as the 
length of the basin was increased, the jump moved 
downstream, and portions of the hydraulic jumps 
extended beyond the basin . Scour of the river bed 
downstream was essentially the same as that shown 
in Fig . 73(d) for all modified basins at that tailwater . 
Increase in tailwater leve l to 1111 did not decrease 
the scour depth materially . The reduction of maxi-
mum scour depth was only 2 to 3 feet. These results 
indicate that the original basin would be satisfactory 
despite the fact that the hydraulic jump could not be 
entirely contained within the confines of the basin . 
Additional stilling basin studies were being made 
in the general model in Nandipur at the time this 
report was written, where concurrent flows from the 
other tunnels could also be tested . The results of 
those tests should be studied. 



Fig . 73(a). Hydraulic jump in the s tilling ba sin at 
Tail water 1111. Reser voir El. 15 50 . 
Q = 111, 000 cfs . 

Fig. 73(b). Hydraulic jump in the stilling basin at 
Tail water 1104. Reservoir El. 1550. 
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Fig . 7 3( c) . Hydraulic jump in the stilling basin at 
Tail water 1098 . R eservoir El. 1550 . 

Fig. 73(d). Scour downstream from the stilling 
basin at Tail water l 098. 
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V. TUNNEL NO. 4 

Essentially the same flow and pressure con-
ditions were evident in the bifurcation for Tunnel 4 
as were noted for Tunnel 3 . During symmetrical 
closure of the radial gates, flow conditions were 
satisfactory and positive pressures existed at the 
bifurcation and the transition downstream. During 
unsymmetrical closure of the radial gates, localized 

negative pressures were measured at the same 
point at the crotch of the bifurcation as previously 
noted for Tunnel 3. Data are tabulated in Appendix 
D. The magnitude of these negative pressures was 
the same as those measured in Tunnel 3 . Flow 
conditions in the c hut e and stilling basin were the 
same as in Tunnel 3 . 

VI. CONCLUSIONS AND RECOMMENDATIONS 

Tunnel 1 - Diversion 

Tunnel 1 for di version with and without the 
flow ceiling, performed equally satisfactorily . It 
is recommended therefore that the ceiling be 
eliminated. Pressures at the boundaries throughout 
the length of the tunnel were observed to be positive 
for the range of reservoir levels from 1090 to 
1460. 

Closure of the three intake gates should be 
effected in unison to avoid large unbalanced forces 
on the piers upstream of the gates. Air vents will 
be requir ed during gate closure, and should be 
supplied to all three gate shafts . The maximum air 
flow rate determined from the model was 13,000 cfs 
which was sufficient to meet the criterion that the 
pressure within the tunnel should not be less than 
-15 ft of water head. During closure of the gates 
low boundary pressures were developed where the 
wall diverged from the flow. 

All transitions in the tunnel were designed 
adequately from the hydraulic viewpoint. Tunnel 
curvature was satisfactory with regard to flow con-
ditions and boundary pressures. Flow through the 
central gate section was satisfactory for the ent ire 
range of discharges which could occur. No modifi-
cation was required. 

The deflector at the outlet {for Tunnel 2 as 
well as Tunnel 1) should be modified slightly to pre-
vent the outflow jet from impacting t oo closely to the 
base of the stilling basin wall for Tunnel 3. It is sug-
gested that the right wall be increased in height by 
approximately 15 feet, beginning from the porta l , and 
the wall should be projected further into the outflow, 
beginning at a point midway between the portal and 
the end of the wall . Refer to Figure 36 for 
dimensions. 
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Tunnel 1 - Power 

Tunnel 1 for power plant operation should be 
entirely satisfactory as designed . The service gates 
in the central gate chamber could be used to stop 
the flow in case of emergency , but the gates should 
be closed simultaneously to avoid large unbalanced 
forces on the pier at a section upstream of the gates . 

Tunnel 3 

The flow in Tunnel 3 above the minimum oper-
ating reservoir level of 1300 was satisfactory. The 
intake structure was adequately designed and no low 
pressures oc curred at the boundaries. Pockets of 
air were formed in the tunnel when the reservoir 
was between 1205 and 1225, but it is anticipated 
that the reservoir level will not be lower than 1300 
during normal operation. 

Normal flow conditions through the central 
gate chamber was satisfactory. If the serv ice gates 
were closed with the radial gates completely open 
as it might be necessary in case of emergency , low 
pressures were developed on the wall of the pier 
near the base downstream from the gates. The 
gates should be closed simultaneously to avoid large 
unbalanced forces on the wall upstream of the gates. 

If the radial gates are not opened symmetri-
cally, negative pressures could develop in an area 
immediately downstream of the crotch along the 
horizontal plane through the centerline. Although 
the measured low pressure area was small, vapor 
pressures will be reached when one gate is fully 
open and the other nearly closed . If the radial gates 
are at nearly equal openings l ow pressures will not 
develop in the bifurcation. 



The walk of the radial gate chamber should 
begin as close ly as possible in line with the walls 
of the tunnel . With an offset, the hig h velocity di -
verging flow impinged against the wall, c reated a 
high fin of water to develop c onsiderable spray into 
the radial gate chamber and over the chute walls . 
No c hange is suggested for the vertical curvature of 
the chute . Although it was not tested in the model , 
warped and battered walls of the chute from vertical 
to 1: 12 should not materially affect pressures on t he 
c hute floor . The divider wall may be reduced in 
length or eliminated completely , provided the radial 
gates are operated uniformly . With no divider wall, 
a fin formed on the chute (see Fig. 68) but it will 
not create any problems. 
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The st illing basin p erformed satisfactorily 
for the entire range of discharges and tailwater 
variation s even though the jump was not entir e ly con-
tained at maximum discharge and tailwater levels be -
low 1104 . This statement is based upon the fact 
that scour downstream was not too severe . Inc r eas -
ing the length of the bas in by 100 feet or increasing 
the height of the end sill did not lead to total con-
finement of the jump . At reservoir level s below 
14 25 the hydraulic jump was c ompletely contained 
in the stilling basin for the entire range of tailwater 
levels from 1097 to 1114. 

Tunnel 4 will perform satisfactorily . The 
comments on Tunnel 3 apply equally to Tunnel 4. 



APPENDICES 

A . Tunne l 1 - Diversion 

Table A-1 - Pressure heads at intake and downstream transition walls. 
Table A-2 Pressure heads on the pier dur i ng closure of the intake gates in unison. 
Table A - 3 - Pressure heads on the pier during closure individually . 
Tab le A-4 - Pressure heads at the central gate and adjoining transitions . 
Table A - 5 - P ressure heads along c irc ular tunnel wall . 

B . Tunnel 1 - P ower 

Table B-1 - Pressure heads along ce ntral gate walls and piers and adjoining trans itions . 
Table B-2 - Pressure heads along circ ular tunnel wall. 

C. Tunnel 3 

Table C-1 - Pressure heads along intake and downstream transition walls . 
Table C - 2 - Pr essure heads on circular tunnel walls . 
Table C-3 - Pressure heads along central gate and pier and adjoining transition walls. 
Table C-4 - P ressure heads in bifur cation, downstream transition , and radial gate chamber . 
T able C-5 - Pressure heads along stilling basin c hute and floor. 

D . Tunnel 4 

Pressure heads in bifurcation, downstream transition , and radial gat e chamber. 



TABLE A- I 

PRESSURE HEAO.S AT INTAKE AND DOWNSTREAM TRANSITION WALLS 

Run No. 7 8 9 10 II 

Reservoir 1458. 0 1398. 5 elevatirn 1339. 5 I 278 . 5 I 201. 0 

Discharge 168, 500 I 53, 600 137,400 I I 9, 200 89, 900 

Tunnel Slope 0.0114 0 . Ott 4 0 . 0114 0. 01 14 o. 0 11 4 

Piezometer Pres. Pres. P r es . Pres . Pres. 
Number* H ead H ead H ead Head H ead 

I 27 4. 9 230. 4 17 3. 9 I 16. 9 42 . 9 
2 267. 5 2 15. 0 163 . 5 I 09 . 5 42. 9 
3 236. 8 189. 3 I 43. 8 96. 3 27 . J 
4 212. I 169. 0 I 28 . 5 86 . 0 33 . 5 
5 177 . 7 142 . 2 I 07. 7 72 . 2 27 . 2 

6 I 79. 5 144 . 5 109 . 5 74. 0 28 . 5 
7 180. 5 146 . 0 II I. 0 7 4. 5 28 . 0 
8 18 1. 5 147 . 0 II I . 0 75. 5 29. 0 
9 18 4. I I 49. I I 14. I 78. I 3 1. I 

10 18 9. 5 I 54 . 0 I 18. 0 80. 0 32. 0 

II 197. 5 160. 0 I 22 . 0 83 . 0 33. 5 
I 2 170. 5 I 36. 5 104. 5 70. 0 26. 0 
I 3 166. 0 134. 0 I 02. 0 78. 0 25. 0 
14 I 78 . 5 144. 5 Ito. 0 74 . 0 28. 0 
15 I 93. 0 I 57 . 0 I 20. 5 8 1. 5 32 . 5 

16 288. 4 240. 9 l 89. 4 l 39 . 9 7 5. 4 
17 258. 4 208. 9 168 . 9 123. 9 65. 9 
18 258. 9 208 . 9 169. 4 I 23. 9 65. 4 
19 247. 9 204. 4 16 I. 9 I 17. 9 62. 4 
20 242. 4 I 99. 9 157. 9 114. 9 60. 4 

21 229. 9 189 . 9 14 9. 9 I 09. 4 57 . 4 
22 218 . 9 18 1. 4 I 42. 9 104. 4 54. 4 
23 205. 4 169. 9 133. 9 97 . 4 50. 9 
24 234 . 4 I 9 4. 9 I 53. 9 I 12 . 9 59. 4 
25 2 10. 2 183 . 2 I 44. 7 I 06. 2 56. 2 

26 220. 7 18 4. 2 I 45. 2 107. 2 57. 2 
27 225. 4 187. 9 147. 9 I 07. 9 56 . 4 
28 220. 4 183 . 4 I 44. 9 105 . 4 54 . 9 
29 183. 9 172, 4 132. 9 96 . 4 50. 4 
30 172. 9 162. 9 I 20. 4 87. 4 44. 9 

31 173. 9 I 43. 4 I 12 . 9 8 1. 9 41 . 9 
32 187. 9 14 3 . 9 II 3 . 9 8 1. 9 42. 4 
33 187. 4 154 . 9 I 22 . 9 88 . 9 45. 9 
34 229. 6 I 93, 6 I 57. 6 120. I 73 . 6 
35 267. 6 226. I I 79. 6 I 28. I 82. 6 

36 243. 3 204. 8 166 . 3 I 26. 3 75. 8 
37 241. 6 203 . 5 I 65. I I 24. 6 74. 4 
38 250. I 2 10 . 6 I 7 I. 6 130. I 78. I 
39 243. 6 204. 6 167. I I 26. 6 76 . I 
40 226. 6 190 . I I 55. 6 I 18. I 76. 6 

41 209. I 175. 6 14 3. 6 It 0. I 67, I 
42 198. I 166. 6 136. I I 04 . I 64. I 
43 I 96 . I 165. I 135. I 103. I 64. I 
44 192. I 162. I 133. I 102. I 63. 6 
45 3 15. 9 260. 9 206 . 9 151. 9 79. 9 

46 277. 9 229. 4 182 . 9 133. 4 69 . 9 
47 255. 9 206, 9 164. 4 I 19 . 9 62. 9 
48 239 . 4 201.9 I 59 . 9 I 10 . 3 6 I . 4 
49 227. 4 187 . 9 I 48. 9 108 . 9 56, 9 
50 216. 4 I 78 . 9 14 I . 4 102. 9 53 . 4 

5 1 195. 9 162. 4 128. 4 93 . 4 48. 9 
52 184. 9 152. 9 I 20. 9 87 . 9 45. 9 
53 192. 9 I 59, 9 I 26 . 9 9 I . 9 47. 9 
54 202. 9 167. 9 132 . 9 96. 4 50 . 4 
55 201 . 9 166. 9 I 32 . 4 95 . 9 4 9. 9 

. See Figures 10, 12, 13 for Piezometer locations . .. No data recorded . 

Intake Gates Open 

Pressures in Feet of Water 

7 8 

1458. 0 I 398 . 5 

I 68, 500 I 53, 600 

0. Ott 4 0 . 0 II 4 

Piezometer Pres . Pres. 
Number* Head Head 

S IA 165 . 0 I 32 . 5 
52A 164. 5 I 32 . 5 
53A I 73. 5 I 40 . 0 
54A 183. 5 148 . 0 
55A 18 I. 0 146. 0 

56 2 14. 9 I 76. 9 
57 298 . 0 251 . 5 
58 272 . 0 230. 0 
59 256 . 5 2 I 7. 0 
60 258. 0 2 17 . 0 

6 1 252 . 5 2 12 . 5 
62 242. 5 204. 0 
63 225. 5 190. 5 
64 214 . 0 182. 5 
65 218. 0 184. 0 

66 225. 5 190 . 0 
67 225. 0 190. 0 
68 24 1. 9 I 99. 0 
69 223. 2 184. 2 
70 225. 7 186 . 7 

7 1 217 . 9 I 79. 4 
72 216 . 9 178. 4 
73 2 I 4. 9 I 76. 9 
7 4 212. 9 174. 9 
75 210. 4 I 73. 4 

76 244. 5 205. 5 
77 241 . 5 203. 0 
78 239. 5 20 1. 0 
79 235 . 5 198. 0 
80 233 . 0 I 96 . 0 

8 1 282. 3 225. 3 
82 240, 9 192. 9 
83 I 79 . 4 143 . 4 
84 168. 2 132. 7 
85 255 . 0 212. 0 

86 262 . 0 219 . 5 
87 248. 0 208. 5 
88 238 . 5 200 . 5 
89 232 . 0 I 95 . 5 
90 208. 4 I 69. 4 

9 I 170. 6 I 37. I 
92 164. 6 132 . I 
93 I 52 . 4 122. 4 
94 133. 9 107. 4 
95 146. 5 I 18 . 0 

96 207 . 5 175. 0 
97 199. 5 168. 5 
98 18 5 . 0 I 57. 0 
99 180 , 5 I 53 . 0 

100 232 . 5 197 . 0 

I OI 2 16 . 5 182. 5 
102 I 75 . 8 156. 8 
10 3 177. 3 I 49. 3 
104 180 . 5 I 5 1. 5 
105 I 56 . 9 I 32. 4 

9 l 0 II 

I 339. 5 1278. 5 I 201. 0 

137,400 I 19, 200 89, 900 

0. 0114 0 . 0 114 0.0114 

Pres. Pres. Pres . 
Head Head H ead 

I 01. 0 67 . 5 24 . 5 
IOI. 0 67 . 5 24. 5 
I 06. 5 72 . 0 26 . 5 
I 13. 0 76. 5 28. 5 
I 11. 5 75 . 5 28. 0 

140. 4 1 Ot. 4 52. 4 
205. 0 I 55 . 0 9 I. 5 
187 . 5 I 42. 5 84 , 5 
I 77 . 0 135 . 0 80. 5 
I 77 . 0 I 34 . 5 80. 0 

I 73. 0 132 . 0 70. 0 
166 . 0 I 26 . 5 76. 0 
I 55 . 5 I 18. 5 72. 0 
149 . 0 114. 0 69. 0 
I 50 . 5 11 5. 0 69. 5 

I 55 . 0 I 18. 0 7 l. 5 
I 55 . 0 I 18. 0 7 1. 5 
159 . 9 I 16, 9 6 1. 9 
I 47. 2 I 07. 2 56. 7 
149. 2 I 08. 7 57. 7 

I 42. 9 I 03. 9 53 . 4 
141. 9 I 02. 9 47. 9 
140. 9 I 02 . 3 52 . 4 
138. 9 I 01. 4 5 I. 9 
I 37 . 9 100 . I 50. 9 

167. 5 I 28. 0 76. 0 
165 . 5 I 26. 5 74. 5 
164. 0 I 25 . 0 75. 0 
161. 5 I 23. 0 73. 5 
160, 0 I 22. 0 7 I. 5 

I 7 1. 8 I 15. 3 42. 8 
148 . 9 99. 4 37. 9 
I 08 . 9 82. 4 25. 4 
I 00 . 2 66. 2 22. 7 
I 74 . 5 I 33. 5 79. 5 

I 79. 5 136 . 5 8 I. 0 
180 . 5 130. 0 77 . 5 
I 64. 0 I 25. 5 75. 0 
160 . 0 I 22. 0 73. 5 
I 29. 9 89 . 9 37. 9 

I 04. 6 70 . 6 26 . 6 
I 00. 6 68. I 25. I 

93 . 4 63 . 4 23. 9 
81. 4 54. 9 I 9. 4 
90 . 0 61. 0 23. 0 

143. 0 I 09. 5 66 . 5 
138 . 0 I 05. 5 6 4. 5 
I 28 . 5 99 . 0 6 1. 0 
I 25. 5 96 . 5 60. 0 
160 . 5 I 2 1. 5 73. 5 

149. 0 I I 3 . 5 68. 5 
I 28 . 8 98. 8 60 . 3 
I 22. 3 93 . 8 56 . 8 
124. 0 94. 5 56. 5 
I 07 . 9 82 . 6 49. 9 

118 II 9 I 20 12 I 

1460. 0 I 354 . 0 I 259. 0 1199. 0 

I 65, 000 I 38, 500 I 08, 000 8 1,600 

o. 003 o. 003 0. 003 0. 003 

Pres. Pres . Pres. Pres . 
Head Head H ead Head 

•• .. .. •• .. •• . . .. .. .. . . .. .. .. .. . . .. .. •• • • .. .. .. .. .. .. .. . . .. .. .. •• .. .. .. . . .. .. .. .. .. .. . . .. .. .. .. . . .. .. .. .. 
•• .. •• . . .. .. .. . . .. .. . . .. .. .. .. •• .. .. •• . . .. .. .. .. .. .. .. .. .. .. .. .. 
•• .. .. .. 
•• .. •• • • .. .. •• .. .. .. . . .. .. .. . . •• .. .. .. •• .. •• • • .. .. .. .. •• •• .. .. •• 

282 . 8 169. 8 97. 8 42. 8 
243. 9 163. 9 86 , 9 39 . 9 
184 . 4 124. 4 66. 4 30 . 9 
173 . 2 11 7 . 2 62. 2 29 . 2 
255 . 5 188 . 5 I 24 . 5 83 . 5 

26 4. 5 I 95 . 5 I 26. 5 85 . 5 
251 . 5 186 . 5 I 21 . 5 82. 5 
241 . 5 I 79 . 5 117. 5 80 . 5 
236. 5 175 . 5 I 15. 5 78 . 5 

.. .. •• .. .. •• . . .. .. .. •• .. .. .. .. .. .. .. .. •• 
2 13, 5 I 54. 4 I 05. 5 7 3. 5 
205. 5 I 53 . 5 IO l . 5 7 I. 5 
191. 5 143. 5 97 . 5 68 . 5 
187. 5 140. 5 95 . 5 67 . 5 .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. . . .. •• . . .. 
•• .. .. .. 



TABLE A-2 

PRESSURE HEADS ON T HE PIER DURING CLOSURE OF THE INTAKE GATES IN UNISON . 

P ressure Heads in Feet of Water 

Run No. 51 58 59 70 7 1 Run No. 5 1 58 59 

Reservoir Reservoir 
elevation 1460, 0 1362. 0 1356 . 0 1200. 0 1200. 0 elevation 1460 , 0 1362 . 0 1 356. 0 

Discharge 142, 000 11 9, 500 1 09 ,000 70, 000 67,000 Discharge 142, 000 11 9, 5 00 109, 000 

Air Vents# 3 2 2 3 3 Air Vents# 3 2 2 

l'lo Gates Ope n 70 70 60 70 65 °lo Gates Open 70 7 0 60 

Piezometer Pressure P ressure Pressure Pressure Pressure Piezometer Pressure Pressure Pressure 
Number* Head* * Head** Head ** Head** Head** Number* Head** Head ** Head•• 

5 1A 66 -1 2 .5 
52A 7. 0 67 -22 . 0 
53A - 5. 0 68 - 32 . 1 
54A -1 6. 0 69 - 5 . 8 
55A - 8. 0 70 6. 2 

5 1 2. 9 6. 9 1. 4 7 1 
52 -1 8. 1 - 13. 1 1. 4 -0. 6 72 
53 -1 2. 1 - 8 . 1 6 . 4 -0. 1 73 
54 - 6, 1 - 2 . 1 7. 9 - 3. 1 74 
55 - 3. 6 1. 9 1 o. 4 - 3. 6 75 

56 - 7. 1 1 o. 9 - 0. 1 76 
57 77 
58 78 
59 79 - 9. 0 
60 80 -1 3. 0 

6 1 
62 
63 
64 - 1. 5 
65 -14. 0 

. See Figure 11 for Piezometer locations . .. During unison c l osure of the gates, large unbalanced loads on the piers did not exist and all pressure heads not recorded were noted 
only as positive. 

H Air vents denoted as 2 indicates air supplied to the central gate chamber by 2 air vents. 
H Air vents denoted as 3 indicates air supplied through a separate vent to each of the 3 gate chambers. 



TABLE A - 3 

PRESSURE HEADS ON THE PIER DURING CL OSURE OF THE INTAKE GAT ES INDI VID UA L LY 

P ressure Heads in Feet o f Water 

Run No. 7 74 78 103 11 5 87 I 05 

Reservoir 
elevation 1458. 0 I 4 63. 0 14 58. 0 I 362. 0 11 99. 0 146 2. 0 1 360. 0 

D ischarge - cfs 168,500 156 , 500 126, 00 0 11 3,500 63 , 000 104 , 100 90, 500 

G ates - % Open 
Left I 00 I 00 50 50 50 0 0 

Center 100 0 0 0 0 0 0 
Right 100 100 100 I 00 100 100 100 

P iezometer Press ure P ressure Press ure Pressure Pressure P ress ure Pressure 
Number* Head Head Head Head Head Head Head 

45 315. 9 243. 9 185. 9 11 4. 9 44. 9 I 36 . 9 87. 9 

46 277 . 9 202. 9 I 44 . 9 78. 9 33 . 9 87 . 9 50. 9 
4 7 255 , 9 164. 9 I 01. 9 4 0 . 9 2 3 . 9 32 . 9 13 . 9 
48 234. 9 152 . 9 87 . 9 31. 9 2 0. 9 17 . 9 2 . 9 
4 9 227 . 4 12 0 . 9 53. 9 1. 9 II. 9 - 2 5 . I - 30 . ! ff 
50 2 16 . 4 105 . 9 25 . 9 - 21 . I 4. 9 - 62 , 1H - 58 . 1H 

5 1 195 . 9 68. 9 - 2 8 . I - 61. 1 H - 7. 1 .. -1 04 . 1H 
52 184 . 9 47. 9 - 6 1. 1# - 84 . II -14. I .. •• 
53 19 2. 9 62. 9 - 4 9 . 1H - 69. 1# -1 3 . I .. -108. 1" 
5 4 202. 9 82 . 4 - 39 . I H - 47 . I H - 3. I -109. I H - 85 . U 
55 2 0 1. 9 69 . 9 .. - 56. I H -1 2 . I .. - 96. I H 

56 2 14. 9 92 . 9 - 44 . I H - 23. I - 5 . I - 74. 9H - 62. 1 H 
57 298 . 0 2 10 . 0 1 39 . 0 77. 0 50. 0 72 . 0 44 . 0 
58 272 . 0 185 . 0 11 8 . 0 59 . 0 44. 0 5 1. 0 30. 0 
59 256 . 5 154 . 0 79 . 0 28 . 0 36 . 0 - 3. 0 - 6. 0 
60 258. 0 164 . 0 95 . 0 39 . 0 38 . 0 19 . 0 9 . 0 

6 1 252. 5 152 . 0 79 . 5 27 . 0 34. 0 I. 0 - 5 . 0 
62 242. 5 1 38 . 0 58 . 0 12 . 0 30 . 0 - 2 1. 0 - 19. 0 
63 225 . 5 104. 0 5 .' 0 - 26. 0 18 . 0 - 79. OH - 63 . OH 
64 2 14. 0 88. 0 - 23 . 0 - 4 5 . OH I 3. 0 .. - 83 . OH 
65 2 18 . 0 92. 5 - 26 . 0 - 4 I . OH 13. 0 ** - 80. 0# 

66 225 . 5 105 , 5 - 27 , 0 - 30. 0 16 . 0 - 9 0. OH - 69 . OH 
67 225 . 0 I 00 . 5 .. - 41. OH 13. 0 .. - 78 . OH 
68 24 1. 9 93 . 9 - 5 2 . l H - 23 . I - 4. I - 88. I H •• 
69 223. 2 95 . 2 - 55 . 8 H - 23 . 8 - 4 . 8 - 88. 8H .. 
70 225 . 7 96 . 2 - 5 7 . SH - 22 . 8 - 1. 8 - 9 0. SH .. 
7 1 2 17 . 9 92 . 9 8 . 9 23. 9 38. 4 - 87. 1H ** 
72 2 16 . 9 92. 9 1. 9 I 9. 9 33 . 9 - 32 . 1 •• 
73 2 14. 9 92. 9 - 3. I 12. 9 24. 9 - 4 4. I H .. 
74 2 12 . 9 92 . 9 - I. 6 14 . 9 30 . 9 - 4 1. 11 .. 
75 2 1 o. 4 92 . 9 ' · 9 15 . 9 29 . 9 - 45 . 1! •• 
76 244. 5 114. 0 - 43 . OH - 20. 0 17 . 0 - 8 4, OH .. 
77 24 1. 5 11 4 . 0 - 4 3. OH - 20. 0 16 . 0 - 86 . OH ** 
78 239 . 5 114. 0 - 4 3. OH - 20. 0 16. 0 - 86 . OH .. 
79 235 . 5 114. 0 - 4 3. OH - 20 . 0 16 . 0 - 83. O! •• 
80 233 . 0 114. 0 - 43. 0! - 19 . 0 16 . 0 - 86. OH .. 
5 1A 165 . 0 28 . 0 - 43. OH -1 02 . OH -25 . 0 •• •• 
52A 164. 5 27. 0 - 68. OH -1 03 . 0! - 34. OH .. .. 
53A 173 . 5 34 . 2 - 70. OH - 83 . OH - 28 . 0! •• - 26 . 0 
54A 183 . 5 57 . 0 - 43. OH - 56. OH - 2 . 0 .. - 3 . 0 
55A 18 1. 0 55 . 0 - 39. OH - 45 . OH -11. 0 .. - 84. OH 

. See Figure 11 for Piezome ter locations. 
•• No data reco rded . 
H Negative pressure heads read below vapor pressure of about - 32 , 0 feet of water . 

This has no physical meaning in the prototype except to indicate possible cavitation. 

1 I 7 

1202 . 0 

52 , 000 

0 
0 

I 00 

Pressure 
Head 

37. 9 

26 . 9 
14. 9 
11. 9 

I . 9 
- 7 . 1 

- 2 1. I 
- 34 . I H 
- 24. 1 
-1 7, I 
- 22 . I 

-1 5 , 1 
4 0. 0 
37 . 0 
26 . 0 
29. 0 

24. 0 
9 , 0 
6 . 0 
o. 0 
0 . 0 

2 . 0 
- 3. 0 .. .. .. .. 
** .. 
•• •• 

6 . 0 
6.0 
6 . 0 
6 . 0 
6 . 0 

- 32 . 0 
- 48. OH 
- 27. 0 
- 33. o• 
- 2 1. 0 



Run No. 7 8 

Res ervoir 
elevation 1458 . 0 1398, 5 

Dischar2:e-cfs 168, 500 15 3, 600 

Tunnel Slope 0, 01 14 0, 0114 

Piezometer Pressure Pressure 
Number* H ead Head 

151 174 , 3 146 . 8 
152 140 , 5 112. 5 
153 173, 5 146, 5 
154 135, 7 1 18. 2 
155 171. 2 143. 7 

156 13 2 , 8 105, 3 
157 135 , 4 106, 4 
158 153, 9 125, 4 
159 186, 9 157. 4 
160 155. 4 126 . 9 

161 179. 4 150, 9 
16 2 149, 4 122, 9 
163 187 . 4 157. 4 
164 146 . 4 1 15, 9 
165 170, 8 142, 3 

166 128, 7 101, 7 
167 16 1. 5 135 . 5 
168 124, 0 98, 0 
169 147. 8 124, 8 
170 109. 4 86, 4 

171 135 . 1 113, 6 
172 10 1, 9 79 , 9 
173 114 , 9 90, 9 
174 142, 5 11 2, 5 
175 150. 8 120, 8 

176 176. 1 149. 1 
177 170 . 5 144. 5 
178 176 . 4 148, 9 
179 169 . 9 143 , 9 
180 178 . 9 150 , 4 

18 1 18 1. 4 152. 9 
182 158, 6 134. 1 
183 137. 9 116. 9 

TABLE A-4 

PRESSURE HEADS AT THE CENTRAL GATE AND ADJOINING TRANSITIONS 

lntake Gates Open 
Pressure Heads in Feet of Water 

9 10 11 118 119 

1339. 5 1278, 5 1201. 0 1460 , 0 1354. 0 

137,400 119, 200 89, 900 165, 000 138,500 

o. 0114 0, 0114 o. 01 14 0 , 003 0, 003 

Pressure Pressur e Pressure Pressure Pressure 
Head Head H ead Head Head 

119. 8 91. 8 56. 8 .. .. 
85 , 5 57. 0 22, 0 .. .. 

108, 5 90 , 5 55, 5 .. .. 
80, 7 53 , 2 18 . 2 .. .. 

117. 7 90. 7 56, 7 .. .. 
78, 3 51 , 3 16. 3 .. •• 
78 , 9 50 , 9 14. 9 •• .. 
98 . 4 70. 9 25, 4 .. .. 

127. 9 98, 4 60 , 4 •• .. 
98. 9 71, 4 35 . 4 .. •• 

122, 9 94, 9 58 . 9 .. .. 
97. 4 69 . 4 3 4, 4 •• .. 

128, 4 98, 4 60, 4 .. .. 
85. 9 55, 9 17. 4 .. .. 

116, 8 89, 8 55, 3 .. .. 
75. 7 49, 2 14, 7 •• .. 

110. 5 85 . 0 52 , 0 .. .. 
72.5 47. 5 15, 0 .. .. 

101, 3 78 . 3 48. 3 .. .. 
63. 9 4 1. 4 11 . 4 •• .. 
93, 6 71, 1 43, 6 .. .. 
58 , 9 37. 4 9. 9 •• .. 
67. 9 43, 9 13, 4 126 , 0 82. 0 
83, 5 54, 0 16, 5 150, 6 99, 6 
89, 8 57 . 1 17 . 8 160, 4 104, 4 

122, 6 95, 6 60, 6 186. 2 138, 2 
119, 0 93 , 0 59, 5 18 1. 1 136. 4 
122. 9 94. 9 59, 4 18 4 . 0 137, 0 
118. 4 92. 4 58. 4 178. 0 133 . 0 
123. 4 95, 4 59, 9 187 . 0 138, 0 

124. 9 96. 4 59 . 9 189. 5 140 . 5 
109, 6 85 , 1 54 , 1 168 , 2 125, 2 

96 . 4 75. 4 48, 4 146 , 2 t 10. 0 

. See Figure 15 for Piezometer l ocat ions . .. Data not recorded . 

120 121 

1259, 0 11 99 . 0 

108, 000 81, 600 

0 . 003 0, 003 

Pressure Pressure 
Head Head .. .. .. .. .. .. .. . . .. •• .. . . .. •• .. . . 
•• •• .. .. . . .. 
•• .. .. .. .. .. .. .. . . •• .. .. 
• • .. . . .. .. •• . . .. 
•• . . 
45, 0 2 1, 0 
53 . 6 25 , 1 
55. 4 26 , 4 

96 . 2 70. 2 
95 , 9 69 . 6 
94, 0 69. 0 
92 , 0 67 . 0 
95 , 0 69 . 0 

96 . 5 69 . 0 
87 . 2 64. 2 
78 . 5 59. 0 



Run No. 12 13 

Rese rvoir 
e levation 145 4. 0 1 398. 5 

Discharge-
c fs 168,500 155,600 

Tunnel Slope 0. 01 14 0. 01 14 

Piezometer Pressure Pressure 
Number* Head Head 

I 06 133 . 3 108. 3 
I 07 127. 2 I 03. 2 
108 11 9 . 7 96 . 7 
I 09 11 3. 6 9 1. 6 
110 I 09. 6 88 . 6 

111 103. 4 84. 9 
11 2 172. 3 148. 8 
I 1 3 169 . 8 156 . 3 
114 163. 7 14 2. 2 
115 159. 6 137 . 6 

11 6 153. 6 1 32 . 6 
11 7 149. 4 129. 4 

13 1 98. I 96. 6 
1 32 1 31. 6 11 6 . I 
1 33 96. 1 78. 1 
1 34 14 9 . 6 130. 6 
135 99. 5 8 1. 0 

136 153, 0 134 . 0 
1 37 108. 4 8 7 . 9 
1 38 156 . 9 136 . 4 
1 39 I 08 . 2 87 . 7 
140 158. 2 137. 2 

141 11 3. 3 92 . 8 
142 183. 8 142. 3 
143 111,1 89. 6 
144 165. I 143, I 
145 121. 9 98 . 9 

146 169. 9 146 . 9 
147 121. 2 97 . 7 
148 190. 7 147. 7 
149 •• I 02. 7 
150 •• 150. 2 

TABLE A-5 

PRESSURE HEA DS ALONG CIRCULAR TUNNEL WALL 

Intake Gates Open 
Pressure Heads in Feet of Water 

14 15 16 11 8 1 19 

I 338 . 0 12 8 0. 6 1201.0 1460. 0 1354. 0 

137,400 11 9,2 00 87, 900 165 , 000 138, 5 00 

0. 0114 0. 01 14 o.0114 0. 00 3 0. 003 

Pressure Pressu re Pressure Pressure Pressure 
Head Head Head Head Head 

79. 8 53. 3 16 . 3 140. 1 94. I 
76. 2 50 . 2 14. 7 133. 2 89. 2 
71. 2 4 7. 2 1 3. 7 123. 9 82. 9 
68. I 44. I 12. 6 I 19 . 4 79 . 4 
65 . 6 4 3. I 13. I 11 3 . 0 75 . 0 

62. 9 4 1. 9 11. 9 107 . 9 7 1. 9 
12 1 .8 96 . 8 59. 8 179 . I I 35. I 
11 9 . 8 95 . 3 59. 8 177 . 2 I 33. 2 
116. 2 92. 2 58. 7 169. 9 128. 9 
114. 6 90. 6 58. I 165. 4 125 . 4 

Ill. I 88. I 6 1. 6 158. 0 120. 0 
108. 9 86 . 4 57. 4 153. 4 11 6 . 9 

73 . 6 48. 6 18. 6 177 . 4 126. 4 
88 . 6 82. 6 60. I 92. 9 60 . 9 
58 . 6 39. 6 I 2. 6 147. 2 11 3 . 2 

110. I 9 0. I 62. I 101. 2 66. 7 
6 1. 0 41. 0 13 . 0 152. 1 I 16. 6 

11 3 . 0 9 2. 5 64. 0 104. 6 68. 6 
65, 9 4 3 . 9 14. 4 159 . 0 121. 0 

114. 4 9 2 . 4 62. 9 11 o. 5 72 . 5 
65 . 2 4 3. 7 1 3. 2 16 1. 8 123, 8 

114. 7 92 . I 6 1. 7 11 3. 8 75 . 3 

68 . 3 45. 3 13. 3 167 . 8 126. 8 
11 7 . 8 94 . 3 6 1. 8 120. 3 78 . 8 

66 . I 4 3 . 1 11. 6 164 . 6 124. 6 
11 8 . I 94 . 6 6 1. I I 23. I 80. 6 

72 . 9 48. 4 1 3, 9 179 . 4 134. 4 

12 1. 4 96. 4 6 1. 9 128 . 9 83. 9 
71. 7 4 7 . 2 12. 7 179. 2 134. 2 

120, 2 96. 7 6 1. 7 1 30. 7 86 . 2 
75 . 2 50. 2 13 . 2 184 . 6 138 . I 

123 . 7 98 . 7 6 1. 7 136, 1 89 . I 

• See Figure 14 fo r Piezometer locations 
•• Data not recorded (pressures were positive) 

T ABLE A -6 

120 

1259. 0 

I 08, 000 

0. 003 

Pressure 
Head 

49. 1 
46. 2 
43. 9 
41. 4 
39. 0 

36. 9 
93. 1 
92. 2 
88. 9 
86. 4 

84. 0 
82. 9 

89. 4 
30. 4 
8 1. 2 
33. 7 
83. 6 

35 . I 
86 . 5 
37 . 5 
87. 8 
39. 3 

89. 3 
41. 3 
88. 6 
42. 1 
93 . 4 

4 3. 9 
93. 7 
45. 7 
95. 6 
47. I 

PRESSURE HEADS AT ,JUNCTI ON OF D!VERSION INTAKE TRANSIT ION WITHOUT CEILING AND POWER INTAKE 

Intake Cates Open 
Press ure Heads in Feet of Water 

Reservoir e levation 1460 1200 14 60 1200 

Discharge - cfs 16 7, 000 89, 000 167,000 89, 000 

Piezometer Pressure Pressu re Pie zometer Pressure Pressure 
Number* Head Head Number Head Head 

A 170. 0 16 H 160 . 0 15 
B 170 . 0 21 J 125 . 0 1 3 
C 132 . 0 11 K 155. 0 19 
D 11 2. 0 10 L 160. 0 25 
E 126 . 0 11 M 141. 0 24 

F 1 30 . 0 14 N 130. 0 20 
G 165 . 0 17 0 139 . 0 24 . See Figure 1 7 for Piezomete r locations . 

12 1 

11 99. 0 

8 1, 600 

0. 003 

Pressure 
Head 

22. 1 
21. 2 
19. 9 
I 8. 9 
17. 5 

16. 9 
66. 6 
65. 2 
64. 4 
63 . 4 

62. 0 
6 1. 4 

67. 4 
12. 9 
63 . 2 
14. 7 
64. 1 

15 . 6 
65 . 5 
I 7 . 0 
65 . 8 
I 7. 8 

66. 8 
18 . 3 
66 . 6 
18. 6 
68 . 9 

19. 4 
69. 2 
20. 7 
69. 6 
21. I 



Run No . 5P 

Res . elev, 1550. 0 

Discharge 
cfs 43,200 

Gates -% open 
Right 100 
Left 100 

Piezometer P res. 
Number• Head 

151 439. 9 
152 405. 1 
153 436. 6 
154 399 . 8 
155 436 . 8 

156 396. 4 
157 395. 0 
158 ** 
159 ** 
160 ** 
16 1 ** 162 ** 
163 ** 
164 395. 5 
165 434. 9 

166 395 . 3 
167 435. 6 
168 399. I 
169 428. 9 
1 70 400 . 5 

17 1 436. 7 
172 4 0 3. 0 
173 .. 
174 .. 
175 ** 
176 .. 
177 ** 
178 ** 
1 79 ** 180 .. 
18 1 .. 
182 .. 
183 442. 5 

201 394. 0 
202 39 1. 0 
203 39 1. 0 
204 393. 0 
205 393 . 0 

206 389 . 0 
207 4 36 . 0 
208 4 36. 0 
209 4 37 . 0 
2 10 392 . 6 

2 11 393. 6 
2 12 392. 6 
2 13 41 5. 1 
2 14 41 4 . 1 
215 414. 1 

2 16 41 5 . 1 
2 17 4 37 . 8 
2 18 4 34. 4 
2 19 4 34. 4 
220 4 36 . 9 

22 1 392. 5 
222 39 1. 5 
223 390 . 5 
224 392. 5 
225 393 . 5 

226 392 . 5 
227 392 . 5 
228 395 . 5 
229 397 . 0 
230 398. 2 

TABLE B -1 

PRESSURE HEADS ALONG CENTRA L GATE WALLS AND PIE RS AND ADJOINING TRANSITIONS 

Pressure Heads in Feet of Wate r 

14P I SP 16P 17P 18P 19P 2 0P 21P UP 

1550. 0 1550. 0 1550. 0 1550. 0 1550 . 0 155 0. 0 1550 . 0 155 0. 0 1550 . 0 

42, 000 42, 000 42, 000 42, 000 42, 000 38, 000 3 1, 200 19 , 8 00 40, 400 

50 25 0 100 100 0 0 25 50 
100 100 100 50 0 75 50 0 50 

Pres . Pres . Pres . Pres. Pres. Pres. Pres . Pres. Pres. 
Head Head Head Head Head Head Head Head Head 

427. 9 422. 9 409. 9 427. 9 4 08 . 9 33 1. 9 208. 9 7 1. 9 353. 9 
392. 6 387. 1 375. 1 392 . 1 374. 1 285 . 1 162 . 1 27 . 1 3 1 3. 1 
420. 6 42 1. 1 40 1. 6 423 . 6 406. 6 31 7 . 6 19 1. 6 65 . 6 347. 6 
383 . 8 377 . 3 364. 8 386 . 3 370. 8 276. 8 15 1. 8 23 . 8 3 12. 8 
4 16 . 3 408. 3 393. 3 425. 8 4 1 0 . 8 307. 3 183. 3 38 . 3 348. 3 

376 . 4 368. 9 353. 4 385. 4 369 . 9 265 . 4 153. 4 22. 3 3 11. 4 
374. 5 366. 0 35 1, 0 384 . 0 369 . 0 265 . 0 153. 0 24. 0 311. 0 

** ** .. ** ** ** ** ** ** 
** ** .. ** ** ** ** ** .. 
** .. .. ** ** ** ** .. .. 
** ** ** ** ** ** ** ** ** 
** ** ** ** ** ** ** ** •• 
** ** ** .. ** ** ** ** .. 

377. 0 370. 0 355 . 0 405 . 0 406. 0 372 . 0 389. 0 4 08 . 0 402 . 0 
414. 9 405. 9 389 . 9 444 . 9 446. 9 402 . 9 4 16. 9 44 2 . 9 438 . 9 

374 . 8 366. 3 349 . 3 405. 8 407. 3 366. 3 385 . 3 40 6 . 3 401. 3 
41 7. 6 409 . 6 393. 6 444. I 445. 6 406. 6 420. 6 44 3. 6 439 . 6 
38 1. I 373. I 357. I 406. 6 408. 6 372. I 386 . 1 4 08 . 1 403. I 
420. 9 41 1. 9 394. 9 444. 4 443. 9 407 . 9 421. 9 44 3 . 9 440. 9 
384. 5 375. 5 359. 5 408 . 0 408. 5 373. 5 386. 5 40 7 . 5 404. 5 

432 . 7 43 1. 2 428. 7 440. 7 442 . 2 4 18. 7 440. 7 45 0. 7 440. 7 
398 . 5 397 . 0 393. 0 407. 0 4 09 . 0 402. 0 4 06 . 0 4 16 . 0 4 07 . 0 

** ** ** ** ** ** ** ** .. 
** •• ** ** .. ** ** ** ** 
** ** ** .. •• •• ** ** ** 
** ** •• ** .. ** ** •• .. .. .. ** .. .. •• .. ** .. 
** .. .. ** ** ** .. ** ** 
** .. ** .. ** ** .. .. .. .. .. .. .. .. •• • • •• .. 
•• . . .. .. . . .. .. .. .. .. •• • • •• .. .. . . .. .. 

442 . 5 443 . 5 443. 5 44 3. 5 443. 5 449 . 5 453. 5 4 57 . 5 445. 5 

375 . 0 367. 5 352 . 0 406 . 0 40 3. 5 379. 0 389. 0 40 7. 0 4 02. 0 
368 . 0 358 . 0 34 1. 0 406. 0 4 04 . 0 38 0. 0 388. 0 39 5. 0 4 02. 0 
368. 0 358 . 0 34 1. 0 406 . 0 402 . 5 38 1. 0 38 2. 0 4 02 . 0 402. 0 
373 . 0 365 . 0 35 0. 0 393. 0 367 . 0 262 . 0 147 . 0 66. 0 309 . 0 
373. 0 365 . 0 349. 0 393 . 0 367 . 0 262. 0 147 . 0 3 1. 0 309 . 0 

366 . 0 355. 0 33 6. 0 393. 0 367. 0 262. 0 146 . 0 2 3. 0 309 . 0 
41 7 . 0 4 08. 0 393 . 0 448 . 0 44 8 . 5 4 02 . 0 41 5 . 0 442. 0 4 39 . 0 
4 1 3. 5 4 04. 0 38 6. 0 44 0. 0 449 . 0 363 . 0 42 9. 0 30 3. 0 4 06. 0 
4 1 7. 5 409. 0 393. 0 43 1. 0 41 2. 0 33 0. 0 41 8. 0 94. 0 368 . 0 
369. 6 358. 6 34 1. 6 405. 6 404 . 6 364 . 6 385. 6 406. 6 401 . 6 

373. 1 363. 6 348. 6 384 . 6 369. 1 263. 6 15 1. 6 2 6 . 6 30 0. 6 
369. 6 358. 6 342 . 6 384 . 6 368. 6 263. 6 15 1. 6 23 . 6 300 . 6 
393. 1 383 . 1 367. 1 4 26 . 1 427 . 1 38 0. 1 395 . 1 423. 1 41 8. 1 
390 . 1 380. 1 363 . I 406. 1 39 0. 1 31 3. 1 17 1. 1 4 6 . 1 322 . 1 
39 1. 1 38 1. 1 365 . I 406 . 1 389. 6 303 . 1 176 . 1 45. 1 324. 1 

393 . I 384. 1 367 . 1 4 06 . 1 39 0 . 1 287 . 1 174. 1 45. 1 32 4. 1 
42 1. 3 414. 8 4 01. 8 44 6 . 8 4 11. 3 4 09 . 8 421. 8 443. 8 439. 8 
41 2 . 4 40 3. 4 386 . 4 4 34. 4 41 o . 4 341. 4 288. 4 189 . 4 393 . 4 
4 12. 4 40 3. 4 386. 4 4 33. 4 410. 4 338 . 4 26 1. 4 126. 4 38 1. 4 
4 18 . 4 4 1 0. 4 395 . 4 4 32 . 4 410. 4 342. 4 25 7 . 4 1 37. 4 38 0. 4 

374. 5 360 . 5 348. 5 404. 5 404. 5 362. 5 384, 5 403 . 5 400. 5 
375 . 5 368 . 0 35 4. 5 399. 5 395 . 5 372 . 0 38 9 . 5 406. 5 400. 5 
368. 0 358. 5 341. 5 404. 5 404. 5 364. 5 389. 5 406 . 5 401. 5 
369. 5 363. 5 34 3. 5 384. 5 368. 5 265 . 5 153 . 5 2 7. 5 3 1 o. 5 
372 . 5 36 1. 5 34 8. 5 384. 5 368 . 5 265 . 5 153. 5 26 . 5 311. 5 

37 1. 5 359. 5 34 6 . 5 384. 5 368 . 5 265 . 5 15 2 . 5 24. 5 3 11. 5 
369. 5 368. 5 34 3. 5 384. 5 368 . 5 265 . 5 152. 5 24. 5 3 11. 5 
376 . 5 376. 5 35 4. 5 384. 5 368 . 5 265. 5 15 2. 5 24. 5 31 o. 5 
382. 0 377. 0 364. 0 384. 0 368. 0 267.0 146. 0 39 . 0 308 . 0 
383 . 2 358. 7 36 6. 2 384. 2 368 . 2 266 . 2 145 . 2 21. 2 3 1 3 . 2 

• See Figure 4 7 fo r Pie zomete r locations . 
•• Data not recorde d . 

25P 27P 

155 0. 0 155 0. 0 

31, 500 12, 500 

25 5 
25 5 

Pres . Pres. 
Head Head 

206. 9 4 1. 9 
165 . 1 10. 1 
21 0 . 6 35. 6 
1 70. 8 7 . 8 
198. 3 25 . 3 

1 73 . 4 - 63. 6 
172 . 0 2 . 0 

** ** 
** .. 
** .. 
** ** 
** ** .. ** 

32 9 . 0 419. 0 
426. 9 459. 9 

389 . 3 420. 3 
42 7 . 6 458 . 6 
39 1. 1 422. I 
427 . 9 458 . 9 
39 1. 5 422 . 5 

42 7. 7 456 . 7 
39 1. 0 423 . 0 

** .. 
** .. .. ** 
** .. 
** ** 
** .. 
• • .. 
• • . . . . . . 
•• . . 

432. 5 46 1. 5 

38 9. 0 41 8 . 0 
405 . 0 406. 0 
403 . 0 41 3. 0 
174. 0 4 5 . 0 
170 . 0 15. 0 

17 0. 0 33. 0 
44 7 . 0 46 2. 0 
360. 0 368. 0 
22 9 . 0 46. 0 
408 . 6 41 8 . 6 

17 1. 6 8 . 6 
17 1. 6 9. 6 
42 6. 1 440. 1 
19 1. 1 14 . 1 
19 1. 1 1 3. 1 

191. 1 14. 1 
446 . 8 4 60 . 8 
28 9 . 4 26 . 4 
25 1. 4 4 3. 4 
25 9 . 4 6 0 . 4 

407. 5 416. 5 
40 7. 5 416 . 5 
408. 5 416 . 5 
1n. 5 39. 5 
172. 5 5 3. 5 

172 . 5 5 0 . 5 
172. 5 4 8 . 5 
17 1. 5 22 . 0 
166 . 0 35. 0 
172. 2 33. 2 



TABLE B- 1 (Continued) 

Run No. 5P 14P 15P 16P 17P 18P 19P 20P 2 1P 24P 25P 27P 

~iezometer Pres. Pres . Pres . Pres. Pres . Pres. Pres. Pres. Pres. Pres . Pres. Pres. 
Number* Head Head Head Head Head Head Head Head Head Head Head Head 

23 1 4 12, 5 389 , 5 378. 5 362. 5 435 . 5 426, 5 377. 5 395. 5 424 , 5 4 1 7. 5 426 . 5 4 38. 5 
232 4 10 , 5 388. 0 379. 0 359. 0 425 . 5 426 . 5 374. 5 393 . 5 422 . 5 4 1 7, 5 425 . 5 4 37, 5 
233 4 1 3. 5 389, 5 383. 5 36 1, 5 425 . 5 426 . 5 375. 5 393, 5 422. 5 41 7, 5 425 , 5 438, 5 
234 4 13. 5 392. 5 378. 5 367. 5 405 . 5 388, 5 3 18 , 5 1 75, 5 45, 5 333, 5 193, 5 25 . 5 
235 4 12. 5 388 , 5 377 . 0 361, 5 405, 5 389, 0 293, 5 1 76. 5 45 . 5 333 . 5 193. 5 44 . 5 

236 4 10, 5 387 , 5 377 , 5 359. 5 405, 5 389 , 5 287 . 5 176 . 5 45, 5 331 , 5 194. 5 I 7, 5 
237 4 10. 5 388 . 5 389. 5 360. 5 405 , 5 388, 5 285 . 5 1 75 , 5 45, 5 332. 5 193. 5 7 1. 5 
238 416. 5 397 , 5 396. 5 375 , 5 405 , 5 388 , 5 285 . 5 170, 5 43. 5 330. 5 192, 5 5. 5 
239 4 18. 5 402. 5 397. 0 385. 5 405. 5 388. 5 286 . 5 168 . 5 37. 5 330, 5 185. 5 18. 5 
240 419 . 5 402 . 5 382. 5 387. 5 405, 5 388. 5 295. 5 174. 5 4 1. 5 325 . 5 18 1. 5 2 1. 5 

241 434. 5 413 . 0 401 . 0 387. 5 43 1. 5 446 . 5 397 . 5 413 . 5 440. 5 436 . 5 445 . 5 458, 5 
242 433. 5 41 1, 0 40 1. 5 383. 5 43 1. 5 446 . 5 393. 5 409, 5 438. 5 435 . 5 443. 5 458, 5 
243 434. 0 41 1. 5 403. 5 384. 5 43 1. 5 446. 5 393. 5 409. 5 438. 5 435. 5 443, 5 456, 5 
244 434. 0 4 13. 5 399. 5 386 . 5 436. 5 4 10, 5 348,5 305 , 5 196. 5 40 3, 5 310, 5 34, 5 
245 432. 1 409 , 1 399. 1 381. 6 431. 1 4 10, I 328 . 1 241 , I 9 1. I 371, 1 225 . 1 39. 1 

246 433. 1 409 , 1 400. 1 38 1. 1 428 . 1 4 10, 1 322. 1 224. 1 67. 1 365 . 1 2 11. 1 32 . 1 
247 433. I 4 10. I 4 10. 6 383. 1 4 1 7, I 4 10, 1 3 19. I 2 14. I 60. 1 36 1. I 207. 1 3 1. 1 
248 437. 0 4 18. 5 4 18. 5 397. 0 426. 5 4 1 0 , 5 3 17. 5 203 , 5 71. 5 358 . 5 21 7. 5 36. 5 
249 •• •• •• • • •• .. .. .. .. .. .. . . 
250 440. 3 425 . 8 419. 8 409. 8 426 . 8 41 o. 8 325. 8 203. 8 72. 8 354. 8 205 . 8 36. 8 

25 1 391 . 9 383. 9 377. 9 367. 9 37 I. 9 346 . 9 283. 9 164. 9 30. 9 31 1. 9 169. 9 53. 9 
252 391. 9 383. 9 377. 9 367. 9 370. 9 344. 9 283. 9 164. 9 30. 9 311. 9 169. 9 52 . 9 
253 39 1. 9 383 . 9 377. 4 367. 9 369. 9 342 . 9 283. 9 164. 9 30. 9 31 1. 9 169. 9 55. 9 
254 400. 9 383 . 4 376 , 9 367, 9 377. 9 355 . 9 28 1. 9 164. 9 30. 9 310. 9 168. 9 46. 9 
255 397. 4 382 . 9 376 . 4 367. 4 382. 4 354. 4 28 1. 4 164 . 4 30. 4 309, 4 164, 4 14, 4 

256 4 10, 5 403. 5 398. 5 386. 5 388. 5 360, 5 304, 5 185 , 5 5 1. 5 322 . 5 190, 5 15. 5 
257 4 10, 5 404, 5 398. 5 388. 5 387. 5 358, 5 305. 5 185. 5 51, 5 332, 5 190, 5 68 . 5 
258 4 10. 5 404, 0 397 , 5 388. 5 389. 5 360, 5 304, 5 185. 5 5 1. 5 332 . 5 190, 5 68, 5 
259 4 1 o. 5 403. 5 396, 5 388. 5 398. 5 376. 0 304'. 5 185, 5 5 1. 5 331. 5 188. 5 2 1. 5 
260 4 16 . 5 403. 0 398 , 5 388. 5 403 , 5 388, 5 302 , 5 185 , 5 5 1. 5 329. 5 183, 5 17 , 5 

26 1 43 1. 1 428. 1 4 18. 1 409, 1 409. 1 38 1. 1 32 7, I 206 . I 72, I 368. 6 22 1. 1 2 1. 1 
262 43 1. I 426. 6 420. 1 4 09 , 1 409. 1 38 1, 1 327 . l 205 , l 72. I 363, 6 211, 1 18, 1 
263 4 31. 1 425 . 6 4 18. l 409. 1 4 1 o. 1 383 . 1 327 , 1 206 , 1 72. 1 360, 1 209. I 18. 1 
264 436. 5 425. 5 4 17. 5 409. 5 4 19, 5 387 . 5 327. 5 206. 5 72. 5 355. 5 2 16, 5 28 , 5 
265 439. 8 425. 8 4 18. 8 409. 8 425 . 8 407 . 8 327 . 8 205 . 8 72 . 8 353 . 8 21 1. 8 39 , 8 



Run No 

Reservoir 
Elevation 

Oischarge-cfs 

Piezometer 
Number• 

106A 
I 06 
I 07 
I 08 
109 

110 
Ill 
11 2A 
11 2 
113 

I 14 
11 5 
I 16 
11 7 
13 1 

132 
133 
134 
I 35 
136 

137 
138 
139 
14 0 
141 

14 2 
143 
144 
145 
146 

14 7 
148 
149 
150 

TABLE 8-2 

PRESSURE H EADS ALONG CIRCULAR TUNNEL WALLS 

Central Gates Open 
Pressure Heads in Feet of Water 

I P 2P 3P 4P 5P 

155 0. 0 15 14. 0 1400, 0 1300, 0 1550 . 0 

24, 200 27, 500 22, 200 17, 800 4 3, 200 

Pressure Pressure Pressure Pressure Pressure 
H ead Head H ead H ead Head 

407. 5 369 . 5 257. 0 16 I. 5 394. 5 
408. 8 371. 8 257 . 8 I 6 1. 8 396. 8 
408. 6 37 1. 6 258. I 162. I 397 . I 
408. 9 371 . 4 258. 4 I 62 . 4 397 . 4 
408. 8 371, 8 258. 8 162 . 8 39 1. 8 

406. 6 369 . 6 257. 6 162. I 392. I 
4 10, 5 372 , 5 259. 0 163. 0 393 . 5 
45 1. 5 415. 0 302, 0 206. 0 4 37 . 5 
452. 8 416. 8 302. 8 207 . 3 441. 8 
453 . I 417. I 303 . 6 207. 6 442, I 

453. 9 41 6 . 9 303 . 4 207. 4 441. 4 
453. 8 416. 8 303 , 8 207. 8 441. 8 
454 . 6 417. I 304, I 208 . I 442. I 
45 4. 5 41 7 . 5 304 , 5 208. 5 441 . 5 
45 5 . I 416. I 304 . I 209 . 6 4 34. 6 

369 . I .. 26 1. 6 167. I 393 . I 
457. 4 417. 4 305, 4 2 10 , 4 437. 4 
413 . 9 373, 9 26 I. 4 166. 9 393. 9 
457 . I 417. l 304 . 6 210. I 437. 6 
413. 6 373 . 6 261. I 166. 6 394. I 

456 . 7 4 I 7 . 7 304 . 7 209 . 7 437 . 9 
41 3 . 2 373, 2 26 I. 2 166 . 2 393. 2 
4 56 . 4 417 . 4 304 , 4 209. 4 437. 4 
41 2. 9 374 , 4 260. 9 165. 9 393. 9 
4 56 . 5 41 7 . 5 30 4. 0 2 09 . 0 438, 0 

41 3 , 5 374. 0 260. 5 165 . 5 394. 5 
4 56. 7 416 , 7 304 , 2 208 . 7 438 . 2 
41 3, 2 373 . 7 260, 7 I 65 . 7 39 4. 7 .. •• •• •• 4 38 . 3 
41 2. 8 373 , 3 260 . 8 I 65 . 3 394. 8 .. 417 . 0 304 , 0 2 08. 5 438. 0 
412. 5 373 . 5 260. 5 165 . 5 394. 5 
45 5. 7 416 . 7 303, 7 208 . 7 438. 7 
412. 2 374. 7 260, 2 165 . 7 395. 2 

• See Figure 46 for Piezorneter Locations. 
••Data not recorded . 

6P 

1550, 0 

33, I 00 

P r essure 
Head 

395. 5 
397. 8 
397 . I 
397. 4 
397 . 8 

396. I 
398 . 5 
43 9, 5 
442. 8 
443. I 

443, 4 
44 3 . 8 
444. I 
444. 5 
438. 6 

398 . I 
442. 4 
398 . 9 
44 2. I 
398 . 6 

441. 7 
398 . 2 
441. 4 
397. 9 
441. 0 

397 . 5 
440. 7 
397. 7 
440. 8 
397 . 3 

441. 0 
397. 5 
440, 7 
397 . 2 



TABLE C-1 

PRESSURE HEADS ALONG INTAKE AND DOWNSTREAM TRANSI TION WALLS 

Central and Radial Gates Open 
Pressure Heads in Feet of Water 

Run No. 1 2 3 4 22 

Reservoir 
Elevation 1551. 0 146 2 . 0 1401. 0 1303 . 0 1428. 5 

Discharge-cfs Ill, 000 97, 8 00 90, 000 72, 500 94, 000 

Piezometer Pressure Pressure Pressure Press ure Pressur e 
Number * Head H ead Head Head H ead 

I 278 . 0 189. 0 128 . 0 30 . 0 153 , 0 
2 278 . 0 189. 0 128 . 0 30 , 0 152. 5 
3 278. 0 189. 0 128 . 0 30, 0 152. 5 
4 17 9 . 4 190, 3 129 . 3 3 1, 4 154. 3 
5 299, 5 2 10, 5 56 . 5 53 . 5 174 . 5 

6 3 I 7. 2 245. 7 158. 2 70 , 2 192. 7 
7 311, 7 225. 7 155. 7 74 . 7 192. 7 
8 298 , 8 2 17. 8 153. 8 74, 8 186. 8 
9 289. 4 211 . 4 157 . 4 72 .4 18 1, 4 

10 28 9 . 0 21 I. 0 196. 0 74, 0 18 1. 0 

II 284. 0 195. 0 134. 0 36. 0 160, 0 
12 284, 0 195. 0 133 , 5 36, 0 160, 0 
13 285. 9 196, 9 139 , 9 37 . 9 161 . 9 
14 303 . I 2 14. I 152. 6 55 . 1 179, 1 
15 3 19 , 8 23 1, 8 172.8 76. 8 197. 8 

16 309, 2 219. 2 164 . 2 75 . 2 188 . 2 
17 286. 3 209, 3 157. 3 73. 3 174, 8 
18 36 4. 8 232, 8 216. 8 119. 8 241. 8 
19 363 . 8 275 , 8 215, 8 11 7 . 8 241, 3 
20 36 I. 8 273 . 8 214, 8 116. 8 239. 8 

21 357, 8 269 , 8 2 10, 8 114, 8 235, 8 
22 3 44, 8 259. 8 202 , 8 I 09. 8 227. 8 
23 332, 8 249. 8 194 . 8 104, 8 218 . 8 
24 323 . 8 243 , 8 189. 8 IOI, 8 2 12. 8 
25 388. 5 298, 0 238 . 5 140, 5 264 . 5 

26 386. 5 297 . 0 237, 5 139 . 5 263 . 5 
27 384 . 5 296. 0 235 . 5 138. 5 261 . 5 
28 376. 5 289. 5 230, 5 135 . 5 256 . 5 
29 365 . 5 281. 5 224, 5 131, 5 249. 5 
30 352 . 5 27 1. 0 216 . 0 127 , 5 240 , 0 

3 1 348 , 5 268. 5 2 13, 5 124, 5 237. 5 
32 391 , 0 30 1. 0 24 0, 0 142 . 0 267. 0 
33 389 . 0 300, 0 239, 0 141, 5 266. 5 
34 383. 0 295. 0 235 . 0 139. 0 262. 0 
35 36 4 . 0 28 1. 0 224, 0 132 , 0 249, 5 

36 360. 0 283. 5 219. 0 127. 0 240, 0 
37 .. 227 . 4 179. 4 .. .. 
38 302 , 3 22 1. 7 167, 7 80, 2 192 . 2 
39 .. .. .. .. •• 
40 349 . 0 267 . 9 2 13, 0 .. .. 
41 350, 7 270. 2 214, 7 125. 7 239, 7 
42 299. 7 220. 6 166. 6 79. 7 189 , 6 
43 288 . 2 2 11 , 7 159. 2 74. 2 182 . 2 
44 289 . 6 213, 6 161. 6 77 . 6 184. I 
45 31 1, 5 234. 5 181, 5 96 , 5 204 , 5 

46 326, 5 249, 5 197. 5 113. 0 219. 5 
47 325 . 2 257 . 2 204 , 7 11 9, 2 228. 2 
48 282. 6 2 11, 6 159. 6 76. 6 183. 6 
49 309, 7 236, 7 186. 7 I 05. 7 2 14, 7 
50 274. 0 196. 0 153. 5 70, 0 179. 0 

5 1 275 . 6 201, 6 153 , 6 7 1. 6 174, 6 
52 295. 5 221, 5 171. 5 90 . 0 193, 0 
53 318 , 1 244. 2 194 . 1 11 2, 6 212, 6 

* See Figures 53 and 54 for Piezomete r l ocations . 
** Data not recorded . 



TABLE C - 2 

PRESSURE HEADS ON CrRCULAR TUNNEL WALLS 

Central and Radial Gates Open. 
Pressure Heads in Feet of Water . 

Run No. 1 2 3 4 22 Run No. 1 2 3 4 22 

Reservoir Reservoir 
e l evation 155 I. 0 1462. 0 14 0 1. 0 1303 . 0 1428. 5 elevation 1551. 0 14 62 . 0 1401. 0 1303. 0 142 8. 5 

Discharge - Discharge -
cfs 111 . 000 97. 800 90. 000 72. 5 00 94. 000 cfs 11 I . 000 97. 8 00 90, 000 72,5 00 94, 000 

Piezometer Pressure Pressure Pre ssure P ress ure Pressure Piezometer Pressure Press ure Pressure Pressure Pressure 
Number• Head Head Head Head Head Number* Head Head Head Head Head 

54 269. 4 195 . 9 146. 9 66 . 4 168 . 9 
55 275. 5 202 . 5 153 . 5 123 . 0 175. 0 

56 308. 3 234 . 3 184 . 3 104. 8 20,. 3 146 245. 8 183. 8 144 . 8 76 . 8 161. 8 
57 3 14. 9 240. 9 190, 4 111. 4 2 12. 4 147 288 . 3 226. 3 187 . 3 120. 3 202. 8 
58 270 . 5 197 . 5 144. 5 68 . 5 169. 5 148 24 1. I 183 . 1 144. 1 79. I 153 . I 
59 3 14. 5 232 . 5 190. 5 11 3. 5 211. 5 149 284. 6 226. 6 187 . 6 121. 6 196 . 6 
60 268. 9 196 . 9 14 6. 4 69 . 4 169 . 9 150 241. 3 183 . 3 144. 3 70. 3 161. 8 

61 31 3. 9 24 1. 9 19 1. 4 114. 4 214. 9 151 278 . 8 225 . 8 187 . 8 122 . 8 203. 8 
62 269 . 3 197 . 3 14 7. 3 7 1. 3 17 1. 3 152 237 . 8 1 79. 8 145. 3 79. 8 157 . 8 
63 3 14 . 3 242 . 3 192 . 3 116. 3 2 16. 3 153 284 . 3 227. 3 189. 3 12 5. 3 206 . 3 
64 269. 2 198. 7 147. I 72. 7 1 72 . i 154 24 1. I 183 . I 14 7. I 84. I 163 . 6 
65 31 3. 7 243 . 7 194. 7 11 7 . 7 226. 7 155 284 . 6 227 . 6 190. 6 12 7. 6 207. 6 

66 364. 5 196 . 5 150. 5 73 . 5 1 7 1. 0 156 240. 4 184. 4 14 7. 4 86 . 4 163 . 9 
67 313. 0 244 . 5 195 . 5 11 9. 5 2 1 7 . 5 157 273. 9 227. 9 19 0. 9 129. 9 207 . 9 
68 268. 4 200. 4 150. 4 75 . 4 1 73. 4 158 240. 4 185. 4 148. 4 87 . 4 165 . 4 
69 312. 4 245. 4 195 . 4 120. 4 216 . 9 159 273. 9 228. 9 19 1. 9 1 30. 9 208. 9 
70 268. 1 201. 1 152. 1 76 . 1 173. I 160 241. 8 186 . 3 149. 8 88. 8 165. 8 

7 1 350. 1 279 . 1 233. I !5 7 . I 254. I 16 1 286. 3 229. 8 193. 3 132 . 3 2 10. 3 
72 2 67 . 8 198. 8 152 . 8 76 . 8 173. 3 162 233. 3 188 . 3 151. 3 89. 3 168 . 3 
73 3 12 . 8 244. 3 197 . 9 121. 8 21 7 . 8 163 288. 5 232 . 5 195 . 5 1 32 . 5 212 . 5 
74 266. 6 198 . 6 152. 6 77 . 6 172. 6 164 21 o. 8 162 . 8 130. 8 76. 8 144 . 8 
75 312. 6 244 . 1 198 . 6 123. 1 219. 1 165 250. 5 202 . 5 17 0. 5 11 9. 5 185. 0 

1 34 245. 9 183. 9 140. 9 7 1. 9 159. 9 166 15 2. 3 11 7. 3 93. 3 54. 3 103. 3 
135 250. 4 188 . 4 146. 4 78 . 4 165 . 4 167 180. 5 14 6. 5 124 . 5 87. 5 134 . 0 

168 150. 5 115 . 5 92 . 5 54. 5 102. 5 
1 36 280. 4 218. 4 1 76 . 4 108 . 4 194. 9 169 183 . 5 14 9. 5 12 6. 5 88. 5 136 . 5 
137 288. 4 227. 4 184. 4 11 5. 4 204 . 4 170 149. 2 11 5. 2 92. 2 54. 2 102. 2 
1 38 243. 5 182. 5 141. 5 93. 5 159. 5 
139 284. 0 22 3. 0 182. 0 136. 0 20 1. 0 17 1 15 4. 5 11 9. 5 97 . 5 5 9. 5 107 . 5 
140 243 . 2 182. 2 140. 2 93. 2 15 9. 7 172 187. 2 152 . 2 129 . 2 9 1. 2 140 . 2 

141 288. 7 226. 7 183 . 7 136. 7 20 3. 7 
142 248. 1 181. I 142. 6 94. I 160. I 
143 291. 6 22 6. I 186 . 6 137 . 6 202 . 1 
144 240. 4 18 1. 4 14 3. 4 94. 4 156. 9 
145 287 . 9 225. 9 186. 9 138. 9 202. 9 

* See Figure 57 for Pie zometer locations . 



TABLE C-3 

PRESSURE HEADS ALONG THE CENTRAL GATE AND P IER AND ADJOINI NG TRANSITION WALLS 

Rad ia l Gates Open . 
Pressure Heads in Feet of Water. 

Run No, 1 22 4 52 57 63 53 58 6 0 

Re servoir 
elevation 155 1. 0 1428 . 5 1303. 0 155 1. 0 1429. 0 1299 , 0 1550. 0 1423. 0 1 300. 0 

Discharge 111, 000 94 , 000 72.500 9 1. 000 76, 000 53, 000 106, 100 80, 900 64, 200 

"lo Central 
Gate Open 
Left Cate 100 100 100 100 100 100 75 75 75 
Right Gate 100 100 100 0 0 0 75 75 75 

Piezometer Pressure Pressure Pressure Pressure Pressure Pressure Pressure Pressure Pressure 
Number• Head Head Head Head Head Head Head Head Head 

76 280. 3 155 . 8 68 . 3 61 . 3 38 . 3 6 . 3 308 . 3 196 , 3 9 1. 3 
77 2 19. 3 140 . 3 59. 3 •• - 8. 7 o. 3 305. 3 198 . 3 93 , 3 
78 2 19. 3 139 , 8 59. 3 - 12, 7 - 7. ; •• 3 14. 3 203 . 3 96. 3 
79 242 . 4 157. 4 107 . 3 75 . 4 4 7. 4 23. 4 276. 4 177. 4 8 1. 4 
80 230. 5 149. 5 7 1. 5 24. 5 15 . 5 8. 5 53. 5 27. 5 - 4. 5 

8 1 245 . 9 164. 9 83 . 9 25. 9 22. 9 23. 9 272. 9 178. 9 9 1. 9 
82 237. 9 158. 9 79 . 9 - 2 . 1 5 . 9 1 3. 9 146 . 9 97 . 9 44. 9 
83 236 . 9 158. 4 79. 9 - 5. 1 0. 1 10. 9 11 9. 9 78. 9 33. 9 
84 286. 9 177 . 4 110. 9 126 . 9 '97. 9 69. 9 301 . 9 208. 9 11 7. 9 
85 264 . 9 183 . 9 105. 4 46. 9 43. 9 44. 9 189. 9 134. 9 74. 9 

86 269. 9 188 . 9 106. 9 52 . 9 45. 9 46 . 8 190 . 9 1 34 . 9 74. 9 
87 270. 8 186 . 8 104. 8 56. 8 48. 8 38 . 3 287. 8 200 . 8 11 2 . 8 
88 264. 3 185 . 3 105. 3 30 . 3 32 . 3 3. 7 220. 3 157 . 3 86 . 3 
89 225 . 7 146 . 2 64 . 7 •• .. .. 53 . 7 32 . 7 - 7 . 3 
90 228 . 0 148 . 0 68 . 0 .. •• •• 57 . 0 36 . 0 - 5 . 0 

9 1 245 . 5 16 0. 5 74. 5 10. 5 - 1. 5 •• 7 1. 5 42. 5 5. 5 
92 24 1. 9 16 2. 9 8 1. 9 4 . 9 5 . 9 13. 9 93. 9 62 . 9 23. 9 
93 24 9. 4 168 . 4 85 . 4 20. 4 11. 4 10. 4 74. 4 52. 4 1 7. 4 
94 262 . 1 177 . 1 9 1. 1 37 . 1 1 7 . 1 8 . 1 83 . 1 59. 1 25. 1 
95 272 . 5 189. 5 106. 5 5 1. 5 43. 5 42 . 5 178 . 5 11 7 . 5 64. 5 

96 268. 1 186 . 1 105 . 1 37 . 1 27 . 1 25 . 1 1 09. 1 79 . 1 42. 1 
97 2 76 . 8 182. 8 106. 8 41 , 8 20. 8 9. 8 11 5 . 8 82 . 8 43. 8 
98 2 12. 1 1 36. 1 58. 1 .. •• .. 55 . 1 27 . 1 - 3. 9 
99 210. 1 134. 1 57 . 1 .. .. .. 54. 1 27 . 1 . . 

100 211. 1 135 . 1 57 . 1 •• •• . . 53 . 1 28 . 1 .. 
10 1 225. 0 146. 0 64 . 0 •• .. . . 56 . 0 29 . 0 .. 
102 222, 1 143. 1 63. 1 1 7 . 1 .. .. 5 1. 1 26. 1 •• 
103 233. 9 152 . 9 67 . 9 25. 9 .. .. 8 1. 9 48. 9 .. 
104 229 . 1 154. 1 77. 1 •• .. 1. 1 90 . 1 58 . 1 2 1. 1 
1 05 225. 1 152 . 1 76. 1 .. .. - 2. 9 76 . 1 50. 1 18. 1 

106 230. 1 154 . 6 77. 1 •• .. 1.1 79 . 1 53. 1 19. 1 
107 245. 4 165 . 4 85 . 4 15 . 4 6 . 4 7 . 4 72.4 53 . 4 19 . 4 
108 241. 4 162. 9 83. 4 .. .. .. 4 7 , 4 32. 4 .. 
109 256 . 2 173 . 2 88 . 2 46. 2 1 7 . 2 .. 70 . 2 45 . 2 •• 
11 0 255. 4 1 75 . 9 100. 6 - 4. 6 6. 4 24 . 4 55 . 4 108. 4 38. 4 

111 244. 4 1 74 . 4 96 . 4 - 7 . 6 3. 4 21. 4 144 . 4 99 . 4 53. 4 
11 2 257 . 4 177 . 4 99. 4 4. 4 12. 4 25. 4 144 . 4 100. 4 55 . 4 
11 3 265. 4 185 . 4 104 . 4 29 . 4 23 . 4 26. 4 11 4. 4 82 . 4 44. 4 
11 4 263 . 4 184 . 4 103 . 4 25 . 4 6 . 4 - 11 .6 71. 4 57 . 4 32. 4 
11 5 274. 4 19 1. 9 107 . 4 70. 4 38 . 4 X 11 5 . 4 83. 4 45. 4 

11 6 204 . 1 130 . 6 54 . 1 26 . 1 2. 1 X 52. 1 24. 1 .. 
11 7 198 . 1 12 6. 1 52 . 1 26 . 1 1.1 X 52 . 1 .. .. 
11 8 205 . 1 130. 1 54 . 1 26. 1 1. 1 X 5 1. 1 .. .. 
11 9 22 1. 0 142 . 5 62 . 5 27 . 0 0. 0 X 53 . 0 .. •• 
120 222. 1 14 3. 1 62 . 1 26 . 1 - 0 . 9 X 54. 1 27. 1 .. 
12 1 2 19. 1 140. 1 69. 6 47 . 1 17. 1 X 58. 1 37 . 1 .. 
122 2 12 . 1 146 . 1 73 . 1 47 . 1 t i , 1 X 92 . 1 63 , 1 32. 1 
12 3 220. 1 147 . 1 73 . 6 4 7. 1 1 7. 1 X 69 . 1 47 . 1 1 3. 1 
12 4 24 1. 4 162 . 4 82. 4 58. 4 18 . 4 X 70. 4 48 . 4 17. 4 
125 2 36 . 4 158 . 9 80. 4 4 7. 4 16 . 4 X 39. 4 24. 4 .. 
• See Figures 55 and 56 for Piezomete r loc ations . .. Data not recorded (Piezometer malfunction) . 
X At Atmospheric Pressure. 



TABLE C - 3 (Continued) 

Run No. I 22 4 52 57 63 53 58 60 

Piezometer Pressure Pressure Pressure Pressure Pressure Pressure Pressure Pressure Pressure 
Number* Head Head Head Head Head Head Head Head Head 

126 2 37 . 4 164 . 4 9 1. 4 65. 4 37. 4 X 149. 4 103. 4 59 . 4 
127 234. 4 160. 4 9 1. 4 65. 4 38. 4 X 12 1. 4 86. 4 48. 4 
128 249. 4 172 . 9 86 . 4 65 . 4 38 . 4 X I 38 . 4 96. 4 55 . 4 
12 9 26 1. 4 182. 4 I 02. 4 64. 4 39. 4 X I I 2. 4 77 . 4 47. 4 
1 30 266 . 4 18 1. 4 I 02. 4 66. 4 40. 4 X 60. 4 48. 4 27. 4 

276 230. 0 .. 10. 0 64 . 0 40. 0 20 . 0 267. 0 170. 0 18 . 0 
277 227. 0 .. 65 . 0 2 1. 0 11. 0 6 . 0 263. 0 167 . 0 11 . 0 
278 372 . 0 .. 136 . 0 242 . 0 133 . 0 73 . 0 374. 0 248 . 0 135 . 0 
279 262. 0 •• 9 1. 0 86 . 0 63. 0 42 . 0 . 288. 0 19 1. 0 99 . 0 
280 241. 0 .. 83. 0 16 . 0 15. 0 18. 0 269 . 0 179 . 0 92 . 0 

28 1 233. 0 .. 78 . 0 - 9 . 0 - 2. 0 10 . 0 262 . 0 I 73 . 0 89 . 0 
282 284. 0 .. I I I. 0 I 07 . 0 85 . 0 62 . 0 309 . 0 2 12 . 0 120. 0 
283 267. 0 .. I 03. 0 56 . 0 49. 0 44 . 0 289. 0 203 . 0 11 l. 0 
284 234 . 0 .. 66 . 0 335 . 0 225.0 I 07. 0 270. 0 172 . 0 8 1. 0 
285 2 18. 0 .. 55 . 0 335. 0 227. 0 1 0 1 . 0 264 . 0 167. 0 92 . 0 

286 254. 0 .. 88. 0 282 . 0 212 . 0 121. 0 288 . 0 I 91. 0 IOI . 0 
287 229 . 0 •• 78. 0 357. 0 248 . 0 I J I. 0 27 1. 0 178 . 0 94 . 0 
288 22 1. 0 .. 75 . 0 358 . 0 248. 0 1 31. 0 263 . 0 I 73 . 0 91. 0 
289 276 . 0 .. I 09 . 0 376 . 0 266 . 0 150 . 0 308 . 0 210 . 0 122. 0 
290 260. 0 .. I 03. 0 38 1. 0 269. 0 153. 0 291. 0 199 . 0 I 15 . 0 



TABLE C - 4 

PRESSURE HEADS iN THE BIFURCATION, DOWNSTREAM TRANSITION, AND RADIAL GATE CHAMBER. 

Run No. I 39 44 41 

Reservoir 
e levation 1551. 0 1549, 0 1550, 0 155 1, 0 

% Radial Gate 
Open 

Left Gate 100 100 50 100 
Right Gate 100 50 100 0 

Piezometer Pressure Pressure Pressure Pressure 
Number* Head Head Head Head 

I 73 .. 264 . 3 282 , 3 328, 3 
174 185. 0 291. 0 29 1, 0 34 6 , 0 
175 22 1. 0 33 1. 0 332 . 0 384 , 0 

176 19 1. 0 29 1. 0 297 , 0 343. 0 
177 182 . 6 259. 6 284. 6 32 1. 6 
I 78 159. 0 25 1. 0 287 . 0 3 19 . 0 
179 111, 5 2 74. 5 294. 5 326 . 5 
180 177 . 0 253. 0 291 , 0 31 0 , 0 

18 1 155 . 0 254. 0 299. 0 31 3. 0 
I 82 155. 5 304 . 0 325 . 5 337 . 5 
183 178 . 0 235 . 0 295, 0 281. 0 
184 147. I 224. I 295 , I 272. I 
185 133 . 0 230. 0 306. 0 2 78 . 0 

186 114 , 5 21 9 . 5 299. 5 255. 5 
187 141 , 5 208 . 0 298 . 5 249 , 5 
188 12 7 . 0 215 . 0 308 . 0 256 . 0 
189 166. 5 246. 5 326 . 5 285. 5 
190 111. 2 272. 2 3.0J. 2 200, 2 

19 1 94 . 0 169. 0 301. 0 I 97 . 0 
192 I 02, 0 180. 0 312 . 0 204 . 0 
193 I 79 . 0 189. 0 32 1. 0 155 . 0 
194 11 6 . 8 168. 8 306, 8 177. 8 
195 I 03, 3 168 . 3 308. 3 186. 3 

196 111. 0 174 . 0 3 16. 0 196, 0 
197 14 0. 2 187 . 2 334 . 2 201. 2 
198 169. 3 163 . 3 337. 3 163 . 3 
199 I 03 . 0 134. 0 3 19 , 0 13 3. 0 
200 97 . 5 I 34 , 5 308, 5 148. 5 

201 11 2, 0 1 36 . 0 3 1 7 . 0 268. 0 
202 186. 0 - 8 . 5 379. 0 - 63. OH 
203 136. 5 I 09 . 5 335 . 5 93 . 5 
204 I 03. 0 11 B. 0 311. 0 114. 0 
205 I 09. 5 1 36. 5 309. 5 144. 5 

206 118. 0 15 1. 0 3 1 7. 0 163. 0 
207 12 9. 0 149, 0 336. 0 148 . 0 
208 1 35. 0 43. 0 354. 0 - 31. 0 
209 11 7 . 0 I 02 , 5 329. 5 74. 5 
210 87, 0 101 . 0 308 . 0 94. 0 

2 11 12 0. 0 140. 0 318 . 0 14 2. 0 
2 12 78. 0 96 . 0 324, 0 60, 0 
213 99. 0 114 . 0 309. 0 11 0. 0 
2 14 123. 5 141. 5 312. 5 144. 5 
215 1 37 , 0 16 1. 0 322 , 0 166 . 0 

• See Figures 58 and 59 for Piezometer locations . .. Data not recorded {Piezome ter malfunction) . 

Central Gates Open 
Pressure Heads in Feet of Water . 

42 Run No. 

Rese rvoir 
1550. 5 elevation 

<1J0 Radial Gate 
Open 

0 Left Gate 
100 Right Gate 

Pressure Piezometer 
Head Number* 

216 
217 

352 , 3 218 
346. 0 219 
383, 0 220 

347 , 5 22 1 
353 , 0 222 
367. 0 223 
352 . 5 224 
355 . 0 225 

367 , 5 226 
382 . 5 227 
355 . 5 228 
356 . I 229 
368 . 5 23 0 

359. 0 23 1 
359 . 0 232 
369, 0 233 
386 . 0 234 
36 1. 2 235 

360. 0 236 
369, 5 237 
362 . 0 238 
359. 8 239 
360 . 3 240 

370, 0 24 1 
384. 2 242 
36 2. 3 243 
368 . 5 244 
36 1. 5 245 

37 1. 0 24 6 
37 1. 0 247 
359 , 5 248 
358. 0 249 
364 . 5 2:; o 

370. 0 25 1 
386 . 0 252 
382 . 0 253 
366 . 5 254 
36 1, 0 255 

373. 0 256 
373, 0 257 
36 1. 0 258 
365 . 5 259 
373. 0 

I 

155 1. 0 

I 00 
100 

Pressure 
Head 

142 . 0 
62. 0 
67 . 5 
98. 0 

144, 0 

11 0. 0 .. 
13 1. 5 
14 7. 0 .. 

35 , 0 
53, 5 
92 . 0 

141, 0 
45 . 0 

98, 0 
11 4. 5 
128 . 0 
11 3, 0 

68. 0 

75 . 5 
89. 0 
95 . 5 

I 09. 0 
11 5 . 0 

I 06 . 0 
89 , 5 
69 . 0 
93 . 0 
45 , 0 

50, 0 
58 . 0 
7 1, 0 
63 , 0 
48. 0 

12 . 0 
4 I. 0 

- 15. 0 
- 9 . 5 
- 3. 0 

12 . 0 
I 0 , 0 

5 , 0 
7, 0 

39 44 

15 49, 0 1550 , 0 

I 00 50 
50 100 

Pressure Pressure 
Head Head 

1 38. 0 333. 0 
8 1. 0 314. 0 
78 . 5 307, 5 

11 3 . 0 31 0. 0 
164. 0 324. 0 

125. 0 323. 0 
•• .. 

15 1. 5 3 1 7, 0 
169, 0 326 , 0 
134. 0 422. 0 

53, 0 306. 0 
64, 5 304, 5 

I 06 . 0 312 . 0 
160, 0 328. 0 

69. 0 3 1 0. 0 

111. 0 3 15. 0 
12 7 . 5 319 . 5 
14 3, 0 328. 0 
125 , 0 339. 0 

85 . 0 316. 0 

90, 5 3 1 7. 5 
105 . 0 314. 0 
11 o. 5 3 1 7 . 5 
124. 0 325 . 0 
132. 0 338 . 0 

122. 0 326. 0 
I 06, 5 31 6 , 5 
92. 0 31 3. 0 

11 7, 0 338 . 0 
65, 0 314 . 0 

70. 0 3 1 6 , 0 
76 . 0 326 . 0 
9 1. 0 338 . 0 
80 , 0 326 . 0 
67. 0 3 1 6 , 0 

28,0 3 11. 0 
55 , 0 333 . 0 

- 19 . 0 326 . 0 
- 11. 5 326 . 5 
- 5.0 3 12 , 0 

11. 0 301. 0 
9 . 0 214. 0 
B. 0 100. 0 
7, 0 7. 0 

4 1 42 

1551. 0 1550. 5 

I 00 0 
0 100 

Pressure Pressure 
Head Head 

135. 0 385, 0 
90. 0 374. 0 
62 . 5 365, 5 

11 0 . 0 362 . 0 
1 iS . 0 373 , 0 

107, 0 373, 0 .. . . 
156 . 5 364. 5 
I 82. 0 373, 0 
136 . 0 385. 0 

67 . 0 374. 0 
64. 5 364. 5 

I 08. 0 36 1. 0 
170. 0 373, 0 

69 . 0 373 . 0 

114, 0 36 1 . 0 
130. 5 365 . 5 
15 1. 0 374 , 0 
129. 0 385. 0 
89. 0 373 , 0 

91. 5 364 . 5 
I 06. 0 36 1. 0 
11 2. 5 365 . 5 
127. 0 373, 0 
135 . 0 385. 0 

120. 0 373 . 0 
I 04, 5 365 . 5 

BB . 0 36 1. 0 
11 5 , 0 386 . 0 
60, 0 362 . 0 

65 . 0 363. 0 
73, 0 374 . 0 
88. 0 386. 0 
80. 0 374 . 0 
62 . 0 364. 0 

2 1, 0 362. 0 
5 1. 0 386 . 0 

- 15 , 0 362. 0 
- I 0. 5 362, 5 
- 2.0 374 , 0 

14. 0 386 , 0 
13. 0 386. 0 
12. 0 386 . 0 
14. 0 .. 

* Negative pressure heads read below vapor pressure of about -32 feet of water. This has no physical meaning in the prototype except to indicate 
possible cavitation. 



TABLE C-5 

PRESSURE HEADS ALONG STILLING BASIN CHUTE AND FLOOR. 

Centr al Gates Open. 
Pressure Heads in Feet of Water , 

Run No. 1 22 4 37 28 2 1 38 18 

Reservoir 
e l evation 155 1. 0 1428 . 5 1303. 0 155 1. 0 1424 . 0 130 1. 5 155 1. 0 1298. 0 

Discharge 111,000 94 , 000 72 , 500 49, 000 39, 900 30, 000 24,8 00 17, 500 

"lo Radial -
Gates Open 100 100 100 50 50 50 25 25 
in Unison . 

Piezometer Pressure Pressure Pressure Pressure Press ure Pressure P ressure Pressure 
Number* Head Head Head Head Head Head Head Head 

260 12. 5 18. 0 14. 0 11. 5 9. 5 6 . 5 6. 5 5. 5 

26 1 13. 9 16. 9 15 . 4 13. 9 9 . 9 6 . 9 15 . 9 5 . 9 
262 2.3 6. 7 9 . 7 3. 2 4 . 2 3. 2 4. 2 2. 2 
263 11. 5 9. 5 12. 5 8 . 5 7 . 5 4. 5 10. 5 4. 5 
264 8 . 7 9 . 7 9. 2 4. 7 4 . 7 4 . 2 5 . 7 2. 7 
265 1. 8 2 . 3 6. 3 - 2 . 2 0 . 8 1. 3 - 3 . 2 - 0. 2 

266 2. 9 3. 4 6 . 9 1. 9 0 . 9 1. 9 - o. 1 o. 9 
267 10. 9 1 o. 9 8 . 9 12. 9 11. 9 8. 9 2 1. 9 6 . 9 
268 - o. 6 0 . 4 5 . 4 - 1. 6 11. 4 12. 4 19. 4 3 . 4 
269 12. 0 20. 0 18 . 0 2 1. 0 29. 0 27. 0 35 . 0 1 7 . 0 
270 45. 1 48. 1 44 . 6 5 1. 1 50 . 1 57. 6 57. 1 42 . 1 

27 1 11 9 . 0 9 1. 5 75 . 0 72 . 0 73 . 0 67. 0 72 . 0 57. 0 
272 55. 0 65 . 0 70. 0 65 . 0 7 1. 0 69. 0 74 . 0 59. 0 
273 85 . 0 82. 0 75 . 0 7 1. 0 74 . 0 69. 0 75. 0 59 . 0 
274 90 . 0 8 1. 0 69. 0 65 . 0 67 . 0 62 . 5 68 . 0 52. 0 
275 64. 0 64 . 0 59. 0 55 . 0 59 . 0 55 . 0 61 . 0 45 . 0 

• See Figure 59 for Piezometer locations. 



Run No. 1 Bif. 

Reservoir 
elevation 1550. 0 

Dishcarge-
cfs 103, 000 

"lo Radial 
Gates Open 
Left Gate 100 
Right Gate 100 

Piezometer Pressure 
Number* Head 

173 126 . 3 
1 74 16 1. 0 
1 75 208 . 0 

1 76 16 9. 0 
177 128 . 6 
1 78 l l 6. 0 
l 79 l 52. 5 
180 126 . 0 

l 8 1 12 7 . 0 
182 187 . 5 
l 83 l 55. 0 
184 l 10 . 1 
185 11 6. 0 

l 86 120 , 5 
187 104. 5 
188 111. 0 
189 150. 5 
190 97 . 2 

19 1 86. 0 
l 92 94. 0 
193 157 . 0 
l 94 102 . 8 
l 95 83 . J 

196 l 01. 0 
197 125. 2 
198 14 7 . 3 
199 9 1. 0 
200 87. 5 

20 1 100. 0 
202 160 . 0 
203 117. 5 
204 88 . 0 
205 93 . 5 

206 104, 0 
207 11 4. 0 
208 l 19 . 0 
209 l 0 1. 5 
210 77 . 0 

2 11 105 . 0 
212 70 . 0 
213 85 . 0 
2 14 106 . 5 
2 15 120. 0 

TABLE D. 

PRESSURE HEADS IN T IIE BIFURCATION, DOWNSTREAM T RANSITION. A D RADIAL GATE CHAMBER 

Central Gates Open. 
Pressure Heads in Feet of Water. 

2 Bif. 3 Bif. 4 Bif. 5 Bif. Run No. 1 Bif. 2 Bif. 3 Btf. 

Reservoir 
1550. 0 1552 . 0 1551. 0 1552. 0 elevation 1550. 0 1550. 0 1552 . 0 

Discharge-
51, 000 80, 000 80, 000 65, 900 cfs 103,000 51, 000 80, 000 

"lo Radial 
Gates Open 

50 1 00 50 100 Left Gate 100 50 100 
50 50 100 25 Right Gate 100 50 50 

Pressure Pressure Pressure Pressure Piezometer Pressure Pressure Pressure 
Head Head Head Head Number* Head Head Head 

216 109. 0 365. 0 131. 0 
2 1 7 54 . 0 343 , 0 74 . 0 

350. 3 243. 3 252. 2 292 . 3 2 18 59. 5 338. 5 72. 5 
354. 0 269 . 0 263, 0 31 3. 0 2 19 85. 0 34 1. 0 106. 0 
392. 0 31 1. 0 306. 0 363 . 0 220 125. 0 359. 0 158. 0 

356. 0 27 1. 0 271 , 0 31 1. 0 22 1 96 . 0 357. 0 11 8. 0 
350. 6 239. 6 256 . 6 286 . 6 222 .. .. .. 
357. 0 235 . 0 259. 0 284. 0 223 11 3. 5 349. 5 143. 5 
353. 5 254 . 5 266 . 5 293. 5 224 12 8. 0 359. 0 162. 0 
351. 0 232 . 0 262. 0 276 . 0 225 106. 0 364. 0 128. 0 

359 . 0 235 . 0 269. 0 280. 0 226 30. 0 337, 0 47 . 0 
385. 5 286. 5 299. 5 325. 3 227 44. 5 334. 5 58. 5 
348. 0 216. 0 265. 0 232. 0 228 78. 0 339. 0 99 . 0 
347 . 1 204 . l 265. 1 244. 1 229 122. 0 358. 0 153. 0 
357 . 0 21 1. 0 276. 0 250 . 0 230 40. 0 339. 0 57,0 

347 , 5 200. 5 269. 5 230 . 5 23 1 83. 0 34 1. 0 105. 0 
346 . 5 189. 5 268. 5 224. 5 232 97 . 5 346. 5 121. 5 
356 . 0 198. 0 278 . 0 233. 0 233 111. 0 356 . 0 1 37. 0 
374 , 0 23 1. 5 296. 5 260. 5 234 100, 0 363. 0 120. 0 
34 1. 2 158 . 2 27 1, 2 179. 2 235 6 1. 0 345 . 0 79. 0 

342 , 0 154 . 0 271, 0 179 . 0 236 67 . 5 339. 5 84 . 5 
35 1. 0 163. 0 282 . 0 188 . 0 237 79 . 0 340. 0 98. 0 
357. 0 174, 0 29 1. 0 167. 0 238 84 . 5 344, 5 103. 5 
342 . 8 150, 8 216 . 8 164. 8 239 96. 0 333. 5 11 7, 0 
343 , 3 150. 3 276. 3 1 70. 3 24 0 l 07 . 0 365. 0 126 . 0 

352 . 0 160. 0 284. 0 180. 0 24 1 96. 0 353. 0 114. 0 
367 . 0 174. 2 301. 2 186. 2 242 82. 5 342 . 5 100, 5 
355 . 3 149. 3 304 , 3 144 . 3 243 69 . 0 337 . 0 85,0 
340, 0 123, 0 278 . 0 127. 0 244 93. 0 36 1. 0 l 10 . 0 
340. 5 128. 5 27 7. 5 139. 5 245 47. 0 332. 0 59. 0 

355 . 0 144 . 0 288. 0 157. 0 246 52. 0 335 . 0 64. 0 
364. 5 - 29. 0 348. 0 - 52 . OH 247 58. 0 344 . 0 70. 0 
350. 5 1 l 0 . 5 304 , 5 95 . 5 24 8 74 . 0 357. 0 86. 0 
34 1. 0 11 3. 0 282 . 0 11 5. 0 249 63 . 0 34 5 . 0 75. 0 
345 . 5 129. 5 28 1. 5 138. 5 250 49. 0 334, 0 6 1. 0 

355 . 0 144 . 0 289. 0 156 . 0 25 1 17 , 0 326. 0 22. 0 
366 . 0 14 2. 0 305. 0 145 . 0 252 45. 0 348. 0 50. 0 
357 . 0 45. 0 323. 0 - 15 . 0 253 - 12. 0 346 . 0 - 24. 0 
346. 5 97 . 5 297. 5 79. 5 254 - 7. 5 34 5 . 5 - 8 . 5 
339. 0 96 . 0 278. 0 95 . 0 255 2 . 0 324 . 0 1. 0 

355. 0 133. 0 290. 0 139. 0 256 16 . 0 3 1 o. 0 15 . 0 
346. 0 93. 0 295. 0 77 . 0 257 l 7 , 0 22 1. 0 l 6. 0 
34 1. 0 103. 0 280. 0 1 l 0. 0 258 16 . 0 11 2. 0 16 . 0 
348. 5 134. 5 284. 5 14 1. 5 259 17. 0 2 . 0 16 . 0 
358 . 0 152. 0 292. 0 16 1. 0 

• See Figure:; 58 and 59 for Piezometer locations. .. Data not recorded (Piezometer maliunction) . 

4 Bif. 5 Bif. 

155 1. 0 1552 . 0 

80, 000 65. 900 

50 1 00 
100 25 

Pressure Pressure 
Head !lead 

304. 0 234. 0 
284. 0 88. 0 
277, 5 73. 5 
280. 0 11 1. 0 
294. 0 17 1. 5 

293. 0 124. 0 .. . . 
287. 3 l 53. 5 
296. 0 l 73 . 0 
305. 0 l 34. 0 

276 . 0 6 1. 0 
27 4, 5 63. 5 
285. 0 104 . 0 
298. 0 163 . 0 
280. 0 66. 0 

285 . 0 1 l 1. 0 
289 . 5 129. 5 
298 . 0 146. 0 
306. 0 125 . 0 
286 . 0 86. 0 

282 . 5 89 . 5 
285. 0 103, 0 
288. 5 108 . 5 
298 . 0 123. 0 
310. 0 13 1. 0 

298. 0 11 9. 0 
287. 5 l 04. 5 
284. 0 89. 0 
308. 0 114. 0 
280. 0 62. 0 

283. 0 67 . 0 
292. 0 73. 0 
304 . 0 89. 0 
293. 0 7 4. 0 
28 1. 0 64. 0 

276. 0 23. 0 
298. 0 5 1. 0 
289. 0 - 14. 0 
290. 5 - 8. 5 
277. 0 3. 0 

266 . 0 16. 0 
189. 0 14 . 0 
94 . 0 15. 0 

4. 0 16 . 0 

H Negative pressure heads read below vapor pressure of - 32 feet of water. This has no physical meaning in the prototype except to indicate 
possible cavitation . 
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