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UNITED STATES 
DEPARTMENT OF THE INTF.RIOR 

BUREAU OF RECLAMATION 
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and Research Division 
Denver, Colorado 
October 12, 194.3 

Laboratory Report Noo 1.36 
Hydraulic Laboratory 

Compiled by: J. No Bradley 
c. J. Hoffman 

Reviewed by: J. E. Warnock 

Subject: Hydraulic model studies for the design of Ross Dam spillway, 
City of Seattle, Washington. 

1.. Introduction. In an agreement made January 21, 1943, and ap­
proved February 25,·194.3 (contract I2r-l4571), between the United States 
of America, represented by the Chief Engineer, Bureau of Reclamation, 
and the City of Seattle, Washington, represented by the Superintendent 
of Lighting, it was agreed that the Bureau would conduct an investiga­
tion pertaining to the design of the spillways to be used in connection 
with increasing the height of the Ross Dam located on the Skagit hiver 
in the State of Washington.. This investigation was conducted by the 
use of hydraulic models by the personnel of the hydraulic laboratory 
of the Bureau. The scope of this work and the results obtained are 
reported chronologically herein as the final report. 

2. Ross Dam. Ross Dam is located in the Skagit River 5 miles 
upstream from Diablo Dam and 8 miles upstream from Gorge Dam (figure 
l}, all of which constitute projects undertaken by the City of SeatUe, 
Washington.. Power plants are in operation in connection with the 
latter two dams, and a power plant is also proposed at Ross Dam. 

The first stage of Ross Dam has been completed to elevation 1365 
(figure 2), consisting of an arch ring about 1180 feet long at the 
crest, rising 165 feet above the tailwater, which is the reservoir level 
for Diablo Dam .. The crest of this dam is surmounted by a 15-foot tim­
ber dam over which the floodwater spills. The tentative plan is to 
continue construction in severa1 stages to an ultimate height of about 
520 feet above tailwater, or elevation 1725. At this final stage the 
dam will be constructed as a gravity arch section by adding to the down­
stream face of the thin arch dam. The immediate plan is to continue the 
arch ring construction from its present stage in two steps, first to 
about elevation 1550 and later to elevation 1650. These are referred to 
in this report as the second and third stages, respectivelyo 

The design of the spillways, with which this report deals primarily, 
is based upon the above assuaptions. In the design of the spillways for 
the second and third stages of construction, an endeavor was made to match 
the designs such that a large portion of the spillway channels for the 
second stage could be utilized, with litUe alteration, for completion of 
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ROSS DAM--INITIAL DEVELOPMENT 
TO ELEVATION 1365 
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the third stage. It was anticipated that thh wpe of planning could 't-i result in a considerable saving. r ; 
s. The spillways. The maximum expected!'flood computed from pre• 

vious records was established as 70,000 seoond,,fee t. The final spill• 
way design, however, provides for a capacity of 100,000 second-feet 
made possible by utilizing an additional five f eet of freeboard on the 
dam. 

The plans for the ult!faate:e;ravity arch dam rising to elevation 
1725 showed a drum-gate-oontrolled, open-channel spillway skirting the 
left abutment of the dam. The topography is excellent for that type 
of spillway in this case, ·but with the 'tjop of the dam limited to eleva• 
tion 1650, an additional 80 feet of out iwould be required 0 thus making 
open .. cha.nnel construc tion impracticable.; Alternate designs oou 1d be 
side-channel or atoney-gate spillways s�irtiqc· either or both abut­
ments, with tu�els through to the downstree.ti canyon walls. Both 
schemes are expensivei constquently, i� e.ocordance with your instruc­

tions, studies were concent rated on sp�\lway- which would discharge the 
wat�r over the dam proper. regardless �'t ooti,truction stageo 

'1. 
4. The models. A model was constructed of the entire arch dam, 

with top elevation at 1650 to a 1260 scale. ··t _f'hotographs of the original 
model showing the canyon-wall topography are presented on figure 4. 
A drawing indicating the final extent of t

t

_modtl · is shown on figure 5. 
The arch was constructed of wood and lined .· th· ·sheet metal on the up­
stream side.. The head box was of similar o 

.
. · s-tfruo'tion, consisting of 

a wooden box lined with sheet iron and bui integral with the upstream 
fe.oe of the dam. The downstream portion o . · th$ m9del dam a.nd the ad• 
jaoent topograpey consisted of metal lath 

�. �.

truct 
.. 
ion faced with an 

inch of cem9nt and sand surface coating. 
1 

e metal lath ss held in 
pla.oe by wooden supports. The box do1'l}stij , .. , . .-fro� the de.m was lined 
with sheet metal to a point sli�htly abov· maximum tailwater level .. 
The spillway overflow secti ons were oast in a rich oon.crete mixture a.nd 
in. such a way that the sand did not penetrate to the outer surfaces. 
The piers were constructed of wood, and the gates were fabricated of 
sheet 1r�etal. 

A second model, to a 1125 scale, was constructed including one full 
gate with a half gate on each side to study pressure conditions in the 
closed portion of the spillways and on the face of the dam. The over­
flow section was :rrade of conorete 0 the piers of wood� and the �ates or 
sheet metal. Piezometers were installed throughout for measuring the 
pressures 0 and the deflector hood was a transparent plastic sheet 
throuih which the action of the water oould be observed. 

The water supply to both models we.W measured through accurately 
calibrated laboratory venturi meters whf¢h. a.re systematically checked 
at regular intervals. 1 ·' · 
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A- Ovtirflow !�t!ction!l 2 and 3 

B- Overflow :..;ection 2 
Overflow Section 3 

MODEL AS CONSTRUCTED ON 1:60 SCALE SHOWING ORIGINAL TOPOGRAPHY 
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5. Overflow section lo As a preliminary trial, overflow section 
l (figure 6) was constructed to a ls60 scale with provision for 35 0 000 
second-feet controlled by six 26= by 22cfoot monocoque gateso The 
center line of the overflow section was midway between construction 
joints 5 and 6., Al thoue;h it was intended that similar spillways be .!/. 

located near eaoh abutme�t, thus making the total spillway capa.oi ty 
70 9 000 seoond0feet. each of the preliminary designs was constructed on 
one side onlyo In other words, each succeeding design was alternately 
constructed on one side and the following desitn on the opposite side. 
The crest of overflow section 1 was at elevat ion 1614 .o, making the. 

·. 

reservoir elevation approximately 1630 for a discharge of 35,000 second­
feete The gates were set downstream from the crest, as shown on figure 
6, to obtain a trajectory with initial velocity directed at a downward 
anile rather than horizontal as is usua lly the case. The portion of 
the overflow section upstream from the gate s was designed to produce no 
subatmospheric pressures in this region for discharges up to 35 p 000 
second-f'eeto 

Two limitations sufficed to make the design of these spillways 
difficult. First, the damwas of insufficient thickness at the top to 
construct a true vaouumless overflow shape; and second, cutting into 
the dam below elevation 1600 was prohibited because of stress considera.� 
tions in the arch. Overflow section 1 projected past the downstream 
face of the de.m and the jet of water leaving the section fell free of 
the dam facee From the instigation of the studies it was considered 
advisable to have the sheet of water in contact with the face of the 
damo As a result of this particular test, no other condition was con­
sidered acceptable� 

6. Overflow section 2o In all subsequent tests the criterion 
was that the overfalling sheet of water be in direct contact with the. 
downstream face of the dam for all conditions of flowo A heavy oon­
crete buoket was to be provided at the junction of dam and ro�k sur­
faces to deflect the jet, and a superelevated ohannel was to be proQ 
vided downstream from the bucket to oonduot the flow safely to the river. 
With the jet making de.finite contact with these surfaces, no damage was 
expected. 

Overflow section 2 (figure 6) was the same as section l except for 
the oonorete pad added to the downstream faoe of the damo The jet per­
formed as desired for t he lower discharges but sprung free or the pad 
intermittently for discharges greater than 25 8 000 second-feete The 
steepness of the overflow shape encouraged vortices to p lay back and 
forth acros s  the section, produoing very unstable flow. Photographs 
of this spillway are shown for a discharge of 35 p 000 seoondafeet on 
figure 7 A and B. The original topography had not been disturbed� 

7. Overflow section 3. Overflow seotion 3 (figure 8) consisted 
of a combination or two radii used with no intention of simulating the 
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aotual shape of the lower n appe of the overfall ing eheet o The padding 
on the dam face was removed and the gate s again su spended to ope rate 
on the curved portion of the overflow section . In th i s  case 0 the ob ject 
was to develop ne gat ive pres sure s und er the je t in an attempt to virtu­
ally force  the sheet of water against the overfl ow face . Re s� l ts were 
less desirable than for the precedi ng ca se a s  vortice s ma.de it pos sible 
for air to enter intermittent ly under the jet» resulting in an intoler= 
able ma.ke 0 and-break action o Photograph s of  thi s sp i l lway are shown for 
a discharge of 35 8 000 second-feet on figu� 7 A and C .  The natur al 
top ography was sti 1 1  in tact. 

8 .  Overflow section 4 .  It became apparent that t he de sign of a 
free overflow shape to perforn as desired was a remote pos si bi lityg es­
pecial ly with the limitati on prohibit ing cutting into the dam below 
e levation 1600 . In  the des ign of overflow section 4 (figure 9 ) D an 
attempt was made to force the overfulling jet agai nst  the dam face by 
a defl ector p late o The overflow face project ed past t he down stre am face 
of the dam on which a vent slot was provided for aeration under the jet o  
The gates were suspended directly over  the cre st 9 thus decreasing their 
height o The pas sageway between the overflow face and the d efle ctor wall 
was propor tioned to flow full a t  the maximum disoharge o 

The spi llway was ope rated with and without aeration beneath the 
jet . The fl ow cond itions were improved, but the re wa s  a decid e d  pulsa­
tion in flow when air was admitted beneath the nappe o A les s  noticeable 
fluctuation occurred when the air supply was di soontinued o In neither 
oase 9 however p could pul sation of flow be tole rated o A second disad­
vant age of this desien was the abru pt an gle at which the jet impinged  
against the dam face a s  i t  emerged from t he . condu it . On s triking the 
dam, a po rtion of the jet  was deflected away from the face . Uncertainty 
existed as to t he damage that might resu lt at the zone of impao t o Pho­
to graphs of overflow sec t ion 4 discharging at 35 , 000 second-feet are 
shown on figure 10  A and B .  In thi s case the canyon wall adjacent to 
the spillway was excavated on a 1-1/4 1 1  slope measu red normal to the 
line of centers of the dame 

9 o  Overflow section 5 .  Overflow section 5 (figure 1 1 ) was the 
same ns overflow section 3 except for the addition of a deflector hood . 
The spillway consi sted of six gates 25 feat in width an d was designed 
for a maximum discharge of 35 9 000 second-feet with the reservoir  at 
approximately e levation 1630 0 The resu lting performance of thi s  spill­
way was a decid ed improvement over  the previous one o  Flow conditions 
were excellent for ·the higher di scharges D decreasing in de s irability 
as  the disc harge was reduced o A dribbling action o ccurred from the end 
of the defle ctor hood at v�ry low flows & The main je t of water main­
tained contact with the f aoe of the overflow section and damJ thus the 
dribbling was primari ly cau sed by fins adjacent to the pie r s o  P hoto­
graphs of overflow secti on 5 operating at a maximum aisohs.rge of 
35 » 000 second -fee t  are shown on figure 10 A and c .  
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A- Overnow Sect ions 4 and 5 

B- OVernow Sect ion 4 c- OVertlow, Section 5 

DISCHARGE 35, 000 SECOND-FEET PER SPILLWAY -CHANNELS ElCCAVATED ON 1 : 1  SLOPE MEASURED 
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As this type of design showed promise g a l t25 model  was oonst ruoted 
t o  invest igate pressure conditions. 

10. Overflow section 6 .  Overflow seotion 6 (figure 12) was con• 
struo ted to a l s 25 scale equipped with suffic ient pie zometer s  to s t udy 
the pressures on the overflow faoe and the defleotor hood. The deflector 
hood was extended to e levation 1560, and each spillway was de signed to 
flow fu ll at a discha rge of 50, 000 seoond=feet with re servo ir at approx� 
imat ely elevation 1635 and overflow crest at e levation 1612 . After a 
dige�t or stream-flow data by Senior Enginee r Ivan E o  Houk g the oapaoity 
of the t'VVO spillways was boosted to a total of 100, 000 second-feet as a 
conservative mea sur e .  The gate s were reduced  in width from 25 t o  20 
feet (fi gure 12 ) without a change in number and were hinged in th e oppo­
site direction to those in previous tests. The new spacing permitted 
the i nstallation of two spil lway gates b�tween adjacent construction 
joints. The sp lit piers at the constructi on  joints were 6 .77 feet wi.de. . 
and the int ermediate piers 3 .. 83 filet wide, both measurements being at the 
greatest width . 

The l a 26 model con sisted of one full gate with a ha lf gate on each 
side and a short section of dam be low them. Model re su lt s  converted 
t o  prototype pressures  are shown on fi gure 13 fOr' overflow section 6 
for free crest ope ration as we l l  as for four gate position s .. A maximum 
negative pressure on the overflow face of 20 feet of water i s  shown at 
pie zometer 9 with a free dis charge or 100 0 000 second-feet. The d is�  
charges  as  referred to on th is model represent the correspond ing flow 
for twe lve gates. or the . total  for both spi l lways . As the discharge 
was increased above this value , a back pres sure in the con duit pro• 
duo ed by additi onal friction relieved the subatmosphe rio conditions to 
soma extent e  Figure 13 shows that the pressures were more severe for 
1009 000 second-feet than for discharge s at partia l gate openinES with 
reservoir at elevation 1630 g which was contrary to  expe ctationso It 
was de sired to limit the maximum negative pres sur e to one -half  an 
atmosphere , or about 15 feet of water .  

The maximum pos itive pre s sure on the deflector hood 9 o n  the other 
hand, is sho'tl'm a s  20 feet of water or 8 .7 pounds per square inch for 
a flow of 125 , 000 seoond-feeto The heavy dash line on fi�ure 13 re� 
presents the maximum positive pressure recorded on the hood for al l 
condi tions of op erati on . Discha rge at partial gate openini s defin&s 
thi s  line in the vicinity of piezometer s 30 , 4 5 ,  and 60 . 

The negati ve pressures  are effective in maintaining oontaot be­
tween the jet  and the overflow face but are not suffioient to control 
the entire she et. There wa s a t endency ::'or the outer portion t o  separate 
from the main jet.  thus cau sing impingement o n  the deflector hood for 
all  but t he very s mall dis cha rge s o  The hood the re fore served an im­
portant purpose at practically all flowse 
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Overflow secti on 6 ffllS overdesigne <l a s  the c l o se d  purti on of the 
s p i l lway di d not flow fu l l unti l a dis charge of 12 5 , JOO second-feet wa s 
reac ha d . It  was intended that thi s c ondi ti on wou l d  oc cur at l .:)0 , 000 
s � c ond-feet . The p roporti ons of the c losod soction were arrived a t  by 
c oriputing area s throughout base d on the the oret i c a l  vel oe iti e s  le s s  15 
pe rcent for fri c ti on and impact l o s se s .  Th6 computt\ti on was repeate d,  
a.llovrin.g a total of  only 5-percent l o s s  for a. d i s charge of 100, 000 
second-feet, and t he re su 1 t i n[ sha.pe is desie;ne.ted  a s  ove rflow secti or. 
7 .  The l o s s e s  ware found to be extreme ly l ow, even at r.ie.ximun discharr;e ; 
the refore the e fficiency of thi s  spi l lway should c ompare  favorably with 
the open, free overfl ow secti on . 

1 1 .  Over1'low s e ct i on 7 .  Overflow s e c  ti on 7 ,  sh own on fif�uro 14 , 
wa s  the same a s  secti on 6 except for the cha nie of posi tion and the 
d imensi ons of the def lector hood . The cl os ed p ortion fl owed fu l l  at a 
dis charge of approxi 1:w.tely 100 , 000 s e oo nd-.!'eet.  A smal l  l ip wa s  added 
to the lower end of the d eflector hood to defle ct the smaller dis charges 
toward the dam face,  thus reduc ing the dribbl ing previ ous ly expe rienced . 
Pre s su r e s  on the overfl ow face and the defle c tor hoed are plotted for 
overflow secti on 7 for free fl�¥ and a l s o  for gate ope rati on on flgure 
15 . The r:,a.xi.mum ne gative  p re s sure in thi s  c a se is shown £\ S 18 teat  of 
wate r ,  wh ich  occu rred at pie z ometer 9 for a discha re;e of 95 , 000 socond­
fee t .  The na r;a tive pre s sure dec reased a s  the condu i t  flowecl fu l l  a.t 
100, 000 second-feet . The ms.xirnum p os i t ive pre s sure on the deflector 
wal l  wa s  reduc ed from 20  to 15  feet,  but the dec rease in d i scha rge in 
the latter c ase was p r inci pal ly respons ib le for thi s  reducti on . Photo­
r;raphs of' the 1 1 25 se cti onal  spi l lway ope rati ng at 10, 000 ,  40, JOO, 
75 , 000, and 100, 000 second-feet are shown on figure 1 6 . The di scha rge s 
as  stated are ba sed on twelve gates  dis c hargi nf� at the same rate as  the 
two shown . The d ribbling can be seen in fi gure 1 6 A wit h a. di scha rge 
of 10, 000 s econd-feet . As the dis charge was inc rea sed , flow condi ti ons 
c onti nual ly improved unti l the ul time. te de sired flow co ndi ti on was 
reache d  at 100, 000 seco nd- feet ,  at wh ich point the conduit fl owed ful l . 
The pre s su r e s  on the fac e  of the dam were pos i tive th rou�h out the en­
ti re d i s charge range . 

12 . Overflow section 8 . In  an attempt to reduc e tile neGative 
pre s su re ,  the con stant radi us i n  ove rflow section 8 was c hanged to a 
compound curve a s  shovm on figure 1 7 .  The obj ect wa.s to reduc e the 
ne gative pre s sur e at p i e zoue ter 9 and inc rea se i t  at o the r point s  by 
shor ten in� the rs.di u s  of cur vature i?llm3diately doonstream from the ere st  
and lengthening; it in the vic init.:, of  pie zorneter 9 .  i-.ssumi ng; that 

v2 • 
p = -r- app l i e s  in th i s  pn rticula r  case ( whe re p c: p re s su r e  on f'uoe , 

V = ve loc i ty ,  ttnd r -= radiu s of curvature ) ,  the negative pre s sur e  a t  
p ie z ometer 9 should be about 1 5  percent le s s .  From the cur ve s o n  figure 
17 the c ho. nze in cur vature impr oved the pt' e s su re a.t pie zona ter 9 by 
only 5 . 5  pe rcent , or r educ ed it to  a negative  1 7  feet of wato r . The 
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.F'IGURE 1 6  

A- Discharge 10 ,000 Seoond-Feet B- Discharge 40 ,000 Second-Feet 

c- Discharge ?5,000 second-Feet D- Discharge 100,000 Second-Feet 

SECTIONAL MODEL ON 1 :  25 SCALE EMBODYING T1:JO GATES 
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ne gati ve pre s su r e s a t  p oi nt s above pie z o:neter 9 did increa se . but no t 
to the e xte nt expe c ted. The co n clu si on is  tha t the th eo ry doe s not 
c omp l etel y  app ly a s  the curvatu re was too great for the wate r to f o l l ow 
natu r a l ly .,  No addi ti onal appre c iable improveme nt in pre s su r e  condi ­
ti ons on the ove rflow faoe by fur the r expe rime nta tion was apparent as  
lonr a s  i t  was ne oe s s a. ry  to c omply with the e stab l i she d  limitati ons .  
The shape as  shown on ficu re 1 7  wa s  the r e fo re co nsi de red the fina l de .. 
oi ?,ll a s  far a s  the la.borutory inve s tigati ons were concerned . 

The maximum average po s i ti ve p re s su re on the defle ctor hood (fig­
ure 17 ) wa s reduced  to 12  feet of water for a di s cha rie of  100 1 000 
seco nd�feet ., Wi th the al ta re.ti on in sh ape of ove rfl ow se cti on 8 ,  a 
c o rre sp ond inr; c h& n[e wa s  made i n  the dime nsi ons of the defl ec tor hood , 
whi ch wa s  re spons ib le for  th i s  pr e s sure  redu ction . 

Due to  the natu re of th i s  de si gn .  information wa s  de s ir ed co ncern­
i ng the per i od  o f  vibrati on and the ma gnitude of ins tantaneous pr e s­
sure s on the defle cto r  hood . I t  wa s not pos s i ble to  obtni n co.r.ipu rabla  
vibration mea su r ements from the model which wou ld app ly to tho proto­
type e It  can b e  s ai d 0 however ,  that vibration did exi st in the mod e l  
but wa s not of  suffi ci ent mar;n i  tude t o  cau se concern . Instantane ou s 
p re s sur e s  were ob se rved at vnri ou s p oi nt s  on the deflector hood of the 
mod e l  by an o so i ll o so ope o The flu ctuation in p re s su re e qual led the 
average mea sured pre s sure in mos t  c a se s .  In  o the r word s. for the aver­
aie maximum pre s su re of 12  feet of  wate r mea sured on t he hood, the 
actu al instantaneo u s  pr e s su re s  varied from 6 to 18 feet of water , or , 
the ma xi mum for c e , inc ludi nr; impa c t ,  amount e d  to 150 pe rcent of the aver­
age me a sured pre s sur e s ., It i s  recommended that the for ce s used fo r de­
s i gn be i nc reased a bout 100 pe rcent to take aoo ount of thi s impn c t . 

A s tudy was :mude on the ove r f l ow s ection t o  d e te rmi ne the mos t  
ec onomic al  e le vati on a t  wh i c h  t o  t e rmina te the d owns tre am  ex:tremi ty of 
the def l ecto r  hood o Fi 6ure 18  s how s a porti on of the hood e nd i ng at 
e le vation 1570 with the remainde r a t  e levation 1 560 0 Fi r,ure s 18  A and 
B show fl ows of 40 , 0 00 and 100 , 000 seco nd-fee t ,  re sp ec tivel y ..  The 
photographs do not dep ic t cle arl y the diffe renc e in f l ow enc ount e red 
fo r the two hood e le vat i ons � The jet of wate r leavi ne; the l ong e r  ho od 
wa s  for ced clos e r  to the dam face and the refore  exhibited a mor e  de­
s irable app earance from a hydrau l i c  standpoint than t he shorte r hood .. 
Fi EU r e s  18 C and D i l lustrate the point mor e c l early . The de f'le ctor 
hood extremi tie s  a re at elevati ons 1570 , 158 0 ,  and 1560 , viewed from 
le ft to ri ;,ht .. The jet of wate r  ove rtopped the p ie rs with the ho od 
endi nc at e l evati on 1580 0 The s ame condition ocourred to a l e s ser ex0 

tent for the hood e ndi nr; at ele va ti on 1570 . Fi gu re 1 9  show s the varia­
ti on of . ta.p e r  with the length of hood o Fron a hydrau lic  viewp oint the 
most e co nomic al point to end the hood is at e le vati on 1560 0 Althourh 
the te st s on overfl ow se cti on 8 ,  fisure 1 7 ,  we re made for a hood e nd ing 
at eleva ti on 157 0 ,  it i s  re commended t ha t  the fi nal de si 1�n be rmi.de to 
conform with the secti on sh own on f i �ure 19 . The s ha pe s  are exactl y  
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A- Diocharge 40 ,ooo second-Feet B- Discharge 100,000 Sacond.-Feet 

End of Hood at Elevation 15?� Left and 1560 on Right 

C- Discharge 4-0 ,000 Second-Feet D- Discharge 100,000 Second-Feet 
ED.d of Hood at Elevation 15?0 , 1580 and 1560 - Left to Righ-c 

STUDIES TO DETERMINE LENGTH OF DEFLECTOR HOOD - 1 : 25 MODEL 

FIGURE 18 
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the same exc ep t  that on the latte r  figure t he defleotor hood ha s  been 
extended to e levation 1560 . 

Head-discharge curves 0 obta ined by c al ibrating one gate on the 
1 1 25 model and mult iplying the result s by twelve 0 are sh o-wn on figu re 
20 for free flow and also i'or gat e operation . The curves a.pply to both 
overflow section s  7 and 8. For free flow a discharge of 70 0 000 second0 

feet can be devel oped with reservoir el evation of 1630.5. To obtain 
100 , 000 second-fee t through the twelve gate s  require s  a reservoir ele ­
vati on o f  1635 . 0. A head0discharge coeffi cient curve for free flow i s  
also shown plotted o n  figure 20 . 

13 . Final spillwa Upon conclusion of 
the abov e  tests,  over ow sect on 8 was installed at both 
ends of the arch on  the l s 60 model and stud ies were commenced to  deter­
mine the grades and wall posi tions for the channels downst ream. The 
spillways  were located  as  near the dam a bu t ment s as  pos sible . The right 
spillway 0 as ori ginally planned 0 was between seoti on joints 4 and 7 and 
the left spillway between joints  20 and 23 . 

The de si gn of the spillway channels downstream from t he deflector 
hoods was not based on theory o  Rather, the des i gn wa s arbitrarily 
establi shed from c ons ideration or the arrangement or t he dam and the 
topograph ic  co nd i t ions downstream and then verified by model performanoe. 
A plane surface was first e stabli shed for a chW1ne l ,  th is plane int er­
seoting t he dam on a slope . A fille t  was employed to blend this plane 
in with the downstream face of the dam .  For the fir st trial the plane 
was projected paral lel to t he line of centers on a 1-1/4 ,l  slope wi th 
a 100-foot radius fille t  be tween t his slope and the dam fao e .  The 
economi c s  of the layout we re not co nsidered in thi s first s tudy o  The 
wall pos i t ions were arbitrarily located on pape r 9 but thi s method was 
not sat isfactory o The model te st indicated that  t he wall looati ons 
were diotated primari ly by the p o s i tion of the channel plane . �bsequent 
tests  also showed that considerable lat itude exis ted in the choio e  or 
slope and di rection for the channel fl oor , with the re striotion that 
the s urface be a plane for the entire wid t h  of the channel and that 
wall p ositions be de t ermine d separately for eac h  layou t .. 

Informa tion obtai ned during the course of the te sts indioated that 
the spil lway channel s  be line d throu Ghout their entire leng t hs and be­
cause of the hi gi c o st of excavation be des iened wi th economic balance 
between cut and i'i 1 1  a s  a major consideration.. A cost of $8 oOO a yard 
for excavati on  and $ 16 .. 00 a yard for concrete f ill was a ssumed , and 
e stima te s were rrade fo r a number o f  eohame s in which t he slope and t he 
direction of the channel planes were varied o During t he course of 
the se studies it was found economical to shift the right sp illway from­
its location between joint s 4 and 7 to that bet we en  joint s 5 and 8 ,  as 
shown on fir;ure 2 1 .. I n addi tion to  d ec rea sing t he oost ,  this change 
result ed in a syrmietrical  sp i llway layout, thu s  making it possible for 
the jets from the two channe ls to d irectly oppose one another in the 
r1ver 9 improving the effioiency of dis sipation . 
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Af t er determinati on o f  the mo s t  ec onomi c a l  channe l posi  t ions f 
sl ope s » fi l le t s 6 and wal l  locati ons , each spi llway wa s ope rated a t  
di schurt:;e s  rang ing from 200 t o  50 , 0J0 second-fee t  while the :maxi mum 
observed wate r  surface s were drawn on the channe l walls . The dr ib­
bling, acti on of the water frora the deflector hood s ,  at the extreme ly 
low discharge s  previ ously dis c ussed 8 dic tated the heicht s of the 
upper p ortions of the wal ls 9 whi le the downstream hei iht s were deter­
mined p rimari ly at maximum di scharge . The wall hei ghts  as final ly 
deternined consisted of the measured dep ths  of f low at the wal ls p lus  
five feet of freeboard �o accommodate spray, splash , and the insuf­
flat i on of air in the water .  The final spillway locati ons , channel s ,  
wal l  pos iti ons , and wall  hei ghts are shown on fi gure 22.  I t  i s  rec om­
mended that the ri ght sp i l lway channel be excavated on a 1 . 1 to l 
sl ope and the le ft sp i l lway c hannel on a 1 . 2  to 1 sl ope,  both measured 
normal to t he line of  centers o The alinement of the downstream wa l ls 
of b oth s p i llways i s  shown symmetrical  about the l ine of c ente r s . This 
is not true of the ups tream walls as  the se varied to c ompensate for the 
difference in sl ope of the two channels. The top surfaces of the 
channe l wa lls were fir st shaped normal to the inside face s of the walls 
and later beve led so that they were para lle l  with the channel floor . 
The latter was t he bette r from an observer ' s  viewpoint. Phot ographs 
of t he final sp i llways dische.q�ing at 75 , 000 second-feet are shown on 
figures 23 , 24 0 and 25 . Att ention is directed to the qu iet nature of 
the water at the base o f  the dam. Loo s e  ma terial rer.ta ined unaffected 
by t he spi l lway di schf� ge 0 and no s cour o ccurred at  this point. . 

The mo de l  r ive r  channel was oons t ru oted a ccording to the sound­
ings submitted t o  thi s of i'ice on C ity of Seattle drawi ng No . D-13 12 2. 
The extent to which  the river  channel will s cour  a s  a flood approaches 
s i zable propor ti ons i s  uncertain 9 but the model indicated that the 
deeper thi s  occur s ,  the more d e sirable will be the fl ow in the ri ve r 
and the more e ffe ctive the energy di s s ipation o I f  no provisi on were 
made for the di s s ipati on ba sin at the foot of the sp i l lways , the f'i r st 
si zable f l ow would excavate that po rti on  of the river  to bedrook 9 de­
pos itinf, 1:ruch of the movable na terial in the river channel downstream. 
It  woul d  then be ne oe.ssary to remove a large p orti on of thi s depos it 
from the r iver . I t  i s  e stimated t hu.t bedrock lie s 60  to 80 feet be­
low t he pre sent ri ver bottom and that this  depth wi ll  be requ ired for 
effici ent ope ration of the di s si pati on basin . The poo l  in the mode l , 
a s  shown on figure s 2 3 9 24 , and 2 5 9 extended down to  elevation 1125 . 
i.s l one; a s  it would be ne c es sary to remove a large porti on of the de­
posited material from the rive r  a i'tor the fi rst  flood ,  i t  ma.y prove 
more ec onomical  to excavate fo r the d issipa t i on pool  during co nstruc­
tion o If the latter method is fo l lowed,  the pool cou ld be widened ,  
which· is desi rable » and any irregula rities of t he  und erlying roc k  re­
moved . ';.'he extent of the pool as  used in the model i s  outlined  by 
the dotted contour  l ine s  in the ri ,rer on fie;ure 22 0 Fo r e ffic ient dis­
sipati on the basin  should be no  sma ller  than that ind i c ated on the 
above figure , but preferably deepe r .  Deep s c ouri ng was l imited to the 
area shown . Depos ition rather  than scour wil l occur downstream from 
the pool o 
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FINAL SPILLWAY DESIGN - DISCHARGE 75,000 SECOND-FEET 
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FIGURE 24 

FINAL SPILLWAY DESIGN - TOTAL DISCHARGE 75 ,000 SECOND-FEET 



A- Right Spillway B- Left Spillway 

FINAL SPTILWAY DESIGN - DISCHARGE 37 , 500 SECOND-FEET PER S PILLWAY 
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14 . Location of power tunnel intakes .  Of s ome e leven layouts 
made on the intake structures and tunnel s  leadin� to the powerhous e ,  
three of the mos t  de sirable were instal led i n  the model . The purpose 
was not to study flow through the intake st�1 cture but to obs erve the 
acti on of the water a s  it flowed pa st the structure when the left 
sp i l lway was in operation. The extent of the intake structure so far 
as the model was conc erned was merely a rack with side wal l s ,  where 
neces sary , located as specified in the vari ous studies.  In no case 
did flow exist  through the intake as the power tunne l s  were not com­
plete d .  The intakes were inc or porated in  the mode l  merely  to make 
certain tha t adverse flow condi ti ons would not exi st  in the vic inity 
of thi s structure dur ing fl ood di s charce over the spi llwav . The fi rst 
intake investigated , study 6 ,  i s  shown in p lan on f ir;ure 26  A. Very 
little cut was required for thi s  design as the intake stru c ture pro­
jected out from the canyon as shown in photograph A, fi gure 27 . The 
head_ box was of insuffic ient s i ze to accor.imodate the entire rack 
structure ;  so only the portion that would fit in the box i s  shown . 
Figure 2 7  B depicts the fl ow in the vicinity o f  the intake for 
a dis cha rge o f  50, 000 second-feet  through the left sp i l lway e Confetti 
is shown on the water surfe.ce to indicate the dire cti on of flow .  In­
c idental ly, the fl ow current s are not oorreot in this ca se , due to the 
limitati on in the size o f  the model head box . The photographs , how­
ever ,  do e;ive  some idea as to the appearance of the intake in this  
l ocati on . 

Study 8 9 figure s 26 and 28 , shows the intake struc ture located 
in a. large out in c lose p roximity to the damo  Ic'igure 28 B and C indi­
cate s excellent fl ow condi tions for both dis charge s  of 2 5 , 000 and 
50, 000 second-feet thr ough the left sp i llway . The intake offered no 
obstruction to spillway flow, and it appeared that the spi l lway would 
in no way interfere wi th intake flow.  Hydrau l i ca l ly spe akint , this 
layout was excel lent .  From an eoonomic standpoint the cut we. s exces­

sive . · Structural ly ,  it  was decided that the intake and the power 
tunnels  were too olose to the abutment of the dam. 

The third layout , study l l ,  was somewhat of a. c ompromise  between 
the two above schemes . The intake was moved ups tream and set in a 
moderate cut in the ce.Iiyon wa.1 1 ,  as  shown on fi gures 2 9  and 30A . Flow 
cond itions near the stru cture are shown for d is charge s of 25 , 000 and 
50, 000 second-feet through the left sp i l lway on figure 30 B and C .  
Again, little or no interferenc e  between sp illwa.y fl ow and intake was 
dis cernible . Of the three  intakes tested . de sign 1 1  proved the mo st 
de sirable both from a structural and an hydraulic  standpoint . Soma 
doubt remained,  however , as  to the me rits  of design 6 as it was not 
fairly represented in the model .  

1 5 .  Tailraoe conditi ons at powerhouse .  As ve loc itie s were ex­
tremely high in the river for the la rger spil lway di scharge s ,  it was 
thought advi sable to construct  a model of the powerhouse to study 
tai lra.ce oondi tions . The model powerhouse was located as  for stuqy 
1 1 ,  sh own on f i �re 29 . Although vel oc iti e s  in the river were high ,  
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FIGURE 27 

A- Portion of Intake Structure and Left Spillway 

B- DiRr.hArge 50 ,000 Second-Feet throu,z:h Left Snillwav 

POWER TUNNEL INTAKE- STUDY 6 



B- Discharge 25 ,000 Second-Feet through 
Left Sp ill way 

A- Intake Structure and Left Soillwav 

POWER TUNNEL INTAKE - STUDY 8 

C- Discharge 50 ,000 Second-Feet through 
Left Spillway 
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B- Discharge 25 ,000 Second-Feet through 
Left Spillway 

A- Intake Structure and Left Spillway 

POWER TUNNEL INTAKE - STUDY 11 

C- Discharge 50 ,000 Second-Feet through 
Left Spillway 
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the water surface adja cent to the powerhouse wa s surpri sinr-;ly quiet 
in c ompari son . F'or 100, 000 seco nd-feet of fl ow in the r iver ,  the 
waves ,  mea sured from c rest to trough, were approxiil'litely 8 fe et high 
al ong the front face of the powerhouse . The additi on of a wal l  at  
the ups tream end and a pie r at the downstream end of  the powerhouse 
improved tai lrace conditions in genera l .  The maximum wave height in 
this  case was r edu ced to approximately five feet .  The d imensions of 
the upstream wal l  and the additi onal downstream pie r are shown on 
fi gure 29 . Photoeraphs of the tailrace for dis cru,.rge s o f  100, 000 ,  
7 5 , 000,  50 , 000, and 25 , 000 sec ond-feet in  the river are shown on fi g­
ure 31 . ·  Tailwater conditions for river d ischar ges of 50 , 000 second.­
feet and less  were extreme ly sati sfactory . Even for di scharges in ex­
cess  of 75 , 000 second-feet no maj or d ifficult i e s  in power generati on 
should be encountere d .  

A rathe r interesting fact was witnes s ed throughout the se tests . 
Although the water surfac e in what rep re sente d Diablo reservo i r  was 
mainta ined at elevation 1205 for al l rive r discharge s,  t he average 
water surface of the tai lrace adjacent to the powerhouse was consist­
ently two fee t  lower,  or approxirm te ly e levation 1203 . Thi s phenome­
non i s  no � unQQlI)lllon . - I t should be stated ,  howeve r, that in no case 
was there any water di scharging into the tai lrace from the powerhouse . 

16 . Spil lways for second step dam. At the cone lus i on of the 
tests on the dam t o  e l evati on 1650 , the model was revi sed to repre sent 
the second step dam. The overflow sections  we re projected vertical ly 
downward with cre sts at e levation 1525 so as to uti l i ze the same chan­
nel s  for the second step spi l lways . S ince the thickne ss  of the dam a t  
elevation 1525 was greater than at 16 12 , i t  was pos sible t o  desiEn an 
overflow secti on wi th vacuumle s s  profi le for dis charge s up to 44 , 000 

second-feet pe r spi l lway , which is shovm dimensi oned on figure 32 . 
Thi s shape was obtained from rei'ia.ble , previ ously dete rmined expe ri­
menta l  da.ta; l thus pres sure mea surements were omitted in  the se te sts . 

1Abst:ra.ot of "Studied of Crests for Overfa l l De.ms , "  Bul l etin 3 ,  Part 
VI , Hydraulic Inve stigations , Boulder Canyon Final Repor t s ,  HYD-118  
by J.  N.  Bradley , December 31 ,  1942 . 

The overflow sha pe s  were blended into the pla ne of each c hannel by a 
warped surface,  the radi al  elements of which were tangents conne cting 
the overf low profi le and the channe l sl ope s ,  as sh own on fi gure 32 . 
The warped su rface s wi l l  not be alike for the two spil lways a s  the dam 
face e.nd the channe l downstream are both steepe r  on the right s ide . 
The overflow secti ons for the two spi l lways wil l  be free crests ,  each 
143 fee t in length, without piers  or gates . The channe l s  downs tream 
from the connecting warped surfaces wi l l  be the same as for the hi ghe r 
dam, wi th wal l locations and wal l  hei ghts i dentical for both stabe s of 
the dam . 
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A- Dischar1;e 100 ,000 'lecond-Feet 

C- Discharge 50 ,000 Second-Feet 

TAILRACE CONDITIONS AT POWERHOUSE 

B- Discharge 75,000 Second-Feet 

D- Discharge 25,000 Second-Feet 
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With the above in mind , detai l s  of' the spi llway c hanne ls  fo r the 
seoond step dam oan al so  be obtained  from figure 2 2 e The approach 
depth to  the ri!';ht spillway £or the second step c ons truction is ade­
quate since this spi llway was shifted towv.rd the cent er of the dam 
and no excavation is necessary on- this side . To provide a uni form 
approach to the left spillway a ben ch was excavated to elevation 1515 
on about a 200-foot radius , a s  sh own on figure 22 . Photograph s of 
t he topography upstream f rom the spil lways are shown for the right and 
the left si des on fi gure 33 A and C ,  re spe ctive ly . r'i r;ure 33  B and D 
depicts the flow approaching the ri gh t and the left spi llways for a 
di schar ge of 37 , 500 second-feet per spillway. 

Flow condi tions were generally satisfactory for both spi l lway s for 
the lower flows but had a tendency to concentrate toward the downstream 
side of the channels a s  the flow inc reased o  Flow cond itions were 
be tter on the rie;ht spillway where the approach depth was greater 1;1.nd 
in all probabi lity cou ld be improved at the le ft spillway by inc reas­
ing the approa ch e xcavati on on that side o 

Photographs of the second step spi l lways� as rE1C.011)IlleI1dad 1 are sho,wn 
in ope ration for a. d i scharge o r  37 . soo second-feet per sid e on figures 
34 and 36 . It •as fortuna t e  indeed that the same channels and wall s  
could be uti lized for the spillways on both stages when i t  i s  considered 
that the vel oci tie s involved were 1"18.terially di fferent for each sta{;eo 

A photo0raph of the s cour in the rive r pr odu ced  by sp i llway ope ra­
tion i s  pre sented  as  fi gure 36.  The depth of s cour in this case was 
limi t ed tn e levation 1125 ,  which wa s t he e levation of the floor o f  the 
model. S ome of the scoured material  is sh own in a more or le s s  perma­
nent depo sit  downstream while the loose material at the base  of the 
dam remained undisturbed .  

17. Power tunnel intake ( second step dam ). The fl ow was ob­
served adjacent to the power tunnel intake ( study 1 1 » figure 29 ) with 
the se co nd step sp illways in operation . AlthouGh hif;her veloc iti e s  
than for the eleva t i on 1650 dam were involve d 1 n o  adver se condi tions 
were noticeable for any dis charge throur.;hou t the s pil lway range .. Pho to­
graph C 0 figure 33 , pre sent s the general appearance or the intake with 
respec t  to the second step dam, and photograph D shows a flow of 37 g 500 
second-feet appr oaching the l eft spi l lway o 

18. S i llway di schar e curves for s e cond s tep dam .. Head-disc harge 
and discharge ooe c ient cu rves for he secon st ep ree=ore st spill­
way (figure  32 ) are shown plotted on figure 37. 
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A• Approaoh Topography B- Disobarge �7 ,1!00 Seoolld-Feet per sPill� 

Iii&ht Spill� 

c- Approach Topography D- Discharge 37 , 500  Second-Feet per Spillway 
Left Spillway- Power Intake Study 11 

APPROACH CONDITIONS TO SECOND STEP SPILLWAYS 
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SPILLWAYS FOR SECOND STEP DAM - CRESTS AT ELEVATION 1525 .0  
DISCHARGE 37 , 500 SECOND-FEET PER SPILLWAY 
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A- Right SpUlw.:, B-- Left Spill way 

SPILLWAYS FOR SECOND STEP DAM - CRESTS AT ELEVATION 1525 . O  
DISCHARGE 37 , 5OO · SECOND-FEET PER SPILLWAY 
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PATTERN OF SCOUR IN RIVER AFTER A TOTAL FLOW OF 

100 , 000 SECOND-FEET 

FIGURE 36 
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