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PREFACE 

The hydraulic model experiments for the design of the 
Boulder Darn,as described in this report, were made in'the labora­
tory of the Colorado fi�ricultural Experiment Station, Fort Collins,· 
Colorado, under the direction of Jacob E. Warnock, Research Engineer, 
vr:j_ th the exception of a portion of the experiments de scrib�d in 
chapter VI. These w ere made at the laboratory of the U. S. Bure au 
of' Reclamation, Montrose, Colorado, with w. M. Borland, -A,ssociate 
Engineer; in charge. 

The tests described under chapters IV and V were conducted 
and the report prepared by J. N. Bradley, Assistant Engineer, v1ith 
the exception of section 4, chapter IV which was written by S. P. 
Wing, Engineer. Chapters VI and VII were prepared by J acob li::. V'/'arnock, 
Research Engineer. The work was instigated under the general super­
vision of E. W. Lane, former Research Engineer, and was completed · 
under the direction of Jacob E. Warnock, now acting in that capacity. 
These studies were made under the general supervision of J. L. Savage, 
Chief Designing Engineer. Jul engineering work of the Bureau of 
Reclamation was under the direction of R. F. Walter, Chief Engineer, 
and all activities of the B�reau were under the direction of Dr. 
Elwood Mead, Cormnissi6ner. 

1t is desired to acknowledge the cooperation of the Colorado 
State Board of .Agriculture (governing boai·d of Colorado State College 
of .Agriculture and Mechanical Arts) and the staff of the U. S. Bureau 
of 1-lgricultural Engineering in extending tho Bureau of Reclarnation 
the use of the hydraulic laboratory of the Colorado Agricultural 
Experiment Station for condu cting the experiments on the models of 
the Boelder Dam and its appurtenant structures. 

As this report was made possible by the cooperative efforts 
of a number of individuals, it is desired to acknowledge tho activities 
of W. H. Price, W. M. Borland, C. W. Thomas, J. w. Ball, A. N. Smith, 
W. J. Colson, and W. o. Parker who assisted in the construction work 
and laboratory testing, and H. Vv. Brewer and J. D. McCrum who assisted 
in the preparation of this report. Appreciative acknowledgment is 
also made to S. P. Wing, Engineer, who contributed to this report 
and cooperated in the analysis of the results. 
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I .  INTRODUCTION 

The Boulder Dam s tructures as outlined in the preliminary 
des igns f ar surpas sed any s imil ar structures con structed in the pas t .  
In s o  f ar a s  it was pos sible bef ore proceeding to  the final de signs , 
careful investigation was made as to the validity of the exist ing 
f ormu l as . Hydraulic formulas and behavior were particul arly in 
question ,  since , as is well knovvn , the formulas are l argely empir­
ical .  Early hydraulic model tes ts of the side-channel s pill ways 
described in Bo oks 1 to 3 of "Hydraulic Model Experiments f or the 
Design of the Boulder Dam "  having given re sul ts of great value f or 
design purposes , it was decided to test  by model other features . 
Thi s  report describes the hydraulic t ests f or the f oll owing : 

( 1 )  The junction  between the 13-f oot penstocks and the 3 0-foot 
penstock head er. 

(2 ) The hydraulic l os ses and pres sure condition s in the in­
take tower s . 

( 3 )  �he fl ow characteris tics of the needle valves in the tun­
nel plug 0'_1 tl ets , 

(4 ) :;:-y,l. r r:ro lic conditions in the river bel cw the powerhouse • 

..'l:. �cde from the validation of the features of the hydraulic 
design , ths c: e  -c:ests  gave inf ormation which could have been obtained 
in no o thc : wa:r r. oncerning the f orm ation of eddies , dis tribution of 
pres sure e1  c:·ncl '.1ydr aulic l o s ses . They made pos sible a material im­
provemcmt 0f the flow conditions in the 5 0-f oot c oncrete-lined tun­
nel bel cw t:10 tunnel-plug outlets , the el imination of nece s s ary pip­
ing and detail , and the formulation of an operating program f or dif­
ferent combination s of fl ow f rom the outlet vvarks and the s pill ways. 

This report 1Nas compiled as a description of the l abora­
tory procedure and as an anal ysis of the results procured . The l oca­
tion and relaticnship of the structures s tudied are shovVTI cm figure 1. 
The design d ata f rom which these model s were con structed were ob­
tained from the design off ice s of the U .  s .  Bureau of Recl amation , 
Denve r ,  C ol orado . 

J. 



ECI F I CAT I O N S  NO. 534-

.. __ _ 

FLOW · · · · · · · · · · · · · · · · ·> 

,-, 

� ___ , ,;00 
... -----" ,,_ 

'--- I N TA K E  

--- - --
_ _ _ _  -·· . .. . HEADER 30�0# I. D. L0WFQ ARIZONA 

' ' , · · 1 
! _!_ 

· 30�0"!. D. UPPER ARIZ. HEAD£ 

-,j,-----· B 9 U L D E R  
DA 

_J-_:-LJ ne qL (!"�-- of r:f.9..m . -i'--- - - -

' ' ·1- : I :  : . 
1 I -.;;'. ,._ 

Cf. Lo.wer ) i �-- ; \ 
on sf ruction odit i·r25'.0"l D. ,, 

;:, i 

F I G . 1 

D RAW I N G  No. n 

�1,ifiVa!ve " 
�:_--A-/Z tvOS. 

�fi'.::_ �:::i TUNNEL � 

�
,. A·9 6 - 72 "N 

UG OUTLET � 

,;l-A· ee 
n1-A-� � Ele _

die valves _,.,,----

� 
. . - - · ·86 " ,) v -657 9

1
/ 

1000----.____f/ !. D. Ouflets ­
anqed ends 

IA Fl 1 Z � � A 

900 � --------

8o0 -,.,../-� 
/ "--... 

____ ,,,--
,,, 

_,, 

.,.,,,
--

"" 

/ _________ ,, 
�:�.� ��0��-. ��- �\ �t 

�.Ii- � <.(;. �- � �  ' ·. , .. .., '"K'·. ' •  . . ,, ,' •. 

Valve Nos. A l  A2 A3 A4 A5 A6 

------------------------------�
----/ 

100 

p O W E  R ____ '1-.. Powf1I__f2.}_qaL1 � -- . -----·-

P L A N T  

I 
r� I t  ·-1�----·-
I� 

I 

CANYON WA LL OUTLET 
6-84 ''Needle valves 

Elev. = 820 0 

C O L O R A D O 

---� 

_________ _----t;'A-NY�-;/�LL ouTLET 

/ :,oO � 6 - 84" Needle va lves 

- Elev. • 820.0 

N I N2 N3 N4�6 

tE /ti 

·'J Jill--_Jll,1-Jtf-,I�� 

]'f 

... --- ---------... ,, ____ , 
'-:_ ... 

fl l y £ R 

/-----
,,.---,,, 

, ... ,,./ 

-------.,oo __ ,,, � 

,,oo � � _____, � -;200--.....
V � 

00 

(
\? 

0 50 100 ISO 
Scale of feet 
DEPARTMENT OF THE INTERIOR 

BUREAU OF RECLAMA.TION 
BOULDER CANYON P R O ,JE C T  

B O U LDER DA M 
PLATE STEEL OUTLET PIPES 

30' DIA. HEADERS - PENSTOC KS -CONDUITS YSTEM - GENERAL LAYOUT HEADER S 

::::oiii,:�:�:��:::�·.�;·��.·-··· · · · ·· . 
'2.44 1 "7  IDENVER.;.;'.�:'

i-
13 �;��· "· '931· !45-D-1779 



II . THE LABORATORY AND GENERAL EQUIPMENT 

With the exception of the tests on the 1 : 20 model of the 
tunnol-plug outlet made in  the Montrose labor atory ,  all the studios 
desc ribed in this report we re condu cted in the hydrau l i c  labor atory 
of the Color ado Agri cul t-u r al Experiment Station at Fort Collins � 
Colorado . A general layout is sho'.vn on pl ate I and f igur e  2 .  Water 
for the e xper iments was su pplied from a reservoir with a c apacity 
of 30 , 000 cubic feet , located on the hill adj acent to the labor atory. 
The flow from the reservoir , controlled by three 1 2- inch hand-operated 
g ates, passed through a diverging flume into a conc rete weir- - ch annel , 
19½ feet long , 1 0  feet wido , and 7¼ feet deep. A bypass gate and a 
4- inch bypass yalve were  located in one side of the we ir channeJ. , J3 
feet upstre am from the wei r . Smal l adjustments of the discharge 
passing over the weir ·were made by varying the flow through these 
bypasses. The he ad on the we i r  was meas'..l.red by a hook gage and a 
Cornell-type float gago l l oc ated in a sti lling well 9 inches by 24 

1 
- ·-------

Tr ans . Am. Soc . c .  E . , p .  1 1 54 ,  vol. 83 , 1920.  

inches and connected to  the weir channel by three 3/4- inch pipes . 
The weir channel and measuring weir are il lustrated on plate I- C .  
The bypass we ir is on the left side of the channe l in the photograph 
and the gage well is on the r ight . During the expe r iments tviro we ir 
plates were 1..1 sed ,  a 90-degree V-notch weir  for d ischarges up to tvro 
sec ond-feet _, anc: a two-foot C ipolletti we ir for flows of two to  
eight second-feet . Both wei rs were calibrated in the setting shown , 
by the IrrigE:.t ion Division of the u .  s . Department of Agricu lture , 
and were chec ked by the l abor atory st aff of the U .  S . Bu re au of 
Rec l amation pr ior to the model t esting. 

The equ ipment thus f ar descr ibed was common to all the 
experimental work performed. From this point , the equ ipment varied 
for each model. When operating e ithe r the visu al pens tock junction 
model , the int ake tower model , or the penstock assembl y  mode l ( f ig • .  
2 ) ,  the 2 8-inc h  diverter gates -we re c losed to divert the w ater into 
a flume on the l aboratory floor whi ch served as a reservoir as well 
as a channel . In thi s ,  adjustable b affles vve re inst alled to el imi­
n ate undesi rable cross- currents produced by the bend at the he ad of 
the channel . A tank l o½ feet by 10¼ feet by 12 feet deep at the 
downstream end of' this c hannel s erved as a forebay for t he group 
of models just menti oned. When oper ating the qu antit at ive pens tock 
junction model , one d i  verter g ate was opened and the water from the 
measur ing ·weir  was all owed to f low str aight ahead through a channel 
bene ath the floor of' the laboratory i nto the forebay of this model . 

3 
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A one- inch r ound rod e xtend ing from the ce i l ing of the  
l atoratory to t h e  floor of  t he l aboratory tanks was inst al l e d  in a 
central loc ation as a mounti ng for a forebay h e ad gage . By me ans 
of a p in and olrunp , a hook gage  with a range of two feet cou l d  be 
mounted on t he r od at any hol e . A st ill ing we ll  in whi c h t ho hook 
operated was hel d in pos it ion on t he r od by a f r i ction c l amp and 
could be conne cted hydrau l i cally  by a 3/4- inc h rubbe r hose to t he 
for ebay of any model . The forebay he ads, whi c h  var ied ove r a wide 
range , ,·ve re obtained in t h is manne r ,  

G 



Q 
= 

Qs 
= 

Qb = 

1.a 
= 

¾ = 

pti 
= 

III .  D EFINITION OF SYMBOLS 

Penstock Studies 

Total d isch arge , second-feet . 
Disc h arge through branc h ,  se cond-feet . 
D isc h arge in main pipe b elow junction , se cond-feet . 
.Ar e a  of main pipe above junction ,  square feet . 
.Are a of branch ,  square fee t . 
Pue a  of main pipe below junction ,  square feet . 

Va 
= Qa 

Aa 

= Me an velocity in main pipe upstre mn from junct ion , feet 
per se cond . 

Vs = Mo an velocity in branch ,  feet per se c ond . 
vb 
Da 

= 
= 

1,fo an velocity in main pipe below junct ion, feet per second . 
Average d i :::uneter of main pipe above junction , feet . 

Ds = Average dimneter of branch , feet . 
Db 

= .PNerc.ge d i ameter of main pipe b elow junction , feet . 
Qs = Ratio of bra..n.c h d ischare;e to total d ischarge . 
Qa. 

hv = Ve l o c ity he ad , f ee t . 
f1 = Pre s sure he ad ut pie z  01ncto r l ,  feet . 
P2 = Pr e s st1rc he ad a.t pie z on1eter 2 ,  fee t ,  e tc . 
Px Aver age of pressure heads at piezom0ters 2 ,  3 ,  4 ,  ond 5 ,  
S = Fd. c t i o::i loss per foot of straight pipe , foot of · water . 
hf (x- 7 ) = hpe fr iction loss from P x to pio z ometor 7 ,  · f e e t  of 
hr (G-3 6) = Pipe frict ion loss from p ie zometer 6 to 3 6 ,  etc .  
Jb 

= Junction loss in main pipe , foot .  
Js = Junct i on loss in branch , foot . 

R 

F 

J = Junction loss coeffic i ent . 

V. I' 
U 

= Reynolds ' number . 

v2 
g • D 

= F roudo ' s  number . 
u 

V = Kinoma.t ic viscosity = p , square feet per second . 

f o ot . 

water . 

= 0 . 00003716 u Absolut e  viscosity = 0;4712  + o . Ol435T + o . 0000682T2 , 
lb . s e c . 
-f .... -2-.., . 

P = 

whore T is t ho t e mpe rature in degrees Fahrenheit . 

D lb . soc . 2 
ensity of ,vator at T d o groos Fahrenhe it , 

ft .4 

Aver a.go velocity  where 
J:,.2dA = Q 

vZ A 
Coeff icient of velocity vmore V = 

A 
= mean veloc ity . 
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d1 = 

d 2  = 

d3 = 

True ve l o c it y  he ad whore 

/4r3dA = 
v

3
A 

Ene rgy he ad c oe ffic ient . 

Int ake T owe r  Studie s 

Difference in e levat i on b etwe en the wate r surf ace outs id e 
ins ide the t owe r ,  feet (mode l ) . 

Diffe rence in e levat i on b e twe en the reservoir surf ac e  and 
r e ad ing of piez ometer 45 (mode l ) .  

Differenc e in e l evat i on betwe e n  the re servoir surf ace ruid 

and 

the 

the 
read ing of any one of the f ive pie z ometer r ing s A, B ,  C ,  D ,  
a.nd E l o c ated b e l ow the t ov,o r (mode l ) .  

D1 
= Differenc e in elevat i on betwe e n  the water surface out s id e  and 

in s ide the t owe r (pr ot otype ) .  
ht = 
heu = 

heb
= 

hpu= 

T ot al l o s s  thr ough t ow·o r ,  fee t  of 
Entra.nce l o s s  thr oug:h upper g ate , 
Entrance l o s s  throu gh l owe r g ate , 
Ave rage he ad r equ ired ic1s id e t owe r 

at uppe r gate (mode l ) .  

wate r .  
feet o f  water . 
feet of wate r .  

t o  change d ir e ct i on of f l ow 

hpb = Jr.ve rago he ad requ ired ins i.do t ower t o  ch ange d ir e c t i on of flow 
at l ower g ate (mode l ) .  

Ep = Ave rage he ad required ins ide t ower t o  change d irect i on of flow 
at o h;he r g ate ( prototype ) .  

h.t' (45-u )  Pi pe fric t i on from piez ome ter 45 t o  b ott om of t he upper 
g ate (mode l ) .  

hf ( c-b ) = Pi pe f ricti on fr om piez omoter r ing _ C t c,  the b ott om of tho 
l owe r g ate (mode l ) .  ,; . 

hb = C ompound bond l o s s  in main he ade r  directly b e l ow int ake t owe r .  
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IV. PENSTOCK JUNCTION LOSS TESTS  

1.  RJRPOSE 

While analyzing the design of the 30-foot he ade rs , tur­
bine penstocks , and out let works , it was re alized that the junctions 
between the 30-foot he aders and the 13-foot turbine penstocks ,1vere 
the potential s ou rce s of exce s sive los se s  of he ad which might be  
reduced  and thus incre as e the effective he ad on the turbines . Los s es 
of head below the turbine pen stocks would  reduce the dis charge capac­
ity of the outlet  ne edle  valve s and any unneces s ary l o s s  of he ad be­
tween the re servoir and the turbine penstocks wil l  be ref le cted i n  
the powe r output at such t ime in the future a s  the tot al output of 
the power plant has been ab sorbed by the market . With t he long r adi­
us  bends incorporated i n  the de sign of the 30-foot he ade rs ,  practi­
cally the only pos sibil ity of decreasing the he ad los s would be to  
improve the efficiency of the junctions between the headers and tur­
bine pe nstocks. It was for this purpose that a series of exten sive 
tests  both qualit ative and qu antit ative were made on model s  of one 
of these  junctions . 

As a preliminary and qual it ative study , a model represent­
ing the junction b e twe en the 30-foot upper Arizona he ade r and the 
13-foot penstock l e ading to turbine .A- 1 (f ig.  1 )  was built of trans­
parent pyralin f or ob servation . Th is  particul ar junction was s e lected 
as it was possib l e  to have at this point a wide variation of f l ow 
rn.nging from 100 percent of the t otal through the main penstock and 
no f l ow through t he branch to 100 pe rcent through t he b ranch and no 
flow in the main pens tock below the junct ion.  The actu al ratio of 
the dis charge in the penstock to the flow in the branch depends en­
tire ly upon the manner of operation downstream. With t his junction 
as a major point of interest , it was de sired t o  determine visual ly 
the p ath of the water  afte r  it h ad e ntered the branch for v arious 
combinations of f l ow in the sys tem . 

In the qu al itative or visual tests , it was desired t o  de ­
termine the location of eddies ru1d dis turb ance s in the b ranch f or 
the varying ratios of the dis charge in the branch t o  the dis charge 
in the main he ader. Fil l e r  b locks of different dimensions were used 
to alt e r  the physical s hape of t he junction in an effort to reduce 
the disturb ances and hence the l oss e s. Te s t s  made for this purpos e  
are grouped a s  fol lows : 

(1 ) Test s  on the junction as designed with different increments  
of discharge and disch arge ratios by  me ans of which the form of the 
entrance eddy was de termined .  

( 2 ) Tests  outlining the eddy for the case in which a deflecting 
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block w as introduced into the main pipe in an endeavor t o  reduce the 
eddy loss in the b r anch even though it increased the loss in the 
main header . 

(3) Tests in which t he space occupied by the eddy in the branch 
was f illed  by a sol id block with t he anticipat ion of reducing the hy­
druul ic losses and decre asing t he construct ion cost . 

The quantitat ive tests we re made on a model  of the same 
junction .  This model was carefully bu ilt  of galvanized iron so that 
the actual losses in the junction could be evalu ated numer ically . 
Inc ident al tests were m ade t o  determine the actu al effect attained 
by the inst all at i on of the f iller blocks designed as a result of 
the observations on the visu al model . 

2 • PEN.ST OCK JUNC TION VI SU .AL TEST S  

_!�--�he Appar atus 

The model for the visual tests was construc ted on a sc ale 
of 1: 36 and consisted of a straight piece of 10- inch pipe w ith a 
4 . 33- inch branch int e rsect ing it at an angle of 105 degrees in  a 
dovmstrerun direct ion (fig . 3A and pl ate II ) .  A port ion of t he 
branch and also the main pipe was graduated at intervals  of five­
hundredths of a foot in both  the longitud inal and c ir-cumferenti al 
direction ,  as sho�m on pl ate II . Three metering noz zles ( 1 ,  2 ,  w.d 
3 inches in diameter ) were  used interchangeably at the end of the 
branch to obt ain various comb inat ions of discharge at the junct ion , 
while small stop logs served to regul ate the flow at t he end of the 
main pipe . A piez ometer was installed two inches up the branch from 
the upstream end of the conical noz zle f or measur ing the pressu re 
at this point (f ig. 3A) . The t otal d ischarge was measured over the 
l abor atory weir , the disch arge through the branch was computed from 
the observed piez ometer pressures at the noz zle ,  and the d ifference 
was assumed t o  flow through the dovrostrea,."'T! port ion of the main pipe. 
It was not necessary to cal ibrate the noz zles in pl ace as the nature 
of the tests did not warrant that degree of accuracy . 

The path of the water as it entered t he b ranch w as traced 
by inserting a color solution,  consisting of potassium permanganate 
c ryst als dissolved in water , throu gh a long copper tube which extend­
ed through t he nozzle and into the branch . The tube w as moved ab out 
in the branch according to t he d irect ions of an observer who recorded 
the r esults with respect t o  the coordinate l ines on the pipes. The 
action of the water in the brancl_:- was readily detected by this method. 
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B .  Results and Conclu s ions 

As the water flowed from the main pipe into the branch , 
there was a zone of high veloc ity on the right-hand s ide (looking 
downstream on the branch ,  fig .  3A) whil e on the left-hand s ide a 
zone of relat ively qu iet water formed whi ch ,  for lac k  of a b etter 
term, shall be c alled an 1 1 eddy zone ' ' , s ince it was f illed with eddy­
ing water .  When the color was ins erted in the strearn of high velo­
city water it was d i s s i pated quickly by b e ing c arried dovm the tube 
and out of the nozzle, while any color inserted in the eddying zone 
was much more slowly d i spersed .  By moving the color tube b ack and 
forth the line of demarc ation between the two zones could b e  d e f ined. 
An examinat ion of plate III will make the method clear. 

It was found that ari eddy zone of relat ively qu iet water 
existed in the branch f or all combinations of dis charge , al though 
the dimens ions of the zone dec re ased as the ratio of the qu ant ity in 
the branch , Qs , to the qu antity in the main pipe above the b ranch, 
Qa , increas ed. A study of the variou s  runs plotted on figure s  4 and 
5 will show the limits of the eddying z one s . The r atio Qs w ill in 
the future be referred to as the "di s charge ratio . 11 Qa 

It was thought that a lip protruding into t he main p ipe 
on the downstrenm s ide of the branch entrance might redu c e  the los s 
of head through the branch pipe, al though it was expected to c ause 
an incre ase in the los s in the main pipe . Thi s  lip,  as  s hovm on 
f igu re 3B, was installed during tests 1 to 3 ,  inc lu s ive .  Eight runs  
we re made on  the three t ests , and thes e are plotted on f igure s 4A  
and 4B ,  The remaining tests on thi s  model were performed w ith the 
lip removed ,  and are plotted on figures  -4C ax1d 5 ,  A summary of the 
conditions under which e ach run was made and tho re sults  obtained 
i s  shovvn on t able I ,  

On thi s table, compar i s ons  have b een made , where pos s ible , 
between s imilar runs with and without the l ip to determine its effect . 
A compari son of tests  2-3 , 2-2, 3-3, 3-2 ,  and 3- 1 ,  r espectively (made 
with the lip in the main pipe and denoted by letter A) , with tests 
4-3, 4-2,  5-3, 5-2,  and 5-1 ,  respectively ( made with the lip removed 
and identified by the s ame symbol ) ,  indic ates thnt al thou gh th0re i s  
some differen ce in the loc ation of the apex o f  the eddy zone f or 
runs of s imil ar d i s charge and s imilar dis charge ratios , the var iat ion 
i s  slight and occurs in both directions. That fact would ind i c ate 
that the lip in the main pipe ma.de no mate r i al difference i n  the 
shape and volume of the eddy zone , or in othe r words , the head los s  
through the b ranch was not materi ally different for e ither condition . 
As it was diff ioul t to accur ately determine the limits of the e ddy 
zon e ,  some variat ion was expected . 
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.A.. DOW1'STREAJI FROll THE DEAD WATER zon: 
DYE �OVES DOWNSTREAJI 

s .  AT DOWNSTREAJC EXTREUITY OF DEAD WATER ZONE 
DYE IS DIFFUSED IN BOTH DIRECTIONS 

C .  DYE IUJ(llNS IN DEAD WATER ZONE 

COLOR METHOD OF LOCAT ING ZONE OF DEAD WATER 

PLATE I II 
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pi pe to regulate the disch arge through the branch . A we ir  box, 4 
fe e t  wide , 6 f e e t  long , and 2 feet dee p, e qu ipped with stilling 
baffles  and a 6- inch Cipolle tti weir was loc ated at the end of the 
branch to me asure the disch arge at that point. A gage well attached 
to tho outside of the we ir box was conne cted by a 3/4- inch rubber 
hose to  a hole in the box 2 0  inches upstre am from the we ir ,  and a 
hook gage was used in  the well to me asure the he ad on the we ir. As 
this we ir box d iffered from the stand ard form ,  it was nec essary to 
c al ibrate the 6-inch C ipolle tt i vve ir  in place . This w as done by 
comple tely closing the downstre arn e nd of the m ain pi pe with a blank 
flange and diverting all wate r through the branch and ove r the G-­
inch C i polle tti we ir,  The c alibration vm.s made by comparison ·wi th 
the 90-degre e c alibrated V-notch me asuring weir. The purpose of 
the me tal c one at the end of the branch pipe was to recover a por­
ti on of the ene rgy whi ch would have been l ost at the e nd of the 
pipe , and thus inc r e ase the d ischarge tl1rough the branch . 

Rings of pie z ometers Tvere p l.aced at inte rvals along the 
pipes,  as shoV\rn on f igure 7 .  Four pi ez orne te rs constitu ted a ring, 
and c onnec t ions we re so th at ind ividu al pie z  omete rs c ould be re ad 
separately . E ach pie z omete r consisted of a 3/1 6- inch ou tside di am­
e ter coppe r tube 2 inche s long with a 1/8- inch bore , In c onstruc­
tion, a 1/8- inch hole 1Nas c arefully drilled in the p i pe at the proper 
loc ati on ,  A c opper tube was then accurately placed  ove r the hole , 
normal to t he pipe , and he avily soldered in pl ac e .  The inside of  
the tube and hole w as then re amed to remove any irre gularit ies  whi ch 
might have developed during the process.  Piezome ter openings ·were 
of the sh arp-corne r type and c are was taken to remove all burrs and 
to keep the c orne rs sh arp and f lush wi th the inside of the pipe 
( f ig. 8B) e l/Vhere piez ome te rs were installed  on c one s ,  they were in  
all c ases set norm al to the surf ac e . As it was desired  to re ad e ach 
pie z omete r  se parately , the connec tions were made as shown on figure 
8C , Thre e-sixte enths inch rubbe r tubing was use d for the shorter 
conne c tions , while e ach ring was c onnec ted to the p i e z ome te r  board 
by a 3/4- inch garden hose. This arrangement m ade i t  possible to 
use one glass re ading tube to e ach ring of piezome te rs ,  E ach  ring 
w as e qu ipped w ith three sc rew c lamps which could be alte rnated be­
tween the four rubbe r tube s to . segregate the pie z ome ter to be re ad .  

In re ading p i e z om e ters, all A pie zome te rs we re re ad simul­
taneously with all othe rs c losed,  In rot ation, all B, C ,  and D .  
p i e z ome ters vve re re ad in the same manner with the othe rs closed .  
This procedure was repe ated four times during a run ,  making a total 
of 16  re adings to a ring. Observ ations we re m ade as r apidly as the 
board could be r e ad.  Abou t forty minutes we re re qu ired to make a 
c omple te se t .  
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The 3/4- in ch hose  ·which e xte nded  from the r ings t o  the 
piez ome te r re ad ing b o ard s l oped upward toward the b o ard to f ac i l i­
tate the removal of e ntr apped air .  Before e ach run , al l pie z ome te r 
c l amps we re l oo sened , and al l tubes l e ading to the A p ie z ome te rs  
we re d i s c onnec te d  to  al l ow w ater to  fl ow fre e ly through them , The 
3/4- inch hoses were vibr ated t o  drive any e ntr appe d ai r toward the 
re ading b o ard , Fin ally ,  the hoses  we re d i s c onnec ted  fr om the g l as s  
re ad ing tube s  t o  al low  w ate r t o  f l ow free ly through them , Thi s  
routine f or e l imin ating air r e qu ire d from f ifteen t o  tvventy minu te s  
before e ach run , but was a ne c e s s ary procedure as al l the pie z ome te rs 
we re l oc ated on a central bo ard making s ome of the hos e:, c onne c t i ons 
30 f e e t  l ong . 

T o  identify the exper imental d ata, e ach al te r ation or  s et­
up  of the mode l was as s igne d a te st  numbe r  and e ach r un of a te s t ,  a 
run numb e r ,  I n  l ike manner , e ach picture was g iven a p i c ture number , 
Thus , 10-B- 6 i s  interpr e te d  as te st  1 0 ,  pi cture B of run 6. 

B .  Pi pe Fri ction C al ibr ation ( 4 , 33- inch Br anch ) 

The f r iction l o s s e s  in the 4 , 33- inch and 1 0- inch p i p e s  
we re dete rmine d b y  c onne cting the pipes t o  the bu l khe ad s e p ara.t e ly 
and making c al ibr ation runs ( te s ts 1 and 2 ) ,  In t e s t  1 ,  the b r anch 
pipe was c onne cted  as shown on figure 7 ,  with two extr a j oints of 
p ipe on the u p s tre am end to g ive add ition al l ength for redu c ing 
irregu l arities  of f l ow c au s e d  by entr ance c ond iti ons. A c oni c al 
entr ance (figure  7 )  w as u sed  on the u pstre am end of the 4 ,33- inch 
pipe with a ve rti c al and a hori z ontal f in e xtend ing f r om the l arge 
e nd two-third s of the d i s t ance up the length of the c one to prevent 
vorte x ac ti on. .An e lb ow w as c onne cted to the downs tre am end of the 
pipe  in a vert i c al p l ane to ke e p  the pipe f l owing ful l  at al l t imes  
and to  incre as e the pre s su re in the pipe  s o  th at it c ould  b e  r e ad 
on the gage b o ard , It was nece s s ary , in the case  of sm al l e r  d i s­
ch arge s ,  to fur the r re tard the f l ow by l o o s e ly b o l t ing a bl ank f l ange 
onto the end  of the elb ow to  pr ocure a suff ic ient numbe r  of runs t o  
pl o t  a c al ib r ation curve. I n  other c ase s ,  add ition al vert i c al sec­
ti ons of pipe ,Ne re  b o l ted t o  the e lb ow. 

Eleven runs we re m ade on te s t  1 with d i s c h arge s  r anging 
from o. 55  to  1 0 70 se cond-fe e t .  Dur ing a run ,  the two he ad gage s on 
the 90-degree  V-notch me asur ing we ir  were  r e ad s imu l t ane ou s ly with 
the f oreb ay he ad gage at two-minute inte rval s , The temp e r atur e  of 
the wate r w as recorded onc e during a run . A run was t e rminate d when 
e ach p ie z  ome ter  on the mo de l h ad b een re ad four time s , as pre vi ou s ly 
de s cr ibed , The 1 6  re ad ing s from e ach p ie z ometer r ing we re ave r aged 
and the re s pe c t ive c ompu te d  meun ve l o c ity he ad s  adde d .  The se  
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values for each ring were then plotted with respect to t he length 
of the pipe. A sample sheet showing the method for a few runs i s  
shown on figure 9 .  :Cue t o  t he f act that the entrance loss effect 
extends some 40 di ameters downstream , the l ines dra1,1m t hrough the 
points h ave a sl ight curvature but would eventu al l y  terminate in 
straight l ines were the pipe sufficiently long , The slope of these 
str aight l ines represent:: the friction loss per foot of straight pipe . 
As t he pipe was not long enough to al low these l ines to completely 
straighten out , it was necessary to draw a tangent to each of the 
curves near its downstream extremity . These tangents are shovm 
drawn on figure 9 .  The slope of e ach represents the straight pipe 
f rict ion per foot for a part icn l ar discharge and water temperature . 
A const ant has been consistently subtracted in some of the runs to 
consolidate the d at a  for comparison as the slopes of the l ines al'e 
the major :i. tern of inte rest , These constants in no way effect the 
slope of the l ines ,  

With the frict ion loss , discharge an d  temperature known 
for each run, t he frict ion factor, f ,  :i.n the formul a  hf = fLV2 was 

� 
computed and plotted with respect to Reynoldst number on f igure 1 0 ,  
The frict ion f actor was computed , using the equat ion f =-= 2

��D , where 

,3 is  the f ri ction slope (f ig. 9 )  and L is unity . It has been cus­
tomary in recent years to design condu its f rom curves of this type , 
oct ained from experiment al results , In using these curves it is 
only necessary to know the range of Reynolds t numbers that w i l l  be 
e ncountered in the f ield and the type of pipe to be used . This  be ­
ing kn ovvn _. the f actor, f ,  can be t aken f rom a curve simil ar to those 
plotted on f igure 10 f o r  a pipe having comparable roughness2 , 

2 1 1The F low of Fluids in Closed Conduits 11
, by R , J . S ,  P igott , Mechani­

cal Eng ineering , J,ugust 1933 , 

As the temperature varied conside rably throughout the series 
of tests, each run was corrected t o  t he liase temperature of 6 0  degrees 
F ahrenheit by means of figure l l A. The temperature correct ion g raph 
1Nas const ructed by choosing a number of discharges at various tempera­
tures for the 4 0 33- inch pipe and comput ing the Reynolds 1 numbers f o r  
each , From figu re 1 0 ,  the friction f actors were obt ained f o r  the 
various condit ions and t he f riction loss per foot of pipe was com­
puted . From this inform at ion , figure l l A, which shows the vari at ion 
in the f rict ion loss due to temperature, was constructed. For example ,  
with a discharge of 1 ,  6 second-feet , water temperature of 7 0  degrees , 
and a pipe f rict ion of o .  2 000 foot per foot of pipe ,  figure 1 1 A  s:i.ows 
th at this frict ion loss at a temperature of GO degrees would be 
0 , 2 000 - 0 � 0037  = 0 .2037  foot per foot of pipe , 
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NOTE 
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BOULDER DAM PENSTOCK. STUDI.E:3 
CALIBRATION Ob' EX.PERIME.'JTA.L BRANCH PIPE 

4 .33" INS IDE DIAiUTER 
CO:MPUTATIOi� OF FRICTION DROP FHOM JUNCTION 

Temp . Plotted Piezometer No. 
corr . energy 16 17 18 19  

Run Discharge Temp. Per ft. a.t Computed Drop to Computed Drop to Oomputed Drop to Computed Drop to 
:�o . Sec . ft. OF of pipe Junction energy Junction energy Junction energy Junction energy Junction 

... 001 - .001 - . 002 - .002 
l 1.7232 60.5 - .00020 2.372 +l.498 .875 +1.245 1.128 + .627 1 . 747 +.228 2 . 146 

-.003 - .005 -.007 - .009 
2 1 .4542 60 .2 - .00007 1 . 678 +l.033 . 648 + .830 .853 + .402 1.283 + .083 1 . 604 

-.003 -. 005 - . 007 - .009 
3 1.2030 60 .3  -.00007 1 .479 +l . 038 .444 + .892 .592 + . 605 . 881  + .387 1 . 101  

+.002 + . 003 + .005 +.006 
4 . 9 529 59.8 +.00005 .761 +.469 .290 + . 363 . 395 + . 179 .577 i- .036 . 719  

.002 . 003 . 005 .006 
5 . 6570 59 .5 + .00005 .no .565 . 143 .517  . 190 .423 .282 . 341 . 363 ---
6 .4425 59.4 0 .266 . 193 .073 . 173 .093 . 125 . 141 . 082 . 184 

.004 .006 .009 .012 
7 1 .5729 57 . 5  +.00094 2.280 1.548 .728 1.302 . 972 . 831 1.440 .455 1.813 

.004 .006 .008 .011  
8 1 . 3254 5 7 . 0  +.00090 1.432 .898  .530 . 718  .708 .376 1 . 048 .092 1 . 329 

.003 .004 .006 .000 
9 1 .0721 5 7 . 1  + . 00067 .991  . 625 .363 .491  .496 .271 .714 .082 .901 

.002 .003 .004 .005 
10  .8067 5 7.2 + •. 00040 . 615 .402 .211 .302 .310 . 187 .424 . 073 .537 

+ .001 + .001 t .001 + .002 
11 .5504 5 7 .5 +.00015 .477  + .369  . 107 + .330 .146 + .266 .210 +.206 .269 

12 1.8355 -- --- --- --- -- --- -- --- -- --- --
Not e :  The word "junction" is defined as the point at which the center line of the branch intersects 

the center line of the main pipe . 
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the runs of h igher disch arge . The entrance to the main pipe con­
sisted of a circular collar. 

The fri ct ion slopes shown for a few discharges on figure 
1 2  were dravm to obtain the average friction loss per foot in the 
main p ipe . .Ag ain tangents were dravm to the downstream end of the 
curves and the slopes of these cons idered the average friction loss 
per foot of pipe .  The temperature correction curves u sed i n  evalu­
ating the results obtained on the 10- inch p ipe are s hown on figure 
13, and the fri ction losses as measured upstream and do,•mstream frm:1 
piez ometer 6 for various discharges at a temperature of 60 degrees 
Fahrenhei t  are shown on figure 1 4 ,  As in the case of the 4.33- inch 
pipe , piez ometer 6 at the theoretical junction was used as a refer­
ence and the friction loss was measured upstream and downstream 
from this point . The f riction factor , f ,  for the 10- inch p ipe is 
plotted on f igure 10 with respect to Reynolds1 number .  

A set of check runs under test 2 Y  was made on the 10- inch 
pipe four weeks after test 2 was completed , and the results checked 
the original set. Both sets of p oints are plotted on f igures 10 and 
14 • 

It  is apparent from a study of f igure 1 0  that the 1 0- inch 
pi pe shows a greater surf ace roughness th an the 4. 33- inch branch for 
the same value of Reynolds' number· even though both were constru cted 
in the same manner and of the same materi al. Theoretically ,  one 
would expect the fri ction f actor, f ,  to be smaller in the larger 
pipe . The explanation may lie in the f act that the 1 0- inch p ipe 
had a joint to every 3. 5 d i ameters , wh ile the 4.33- inch pipe h ad a 
.i oint to about every 7 .  0 d iai:neters . 

D. Evaluation of Junc·t ion Losses 

With the straight pipes c alibrated, they were connected 
together as shown on figure 7 and studies were made to evaluate the 
loss of head in the junction .  Runs were made using tot al discharges 
from 1 . 5  to 8.0 second-feet. By adjusting the 4- inch valve at the 
end of the branch in  relation to the sl ide gates in the head regu­
lator box , it was possible to divert part of the total discharge 
through the branch , For large discharge ratios, * , the tot al dis-

charges were necess ari ly  low ,  while for small discharge ratios 
practically any total di sch arge could be used up to 8 second-feet. 
During a run ,  readings were taken s imultaneously at two-minu te inter­
v als on the two head gages in the l arge -w-e ir box, the foreb ay head 
gage , and the head gage f or the 6-inch C ipolletti weir. During the 
same pe riod of time , each pio zometer on the pipe was read four t imes. 
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F or the purp ose  of the s e  experiment s ,  junct i on lo s s e s are 
defined as f ollows : The junction lo s s  shall be  the sum of the pre s­
sure drop plu s the drop in nominal velocity he ad ,  le s s  the f r i ct i on 
los s between points upstre am and d own stre am from the junction suffi­
ciently remove d to  be f re e  f r om e ffects  caused by the junct i on .  In 
de termin ing the frict ion  los s ,  pipe dis tance s we re me asu red to the 
ce nter line of  the intersect i on . The following equ at i on s  expre s s  
thi s  de f init i on ( f ig . 7 A) .  

Juncti on los s charge able to the main pipe : 

t Px + vi 
� 

( 2 ), Jb 
= 

t Plo + vb + hf ( x- 1 0) 
( 2g 2g ) 

Junction l o s s  charge able t o  branch : 

= � px 
v2 \ 

f pl8 
v2 1 JS 

+ a 7 + s + hr ( x- 18) 2g 2g J 

Rather t han choose  a s ingle piezome te r f r om which  to 
me asure the pre s.sure he ad ab ove the junct ion , the ave rage of p iezo­
meters 2 ,  3,  4 ,  a..v1d 5 was used and i s  denot ed  as Px • The locat i on 
of Px i s  approximat ely 7 . o  feet or 8. 4 diameters upstre run from 
piezorr,e ter  G. 

Although energy los s e s  de termined in acc ord ance with the 
ab ove definit i on are sub ject to  an error in the order  of  0. 05 V2 due 

2g  
to  the u s e  of  the nomi nal veloc ity he ad i ns te ad of  that integrated  
ove r the s ect i on ,  and due to  t he subtract i on of frict i on l o s s e s  to  
the center  of  the intersect i on , the def initi on seems a pr actical one . 
The error involved ,  howeve r,  shouJ.d  be kept in mind i n  inte rpre t ing 
the re sults . 

The t e s t s  o n  the 1 05-degree junct i on we re divided into  two 
gr oups . T e s t  3 was a normal p i pe junction , whe re , as in te s t s  4 t o  
7 ,  inclu s ive , the phys ical shape of the junction was modified  by  
f iller  blocks in accor d ance with t he earl ier visual tes ts  in an at­
tempt to  impr ove t he hydr aulic efficiency of this junct ion . 

Twenty- s ix runs we re made on t e s t  3 with  d i scharge s thr ough 
the branch ranging from O to 1 00 percent of the t o tal 0 The test pr o­
c e d1..i.re was the s ame as in the c alibrat i on runs except for  read ing the 
add i ti onal piezometers  ar.d the small we ir gage. A computat i on s heet 
f o r  one of the runs  on test 3 is  sho-wn on table I l l. From the computed  
ene rgy at Px, the energy at  e ach piezometer downs tre am from t he junc­
t i on was subtract ed  inde pende ntly. Thi s  me thod tends to eliminate 
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BOULDER DAM PENSTOCK STUDIES 
COMPUTATIONS OF JUNCTION LOSS Test No . 3 

Run No . 11 
Date 6/11/32 

Qa, = 1 . 9964 Q8 = 1 .2033 Q..., = 0 . 7931 o.,./o. = 0.6027 Temp. 6 7 .5°F 

Px Average of Piezometers 2-3-4 & 5 = 3 . 955 
Average Va2/2g at Piezometers 2-3-4 & 5 = 0 .209 

Energy at Px = 4.164 

PIEiOt1ETER NO. 
7 8 9 10 11 12 16  17  18  19  

Ave . Piezometer Reading 4.064 4 .070 4 .066 4 . 060 4.049 4.041 1 .241 1 .051 . 780 .519 

Velocity Head .033 .033 .033 .033 .033 .033 2.151 2.161  2 .161 2 .1 69 

Pipe Friction Above Piaz .6  .029 

Temperature Correction .001 

Corrected .028 .028 .028 .028 . 028 .028 .028 . 028 .028 .028 

Pipe Friction Below Piez .6  .001 . oos .012 .019 .021 .028 .434 .592 .880 1 . 112 

Temperature Correction 0 0 0 0 .001 .001 .009 .012 . 018 .023 

Corrected .001 .ooe .012 . 019 . 020 .027 .425 .580 .862 1 .089 

Junction Loss +.038 +.025 +.025 + . 034 +. 034 +.035 .319 . 344 . 334 . 359 

Jb/Va2/2g +.182 +.120 +.120 +.163 +.163 + . 167 1 .526 1 .646 1 .598 1 . 718 

J8/v//2g 0 . 148 0 . 159  0 .155 0 .166 � 

Average V8
2/2g = 2 .161 � H 

Ai:;._n._0'7�0 



pie z ometer dis c repancies.  The differences in e ach c ase repre sent 
pipe f riction plus  junction lo s ::rn s ,  Y.'ith the d i s ch arge lmovm , the 
pipe f r ic tion f or the ma:i.n pipe for a temperature of 60 degrees 
was obt ained from the curves on figure 14 and the pipe friction for 
the branch was s ecured from figure l l B .  The temperature c orre ction 
cu , ·ves on figu res 1 1 A  and 1 3  were used to c orrect the pipe frict i on 
values f or t emperature . With the c orrected pipe friction subtracted , 
the remaining l o s s  i s  that which was charged to the junction. Thj s 
is the procedu re f o l l ow:ed  on t able IlI . Junction l osses in the main 
p ipe were c omputed in terms of tho ve1 ocity head upstre am. f rom the 
junct i on .  Junct i on l o s s es in the branch are expre s s e d  in terms of 
the ve l ocity head 1.i.pstre arr; from tho .i "unction and al s o  in terms of 
the vel ocity head in the branch.  

'.l.1he re su lt s of the junct i on l os ses for test 3 chargeab1e  
to  the main pipe pl otted wit h rospect to  the discharge ratios are 
shown on figure 1 5 .  On figure J 5 B ,  the discharge rat i o  is rel ated 
to the junction l os ses  obtained from e ach of the ind:i.vidual d own­
stream pie z oraeters . The separa�e piez ometer curve s ( f ig. 1 5 B )  are 
in c l ose agreement , vrit h  the e xception of piez ometers 7 and 1 2 ,  
whi ch in most c ases were d:i.sree; arded when drawing average curves 
due to the f r  undesirable l ocat i ons . The cu rve for test 3 ( fig . l fi A )  
was obtained from the average of the individu al piezometor curves 
on figu re 1 5B .  

The average results  of t he Junction l o s s e s  chargeab le  to  
the b ranch pl otted with res pect to the d i s charge ratios are shown 
on fiGu re 1 6 .  On f j gure 1 6 A, the junct i on l o s s e s  are in term s  of 
the vel ocity head in the b ranch and on f igure 16B  they are in terms 
of the vel o city head in the main pipe upstre am from the juncti on. 
The separate piez orneter curve s f or the branch vvere in good agreement. 
In c omputing the se junction l o sses , the straight p ipe fri ction 
charged t o  the branch was computed on the as sumption that the branch 
pipe extended in to tho center l ino of the main pipe . The reason 
for this as sumption bec omes apparent when an attempt is made to de­
sign a juncti on in a l arge pipe line from experiment al d at a .  

F o r � = 0 ( fig . 1 5 ) , al l the flow goe s dovm t h e  main pipe 

and within the limit s of expe riment al error no l o s s  i s  found c aused 
by the intersect i on of the ::iranch in the line although the d i ameter 
of open i ng i s  more than half that of the main p ipe , The result s 
on figure 1 5  verify experiment s made by Profes s or D. Thoma3 on small 
0 1 1Hydrau l i c  Losses  in Pipe Fitt:1ng s II by Prof . D. Thoma . Trans actj_ ons 
of the Tokyo Sectional Meet ing , World Power Conference , Tokyo, Oc to­
ber  29 t o  November 7 ,  1 9 2 9 .  Thi s  article has been tran sl ated and in­
corporated in  the U , S . B. R . Tech. Memo . No , 3 2 5. For a more detai led 
des c ription of these experiments see 1'Losses in Oblique Jingl ed f'ipe 
Branche s 11 by Franz Peterman , Mi ttdl ilungen des Hydrau l i s cbhn Ins t i  tuts 
der Techn i s chen Hochschu le Munchen Bu lletin 1 ,  p .  7 5  ff;  and Bulletin 
2 ,  p ,  6 1  FF . These articles h ave been translated in the 1 1Tran s ac­
t i ons of the Mupich Hydraulic Institute I I  and published by the .Ameri­
c an. Soc iety of 11/lecham c al E..ng inee rs as Bu l let J n  No . 3 .  
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brass pipe in the respect that f or discharge ratios of less tlcan 
0.40 ,  an apparent gain of head is recorded in the main pipe down­
stream from the junction ,  This gain in head is partly due to tho 
manner in which t he loss coeff icients were determined and p artly 
clue to the pressure reaction from the water diverted into the "l f fanch . 
It is , of o ourse, not a g ain in energy. 

It is possible to  compute the junction loss chargeable to 
the brnnch (fig . 1 6 A) within reasonable  limits by assuming that the 
entrance t o  the branch is an ordinary sharp-edged c onic al pipe en­
trn.nce. The average textb o ok in dicates that the entrance l oss for 
a cone of this angle and type when connected to  a still reservoir 
should b0 in the vicinity of o .1 5  V� • As this ent rance d oes not 

"2g 
connect to a st i l l  reservoir but to a pipe in which varying condi­
tions of f l ow exist , there is an additional l oss to be added  t o  that 
above ·which ,  for the l ower rat i os of Qs is approximately 0 , 4  Va

2 
• 

¾ "2g 
This value is not a constant f or all conditions of flow, but its 
presence becomes ne g l i gible as the r atio of Qs increases ,  

"Q"a" 
The total junction l oss then computed in this manner would 

be 

V 2 Va2 

JS 
= 0 . 1s s + O o4 (1 ) 

2g 2g 

Expressing the entire loss in t e rms of the velocity he o.cl 
in the b ranch , the procedure is as foll ows:  

V 2 
s 

v2 a 

V 2 
a = 

2g 

� �;r 
��:r 

V 2 
s 

2g 

and 

t Qs Aa }2 

Qa As j 

(Qa l
2 (s r 

Q 
j 

I A s a 
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Substitut ing this valu e in e qu at i on ( 1 ) the juncti on l os s  c oeff i c ient 

0 .15 • 0 . 1  t�:r t�r ( 2 ) 

By substitut ing var i ous values of � in e qu ation ( 2 ) ,  a 

c1 .. uve is obt ained whi ch agrees cl os e ly with the one f or test  3 on 
f i6ure 161\., The value of As is equ al to 0 0 1875 in  this cas e .  

¾ 
.Although data are me agre for the purpose in mind the f ol­

l owing; p oi:at  of inte rest is cited , In the visu al tes t c:� on t. !10 pyra­
l in mode l , l.t was stated that the volume of the e ddy z one in the 
br anch se ·· )Ifl,>'.1 to b e  Qnde pendent of the discharge s de pending only on 

the discha1-�0 rat i o  7'is_ • Thoma makes a statement to this effect, '<la 
that the junction l oss coeff icient is independent of tho tot al d is-
charge anc1 d o pend.s entirely u pon the r atio Qs t On f igure 17,  there 

'Ta 
has been pl ot te d  the var i ations in  the loss coefficients for  d iffe r-
ent values of R0ynolds 1 number ,  The curves on f igure  17 A s how Urn 
juncti on 1 0 1:::ses  in the br anch t o  vary only viith the dis charge rat i o  
Qs 
Q- fu"ld not with the total d ischarge or Reynolds 1 numbe r . The cu rves 
o� f igure  17B s how a s imi l ar ind ication for  the juncti on l osses  in 
the m ain p i pe but the points are moro scatte re d due t o  the exagger ated 
scale of t he graph. The s e  results agree with Thom a ' s  work and wit h 
the visu al tests in which the eddy at t he juncti on appe are d t o  re­
main the s n..rne s iz e  for  a given discharge rat i o ,  rogard:..e ss of the 
total dis charge , 

E .  Reduction of Juncti on Losses 

l'JJ. effort was made in tes ts 4 to 7 ,  inclus ive , to redu ce 
juncti on l o s s e s  at d is charge r atios of 0 . 25 and 0 , 5 0 .  In te �t  5 , a 
defl e c tinG bl ock -gas ins talled  in the main pipe . In tes ts 4 ,  G ,  nnd 
7 ,  wo oden f i l l e r  bl ocks made to the s ame s iz e  and shape as the eddy 
z ones encou:1te red in the pyral in mod e l  we re ins tal led  in the branch 
pipe irnmed i  ate ly be l ow the junct i on.  

F or tnst  5 ,  the defl ecting b l ock s hown on  figure 8E  was 
ins t alled  in t he main pipe , as sh own on f igure BF'. The bl ock vvas 
made to repres ent as ne arly as poss ibl e the l ip that e xtended out 
into the main p i pe in the prel iminary tes ts on the pyr al in model . 
The resu lts from t he s ix runs made on ti1 is tes t are p l otted on 
figures 1 5 A, 16A, and 16B, This bl ock produce d  no  impr ovement in 
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the junc·tion los s coefficient s in either the branch or the mai�1 
pipe nor did it seem to produ ce any detriment al effects  for the 
lower dj_ scharge rat ios . 

The filler block shovm on fir;ure 8D was des igned fi'Ofr the 
curve s on f igure 6 for a dis charge rat i o  of 0 . 2 s ,  and was inst al l ed 
in the branch pipe in the loa a.tidn shown on figure SF for test  01. 
The resu lt s plotted on figures l fi A, 1 6 A, and 16B reveal that thi s  
block failed to  redu ce the junction los s coeff icient , but ins t e ad 
increase d  it as compared with test 3 for al l d i scharge rat i o s . 

Another attempt was made in test 6 to improve condi  t :i. ons 
at the ;junction by u s ing a filler bloc k  for a d i scharge r atio of 
0 0 25 . Spe c i al care �as exerc i sed in obt aining the shape of thi s  
block i n  the pyralin model , whj. ch i s  slwwn on fi[;ure 3F . Detter re­
sult s we re n;�odu ced by this bl ock,  which was s omewhat smal ler ru1d 
more ac curate than the one used in test 4 ,  The cu rves on figure 16  
actu al ly show a smal l improvert,ent over test 3 for dis charge rat ios 
bel'ow 0 4 2 2 .  Due to the re strict ion of area that these b lor.ks offered 
in the b ranch , the junction lo s se s chargeab le to  the bran ch would  
be e xpe cted to  increase for d i s charge rat :i.os  above that for which 
they were des igned . 

I:::-1 test 7 ,  the f il ler blo0k shown on figu re 3D f or a dis­
charge rat io of 0 .50  was u s ed . 1//hen compared with t est 3 on f :°Lgu re 
16 , practic ally no change in the junction 1.os s coeffic ient is notice­
able up to a dis charge rat io of 0 , 6 0 ,  In fact , this block s how::; a 
s light improvement in the c oeffic ient when compared with test 3 for 
dis charge  r at :i.os of les s than 0. 6 0 . Above this rat i o ,  the junction 
los ses increase in the b ranch wh ile in  t he main pipe ( f i g ,  l S A) , 
the los ses show a decrease for d i s charge rat ios above 0 . 5 0 .  

Summing the resu lts  of the above test s , i t  c an be s aid that 
in the majority of c ases the f i l le r  blocks actu ally did decrease the 
junction los s c oeff icient s for d i schar,e;e r atios under that for wh ich 
they were d e s igned . It was of c ou r se �xpected that the junct i on los s  
would inc re ase for values greater thnn the designed rat i o . The im·· 
provement , contrary t o  expectations , was so  smal l that the bene fit 
derived from f i l ler b l ocks of th i s  typo wou ld  hardly be worth t·. 1 0  e x­
pense of instal l at ion , It is suggested , however , that for penst o ck 
inst al l at ions , where the dis charge rat ios f or t he branches vv:i. 1 1  re­
main practical ly con st ant and powe r head at the turbines is at a 
premium , f i ller b locks may prove t o  be of s ome value , These,  however, 
would not l)e a pr£cct i c al ins t al l ation at the Boulder IA:un , Had the 
f i l l er b locks shovm promis ing resu lts  they may have been incorporated 
in t he penstock des ign .  

4·1 



F. Investig at i on of Static Pressure at 105-Def!;ree Junct i on . . ------ ·----------
In the design of thin-walled pipes, the maxiinum and min i-­

mum pressu res developed at junctions are quite important . It was 
to deterMine more in det ail these pressure conditi ons t hat additi onal 
piez m,ietric connecti ons were installed in t he model of t ho junct ion ,  
Pie z ometer 13D and p iezometer rings 1 4  an d  1 5  were placed (fibs.  7 
and 18 ) in the section of the b r anch im .. mediately below its intersec­
tion with t he main pipe. During test 3 ,  these were read simu ltan­
eously with the other piezometers .  Three of t he pressure ou-!-; J.ets 
in piezometer ring 6 were also read, the fourth outlet being eliminated 
by the inst allation of the juncti on of the b ranch pipe . 

The pressure at each of these points was rel ated to the 
aver a6e pressu re condition at piez ometer ring 6 ,  measu red durins pre­
vi ous runs without the branch instal led . The drop in pressu re be­
tween each piez ome ter a...Y1d �, iez ome ter r ing 6 was expressed :i.n terms 
of vel ocity head in the mai�, pipe upstream f r om the junct i on in 
order t o  produce dimensionless qu antities ,  This r at i o  of drop in 
pressu re head to velocity h0 ad is plotted against the d ischarge 
rati o on f igure 18 . As it is poss ible :i_n design to determine qui te 
accur ately t he pressure at any point in a str aight pi pe line , ·whi ch 
is n ot true after a juncti on is installed , the pressure obtaine d at 
ring 6 (without the branch connected ) was used as the reference :pres­
sure in these exper iments. 

A slight increase in pressure was found at piez ometers 
6 A, 6 B ,  and 6C (f ig. 18) due to the introdu cti on of the junction , 
For disch arge r at ios up  to 0 . 20 ,  a d ec ide d increase i s  shmvn at 
piezometer 14B, but f or h igher r at i os, the pressure d iminishes r ap­
idly . For the l ower· r atios, the Gain in pressure indic at ed by this 
piez ome ter was probably caused by impact , while for the l arger r ati os,  
the l o ss in pres.sure  may be attribut0d to turbulence and compl icated 
eddy f ormati ons. 

As an aid in visual iz ing: the pressure distr ibutions in a 
juncti on of this type, diagrams o:::' the actu al observed pressure in­
tensities of pio z ometer rings 14 and 1 5  for  a few runs on test 3 
are shown on figure 1 9 .  The pressures were measu red in feet of water 
above the center of the pipe and are plotted both verti c ally and hor­
izontally , using the intersection of t he two axes as the r eference 
po int , The c ir cumferential pressure at piez ometer ring 15 is qu ite 
uniform in each cas e .  The pressures recorded at r ing 1 4 ,  however ,  
varied greatly vv.i.th the d isch arge conditi ons. C onsidera11le var i a­
tion can be noted in the pressu re distr ibu tion f or t he extreme cases 

Qs whe1·e - = o. 1 5 1  and 1 . oo .  
Qa 
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Loss in pressure head represents t h e  difference i n  
pressures from piezometer 6 (without branch attached ) 
to any piezometer plotted. Notice that the difference 
is a slight gain in  pressure head between piezometer 
6 wit hou t the branch and piezometer 6 with the 

branch attached. 
These results were obtained for Test 3 dur ing 
which no f i l ler blocks were used. 
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G, Test s  on a Right- Angle  Junct i on 

As previ ou s ly ment i oned , exper iments of a s imjlar n ature 
have been performed by Pr ofes s or Dr . - Ing . Thoma and h i s as s o c i ates 
at Munich,  and translat i on s of their work have been u sed f or refe r­
ence  in de s ign of pipe juncti ons . Thi s was es pec i al l y  t he c as e  in  
the e arly st ages of t he des igns of  .the Boulder Dam penstocks . There 
was s ome quest i on as t o  the validity of applying Thoma ' s  dat a  to  
su ch extremel y l arge penstocks , part:i.cuJ. arJ.y in  view of  the f act 
that hi s e xperiment s were perf ormed on rel atively small  bras s  pipes4: 

4 1 1Los s es in Right- Angle P ipe Tees 1 1  by Gu stav Vogel , Dip .  Engr , ,  
MitteiJ.ungen des Hydr auli s chen Inst itut s der Technischen Hochschu l e .  
Part 1 - 1926 . This article has been translated and inc orpor ated 
in U . S . B . H . Tec h.  Memo • . No. 299 . 

In an effort t o  make a definite check on Thoma I s experi­
ment s ,  two test s were made f or the determination of junct i on l o s ses , 
u s ing a 3 . 49- inch branch pipe c onnected to the 10- inch main pipe at 
an angle of 90 degrees ( f i g .  2 0). In test 10,  the branch  was c on­
nected directly  to t he main pipe ,  while in test 1 1 ,  the branch was 
j oined t o  t he main pipe by a c one hav ing a tot al cent r al angle  of 
13 degrees and a length equ al t o  2 ,  l D • The r at i os of the diameter s 

Ds/Da of 0 � 3 5  ± and the pr oport i ons of
s
the cone u s ed were di rect ly 

c omparable wit h two of Thoma I s experiments .  

Before invest ig ating the junct i on J.os se s , the 3 , 49- inch 
br ar.ch ,  wit h  an extra s ection of pipe upstream, was c onnected t o  
the forebay bulkhead and c al ibr ated ,  The pr ocedure was t he s ame as 
previou s ly u s ed t o  c al ibrate the 4 , 33- inch branc h. The f r ict i on 
f actor curve f or1 f, from thi s c al ibrat i on is  pl otted with respect 
to Reynolds' number as test 9 on figu re 10 . Thi s  curve fal l s  bel ow 
that for  the 1 0- inch pipe, Tvvo mont hs l ater a check c al ibr at i on 
(test 9Z ) was made on t he s ame pipe under the s ame condit i on s and 
the pipe friction w as found t o  have incre ased c ons ider ably . It was 
l ater proven that t hi s s ec ond c alibrat i on was in error and it was , 
therefo re ,  dis reg arded . Fri cti on l o s s cu rves pl otted ag ainst d i s­
charge f or t est 9 are shown on f igure 21A. These  curves repn, sent 
the pipe fr ict i on from piez ometer r ing 6X (f ig . 20A)  t o  any p iez o­
meter in the branch for  v ariou s  dis charges at a temperature of  GO  
degrees Fahrenheit . The t emperature c orrect ion curves f or the 3 . 49-
inch b r anch whi c h  were used to c onvert the pipe frict i on l os ses t o  
a c onst ant temper ature on f i gure 2 1 A  are s h own on f igur e  2 1 B .  

The c al ibr at ions of the 10-inch pipe before and after the 
test s  on the 90-degree br anch are indicated as test s 2Y and 2 Z  on 
f igu re 10. Pract i cally no c hange in frict i o n  was evidenced in the 
1 0- inch  pipe thr oug hout the entire s et of e xper iment s .  Calibr ation 
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cu rves representing the pipe f riction from piez ometer 6 X  t o  any 
piez ometer in the main pipe f or d ifferent discharges at a tempera­
ture of 60  degrees are shown on f j gure 2 2 .  

The test procedure for determining junct ion l os ses  in 
test s 10  and 1 1  was the s ame as in test 3 except that t he add itional 
pie z ometer ring 6X was used as the reference point and Px in te st s 
1 0  and 11  now represented the aver age read ings of piez ometers 2 ,  3 ,  
5 ,  and 6 r ather than piez ometers 2 ,  3 ,  4 ,  and 5 . Piez omete r s  on 
ring 4 had b een d amaged and readings from it were no  l onger inc lu ded 
in the average .  

The runs on t est s 9 ,  1 0 ,  1 1 ,  and 92 unf ortunately were 
s pread out over a period of two of the warmest summer months , as 
work of great e r  importance made it neces s ary to c omplete the s e  test s 
as c ircumst ances  pe rmitted. The f ol l owing s chedu l e  shows the c al­
end ar dates on which the v ariou s  runs were made . 

Test 
No .  

9 
1 0  
1 0  
1 0  
1 1  
92 

Run No . 

Al l  run :c:: 
l to 8 ,  inc l . 
9 to 14 , in cl . 
15  to 1 8 ,  incl . 
Al l runs 
All runs 

Date Performed 

i 7/2 2  and 7/23 
7/2 7 and 7 /28 
8/8 and 8/9 
8/26  
9/2 to 9/7 , in cl . 
9/28 and 9/;2 9 

Nature of Experiment 

Initial f rict i on c al ibrat i on 
90° branch � without c one 
90° br anch , without c o ne 
90° branch � without c one 
90° branch, with c one 
Final fr i ct i on cal ibr at i on 

The p ipe s were l o c ated f r om 4 t o  6 inches above the f l o or of the l ab­
oratory c al ibrat i on tanks . Consequently they were intermittent ly 
submerged while other exper iment s were in pr ogres s  in the l aborat ory . 
Thi s  c ond iti on and the warm weathe r were c ondu cive to  the pr op agation 
of algae gr owth and the f ormat i on of ru st s pots in the pipes . Test s 
10 , 1 1 ,  and 92 showed that as t ime advanced the f r ict i on in the b ranch 
inc reased whi ch was entirely pos s ible due t o  t he above f act or s .  
St r angely, the 1 0- inc h pipe ,  which was subjected to the s ame c ondi­
tion s for a l onger per i od of t ime , showed pr act i c al l y  no change in 
p i pe fri ct i on .  

It was as sumed that the junct ion l os ses  obtained f or run s 
1 t o  8, inc lu s ive ,  of test 10  were pr obably cor rect  as the se  runs 
were commenced within four d ays afte r  the test 9 f r iction c al ibr a­
tion . It was al s o  as sumed that the results from test 11  were presum­
ably c orrect as the pipe s were c le aned previous  t o  these runs . Junc­
t i on l o s ses  f or these runs are pl otted on f igures 23 and 24 . 
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A check on the results of tests 1 0  and 1 1  was made by 
another method. The pipe frict i on f or the 3 .4 9- inch b r anch and 
the 1 0- inch main pipe was obtained  for e ach run by pl ott ing the 
pie z ometer read ings plus the corresponding velocity he ads u pstream 
and downstream f r om t he junction and drawing ave rage  l ines represent­
ing the f r icti on sl opes thr ough the po ints to the juncti on.  The dif­
fe rence in elevat ion of these lines at the junct ion represented the 
l osses at th at po int. By this meth o d ,  the junction losse s  and 
str aig ht pipe fr i ct i on we re obtained simult aneously from the s rune 
runs , thus e l iminat ing e rr ors pro c1uced by the changing pipe fric­
tion,  The che ck method showed that runs 1 to  8, inclu sive , (test 
1 0 ) ,  and all runs of  test 1 1  w-ere  re asonably correct as computed  
from the t e st 9 frict i on c alibrat i on.  By t he check method , all 
runs on test 1 0  f e l l  approximately on the same curve.  C le aning 
the pipes previ ous t o  te st 1 1  evide ntly reduce d the pipe fr ict i on 
to  agree wit h the test 9 frict i on cal ibrat i on. Thre e wee ks elapsed 
betwe en the complet i on of test 1 1  and the second frict i on cal ibra­
t i on (test 9Z ) which aff or ded  ampl e opportunity for t he pipe fric­
tion ag ain to incre ase in this length of time , which it did . The 
check method definitely indicat ed that the fri ct i on obse rve d in  cal­
ibrat ion 92 was. too  l arge to be appl icable in t he junct i on l o ss 
comput at i ons and was t he refore d i s carded . 

P,53 a re sult of this invest i gat i on ,  runs 1 t o  8 ,  test 10  
(without the cone ) and all runs on test 11  (with t he cone ) are pl ot­
ted in three  f arms on f igures 23 and 24 . Figu re 23 shows the junc·­
t :i on loss me asu red in  t he b ra.nch in terms of t he velocity he ad in 
the me.in p ipe upst re am f rom the junction and f igure 24 A shows these 
same losses in terms of velocity he ad in the b ranch. The junction 
losses me asured in the main p ipe e xpressed in terms of the velocity 
he ad in the main p i pe u pstre am from the junct i on are exhib ited on 
f igure  24B. 

Thoma ' s  junct ion loss coefficient s f or an exactly simil ar 
l ayout in �hich he used a 43-millimeter smooth br ass pi pe with a 90-
degree 15-mil l imete r  b r anch ( with and without cone ) are plotted  on 
f i gure 23. These resu lts are cons i de r ably higher  than those obt a:i.ned 
by the Bureau on large r p i pes vrr ich vvauld indic at e t hat visc ous ef..:. 
fects in small junct i ons as  well as in small pipes are appreci able • 
Althoug h this incident d oes not const itute definite  pr o of , it indi­
cates that expe r iment al dat a  on small junctions for  small values of 
Reynolds' numbe r  are not especi ally applic able f or comput ing losses 
in l arge penstocks where l arge values of Reynolds' number  are involved. 
Thoma' s work d e alt with Reynolds1 numbers u p  t o  100 , 000 ,  while the 
Boulde r Dam penst ocks involve Reynolds' numbe rs as l arge as 90 , 000, 000 . 
C ons id er abl e  recent d at a  are available 1,vhi ch indicate  that t he ten­
dency j s  f or losses to decre ase with t he use of larg e r  m ode ls  in 
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spite of the f act that in a model of given size, little change in the 
loss coeffic ient is observed for varying veloc ities . If junction 
l osses in l arge smooth penstocks su ch as those at Boulder Dam were 
c omputed on the basis of Thoma ' s  experiments, the existing losses 
wou ld undoubtedly be somewhat less than the computed losses. 

Thoma I s curve for the junction loss c oeffic i ent for  the 
c one installed is unquestionably in error as a few rough c amputa­
ti ons will show. The addition of the cone should produ ce a very 
noticeable improvement in the entrance cond itions t o  the branch . 
The Bureau I s experiments show that the addition of  a c one reduced the 
junction loss c oeff ic ient t o  approximately one-third of its original 
value .  

As a matter o f  interest, it is possible to  c ompute the 
junction l osses for  the layouts in tests 10 and 1 1  with a l imited 
degree o f  ac curacy by a method similar to  th at usod previ ously for 
test 3 .  

The l ayout in test 1 0  (without c one ) will be c onsidered 
first. F o r  an ordinary sharp-edged pipe entrance leading from a 
qu iet reservo �r, handbooks show the entranc e loss to  be approxi­
mately 0 . 5  Vs • In the case of a junction, various conditions of 

2g 
fl ow exist at the entrance to . the branch , and an additional loss 

V 2 
whic h is in the v i cinity of 0 . 8 a should be combined with the 

2g 
e ntrance l oss . The total junction l oss then as c omputed f or the 
branch is 

V 2 
J = 0,5  s 
s 2g 

+ 
V 2 

0 , 8  a 
2g 

V 2 
The sec ond term is a variable but is approximately 0 . 8  a 

f o r  the l ower values of �: where it is effective (fig . 23). 

F or larger v alues of Qs this term is negligible c ompared to  the 
Qa 

2g 

first . Expressing this equation in a more practic al f orm the junc­
tion loss c oeff ic ient f or the branch is 

JS o. so  + o. s f�: J
2 
c�r Vs2/zg \ Aa 

where As 0 . 121 6 .  
Aa 

::: 

56  



Upon substituting different values of � in the above 
Qs 

equation a curve c an be obtained which will approximate the one for 
test 1 0  on figure 24A. 

The junction loss for test 11  ( with the cone) may be est i­
mated in the same manner by subst ituting the proper coefficients in 
tho above equ ation . Upon comparing the entr ance to the b ranch in 
test 1 1  with test 3, one would e xpect the entrance for test 3 to be 
slightly superior to that in test 1 1 .  Therefore , it seems logic al 
to substitute the following coefficients in the formula 

Expressing this in the othe r :form,  the junct ion loss coefficie nt 
becomes 

0 , 2 0  + 0 , 5  �
2 !�lz 

Qa The curve obtained by subst ituting values of - in this 
Qs 

e quation will be found to practically coincide with the curve for 
test 1 1  on figure 24A. 

H . Investigation of St atic Pressures at Right- Angle Junction 

Piezometer r ings 33 and 34 were installed in the branch 
near the junction ( fig . 20)  for the pur pose of studying the pres­
sures in that zone and were read with the other piezometers during 
tests 10 and 1 1 .  The drop in pr essure between each of these piez o­
meters and the piez ometers at the theoretical junction are plotted 
on figures 2 5  and 26 , respective ly ,  The difference in pressure , 
expressed in terms of veloc ity he ad in the main pipe above the junc­
tion,  is plotted with respect to the discharge r at i o. In both tests 
1 0  and 1 1 , p ·iez ometers 6XA, 6XB, and 6XC show a pressu re above the 
average obtained at ring 6X without the branch attached . A slightly 
higher pressu re was developed in  the main pipe for test 10  than for 
test 1 1 .  The curve for piezome ter 33B ( fig. 2 5 )  is quite similar to 
the curve for piezometer J.4B on figure 1 8 ,  although t here was no in­
crease in pressure developed in the f irst . The curve f or piezometer 
33B on f igure 26 shows the effect on the pressure at this point pro­
duced by the add ition of the cone , An inerease in pressure was 
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registered at p i e z ometer 33B for dis charge rat i o s  b e l ow 0 , 4 0 and 
only a sr,,_all drop was ob s e rved f or ratios ab ove this value. 

I .  Ve l ocit;y Distribution in the Main Pipe 

At the c onclu sion of t he e xperiment s on the quant it at ive 
mode l of the pipe junct i on ,  a study was made  of the ve l ocity d i s­
trilJut i on in the 10-inch pipe with the branch remove d .  The pit ot 
tube  ( plat e  VA) was mount e d  ne ar pie z omet er 6 or approximat e ly 18 
diameters dm,vnstre mn from the pipe entrance and travers e s  made in 
both a horiz ont al and a vertic al pl ane p as s ing through the cent e r  
line of the p ipe . Five pi t ot -tube re ad ing s  were made at e ach p oint 
sho�m on figure 2 7 A. 

The actual ve l oc itie s me asure d at the s everal point s are 
pl otted  on figure 2 7  f or six d i s charge s .  Is ove l s  re pre s ent ing po int s 
of e qu al vel ocity were dr avvn and the are as between the s e  l ine s ob­
tained by the us e of a pl animete r ,  Th,e nonunif ormity in the ve l oc i­
ty d i stribut ion  i s  probably due t o  the unsymmetr i c al entrance  c on-
cl i t i ons t o  the pipe . 

..... _____ ------

A Tot al are a of pipe 

Q 
V = A

= Me an ve l oc ity in p i pe 

/3 V ""  Average ve l ocity in pip e  

Hv :=: Tot al me an vel ocit y  he ad i n  pipe 

Q Tot al dis charge in s e c ond-feet 

Tho c oefficient of ve l o c ity in a circu l ar pipe is  e xpre s s ed5 

5 1 1 'Br anch Los s e s  in Pip e s  by the Momentum Method 1 1  by Ral ph W. Powe l l , 
u . s . B . R. Library. 

13 Ar2 dA 
as  r "' 

v2 A , where  V is the me an ve l o c ity in feet p er s e c ond 
and A i s  the t otal are a  of the p ipe  in s quare feet . If the are as of 
the annu l ar ring s betwe en the ve lo city cont our line s in the ab ove 
sket ch be d enoted  as a1 , a2 , a3 , etc . , and t he me an v e l o city in e ach 
re s pe ctive are a be indic at e d  as v1 , v2 , v3 , etc . ,  the numerat or of 
the ab ove e qu at i on can be  expre s sed  as 

('jQ 
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.,<' 2 2 2 
[; ) ./ ( v

1 
a1 + v2 a2 + v

3 a3 + -- ) or 2g (h a + h a + h a + ---� v1 1 v2 2 v3 3 

The me an ve l ocity ,  V, in the p ipe is equ al t o  

+ 

or + 

A 

A 

+ q� 0 

+ 

+ --- )  

--- ) 

Q 
A 

Q2 
The denominator of t he e quation is then simply T which 

c an also be expressed as 2g HvA, whe re Rv is the tot al me an ve l o c ity 
he ad in the pipe . 

Subst ituting the nu:merator and denomi.nat o r  int o the origi­
n al e qu ation, the result  is 

13 = l�)_ 
H A V 

The expe riment al values we re substituted in the ab ove 
e quation f or the six discharges invest ig ated and it w as f ound that 
f o r  these discharges the v alue of /3 ranged from 1 • 016 t o  1 .  0�53 ,  
as indicated on figure 2 7 .  

The ene rgy he ad corre ction f act or6 expressed  as O<::. = fv_3dA . 
V0 A 

whe re "J" = ve l ocity in e ach ind.ividu aJ. are a b ounded by isove l s ,  
V = me an ve l ocity in pipe in feet per s e c ond , and A = t otal are a of 
pipe in squ are feet , vfa.s c ompute d  f or the six runs shoillm on figu1·e 2 7 . 
The integrcrt i on of the expressi on /,.,r3dA was ac c omplished by pl otting 

a mass diagram, the co ordin ates of which we re the are a of the pipe 
and the cube of the individual ve l o c ities at isove ls. The nume rat or 
o.f the ab ove e qu ation w as then obt ained by pl anime tering the are a 
under the curve . The de nominator  w as procured by multiplying the 
t ot al are a of the pipe by t he sum of t he cubes of  the individu al 
ve l o cit i e s  1Jetween  isove ls.  The vel o city he ad coe fficient o<.. r o.nged 
f rom 1 .02 0 to 1 . 11 6  and these valu es are shown listed unde r the s e parate 
runs on figure 2 7 .  The t rue vel o c ity head is the n  Ci("'., Hv .• whe re Hv = 
total me an ve l oc ity he ad in th8 pipe . 

The junction l oss rnsults wou ld have appe ared  sl ight ly 

6 1 1Velocity-Ho ad C or re ction for Hyclrau lic Flow" , by M. P. 0' Brion 
and J . W. Johnson , Engineering 1 ews-Ro cord , .August 1 6 ,  1 93 ,1 .  



d ifferent had the true vel ocity head been u s ed in the computations 
rather than the mean velocity head, as in a short p ipe such n.s this , 
the coefficient varies as the distance d own the pipe. It  is  evident,  
therefore , that numerou s measurements would have been r equi red to ob­
tain a true inte rpretation of the velooi ty conditi ons thr oughout the 
pipes . The result s of these e xpe riments together with othe rs  ind i­
cate that t ho vel oci ty head coefficient for a given pipe decrease s  
with an in cre ase  in Reynolds'  number , and that f or a g iven ReynolJ st 

numbe r the coeff ici ent decreas e s  as the s iz e  of pipe i ncre as e s .  

I t  was real ized that add iti onal studies of the vel ocity 
d is tributi on would  have been intere s ting , and perhap s v alu ab le, but 
tho requi remen ts of thi s  particular prob lem we re not  such as t o  ju sti­
fy , and the time l imit ati ons prohibited these add i ti onal s tudies , 
Furthermore , such additional work would have requ i red a mate r ial re­
finement of t he app aratus . 

J ,  Su::mTu.'7.I'Y arn]. C onc lus i ons on J1-mcti o:n Te s ts 
_,,. ___ .,_, __ w...,_,_...- I• ·· -·-- .-�••-- •·------.---�---

The for q; oing tests  may bo surrnr1J.r i zod as  f o l l ows : 

J. . The ins to. llation of a fi ller block at a j uncti on to  sup­
plo.nt tho e:;.:is ti nc_; oclcly for rnation at this l ocation pr oduce d  no rocd:;cr ­
ia l irnprovorne nt in the offic ioncy of tho junc ti on . 

2 .  C ompar i s on of ro s uJ.ts o-bto.inc d by Thomo. a nd tho Bur uci,u on 
a. si1Q1.lar junc ti on. of cli. f'for ont s ize  indi co.tod thcvt , tho junc tion l o s s  
decree.sod c, s tho s iz e  o f  the juricti on i ncreo.s ,:3d . Tho lar11; or J.o s s  j_n­
dicato d by the sm'lller junction is primar ily duo t o  v i s c ous e ffe cts 
and. to  tho fact that the s trai &;ht pipe fricti on i s  s e ldom t o  s ca le ,  
a lthough tho j 1.mcti ons may he  ge ome tric[;.lly simila r . I t  i s , thoro­
for o , logi cal  to a s sumo tha t the e;rocd:;o s t  dev iat i ons in tho junc ti on 
lo s s e s  occtff for tho srm ll s i zes.  

3 .  The a.dd. iti on of a c one conno c tin1; a r i.ght angle bran ch with 
th8 mai n  pipe r e duc e s  the j uncti on lo ss  c oeffic ient to n.ppr oxi1m te l y  
o:no -· third o f  i ts ori gina l ve. luo . 

In cone :J.us :i. on , i t  mn.y be vro J. l to  ompho. s i z o  tho fc:.c ;:;  tho.t 
tho forog oing exper i ment s vrero por fonuocl for n s pe cific purpose  c,nd 
vrer e not  intended to c ons t:i. tute a gono ral s tudy of the subjo ct . 
The r o s ults of the se  te s ts muy pr ove of value for a simi lar cc, s 0  in 
the future vmich :i.s vri_thin tho limi ta ti ons of tho s u  exper iments. 
Tho :maj or :i. ty of tho iF,ro.phs havo bo on expr e s so d  s uch thu. t the -ra luos 
ar e d imons:i. onle s s , thus :i.t vroulcJ o.ppoa:c that the s a,;-,1e vo. lue s indi­
cate d by tho gn:i.phs  c.pply for b oth moclo l  and pr ototype . Str ic tly 
s pcakinr.; th:i.s is not entir e ly the e ,::i.s e ,  e spc c j_o.lly on very smr1.ll 
models , :hw to the fuctors 1nonti ono d a. bmrc . It is o:x:pc c tod that tho 
j unc ti on los s e s  in tho Boulder Dam pons tocks vrj_ l l  be  s ligh t ly lo s s  



tho..n those obtained on the model, in tho same wn.y that the los ses  
in tho model were  los s  than thos e obtained by ThomD. on a smaller but 
s i milo.r junction . The rrngni tude of tho var iation i s  expected to bo 
le s s  pronounced in the  former co. so as the model wo. s of s uffici ent 
size  to largely eli minate the s e  vi scous effects . 

LJ: . ACC1JRACY OF EXPERIMENTAL RES ULTS 

A .  Genoro.l 

The model tests on the j u.r.'1.ction los s o s  of tho Bol�ld or furn 
penstocks compr ised  appr oxirrntoly 25 , 000 s eparate obs er vati ons . 
The se obs ervati ons , rnado vri th e quipment of th o gr oo.to s t  practical 
accur acy, wi th multiple r eadings of piczomotor s loco.tcd every four 
to s ix din.motor s over tho entire length of tho pipe te s ted, o..fford 
an exc epti onal oppor tunity to evaluate oxperi1m nto.l error s �  to anal­
yze tho d i s tr ibution of hydr au li c  los s o s ,  and to develop a ;  pr ocedur e 
of maxi mum efficiency for f1.,ture te sts . 

In th is  repor t ,  the the oretical ene r gy los s due to a fit-
ting has boon defined as tho sum of tho piozomotric drop and tho dif­
fer ence in mo an velocity heads , le s s  tho normD.l fr icti on los s between 
tho two pi o z omo tor s to.tions . The oretically, tho tvro pio z omo tcr sta­
tions sh ould be located s ufficiently dis tant upstreo.m and d ownstr eam 
fr om tho  fitting that normal veloc ity di str ibution exi st s  in tho s tream 
cros s sections . To s atisfy thi s  definition, a comple te los s dotor min- · 
ation r equir e s  tho s i multaneous moo.. s uromont of two moo.n velocity h eads , 
of two pio z ometoric ole vo. tions , and of tho los s wh ich would e xi st in 
tho same total long th of pipo if it vmre s traight . 

B .  Error s  in tho Moo.n Veloci ty Head 

Tho ro. to of discharge in tho se te sts  v,a s me asured by weirs  
which ho.cl pre viously bo on co.libro.tod volumo tr ico.lly . It i s  thought 
tho. t ab solute orror s  in tho dis cho.rgo as do tor Erl.no d fr om tho moo.sure­
monts did not exce e d  ono- ha.lf of one per cent . From tho noi r ,  tho 
VJa.tor pa s sod to a stilling bas in and thence to o quipmont under te st . 
Although nearly an h our was allowed bofor o  oach tos t  for the flovI to 
s tabili ze , fluctua.tions per s isted in tho s tilling bas in . Tho wn.tcr 
r os o  and foll slowly with a. pr obable var iati on of 0 . 025 foot fr om tho 
moo..n o lova.ti on (fig . 2 BA ) .  At the end of co.ch run, t h or ofor o ,  tho 
o.voro.gc discho.rgc computed from tho meo.n of tho weir readings vr.:i.s  c or­
r oote d to ::1.llow for cmy storo.go V\hich had to.ken pl.a.co in t h e  for ebo.y . 
Tho corr ection for e ven tho lowe st discho.rgo wa s les s  than 0 .2 percent . 
However , a.n obs er vati onal error ,;1a s intr oducod by the momonto..ry cho.ngo s 
in the total hoo.d on tho  o.ppo.ro.tus . As suming tho toto.l head a. s 3h , 
v-ri th voloci ty hoa.ds of one foot o.nd ovor , tho  error for o. sing le obs or -
vo.tion bocmno s 1 x 0 . 025 = 0 . 8  percent of h • On tho theory tho.t tho 

- . , V 3 . .  c 1 . o  
probo.blc error i n  tho velocity h oC\.d duo t o  for obo.y fluctua.tions i s  r c -
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ducod in inverse proportion to  the square root of tho number of ob­
sorvo.tions, 7 tho sixteen roo.dings mo.do on co.ch pie z omotor rine; re -

- 'I For o. detailed discussion of the o.pplico. tion of tho t heory of 
least squares to tho interpretati on of errors, sec Root: "JVfathe­
JJ1.n.tics of Engineoring11 , Williams o..nd Wilkins Co . , Baltimore . 

duce this error t o  0 .8 hv = 0 . 2 percent of hv • 

Rcpoa.ted � ocaliper 11100.suroments showed tha.t tho dio.­
metors of tho pipes did n ot va.ry nor o than 0.003 inch or 0 .l percent 
f or the 3 049-inch bra.nch. This error would co.use a ·  deviati on of' n.pprox ­
i:mo. te ly 0. 2 percent in the moo.n velocity hoa.d. The previously men­
tioned error of 0.5  in t ho weir discho.rge is o quivD.lont t o  an error 
of (1 .005) 2 - 1 . 00 or ono percent in tho moo.n velocity hoa.d . Com­
bining those vrlth tho error caused by the forebo.y fl1,1.ctuations,  there 
is  ob inod o. robo,blc toto. J. error in  the moan veloci ty heo.d of 

.0l + o002j2 or only slightly in excess of one percent . 

Al though in tl.ccord vn th the usuo.l pro.ctice, tho mean vo-
loci ty head was used in t his report for tho comput ation of kinetic 
energy head , it is kno..-m tho. t boco.use of tho nonuniform distribution 
of the velocity, tho kine tic energy vrould bo from tvro t o  nine per-
cent in e xcess of t his for Reynolds ' numbers botv.reen 50, 000 and 
1, 000, 000 . Furthermore,  tho c orrections m.'cy be much larger dovm­
stroo.m from fittings bolovr which contro.cti ons of the stream ho.ve been 
produced . Informo.tion concerning tho mo.gnitude of th is c orrection 
at the loco.tion j ust upstroo.m from the juncti on itl the 10-inch pipe 
tests (o.pproximn.toly 18 diameters below tho entrance) is given in 
Cho.pter IV, section 3-I of this report. It need only be sto.tod here 
that tho numorico.l values of tho losses given in this rep ort have boon 
c omputed on o. bo.sis of meo.n velocity heo.ds . Tho error involved in 
this procedure will be further discussed subsequently. 

C. Errors in the Determination of the Hydraulic Gro.do 

The determinati on of tho hydro.ulic grade at o.ny point vJD.s 
subje ct t o  tho followi ng errors : 

( 1) Fluctuo.tions in tho h00.dwo.tor olevo.tions . 
( 2) Fluctuo.tions due t o  turbulence. 
(3) Errors in tho mc cho.nica.l construction of the piez ometers. 
(4) Errors due t o  lo.ck of po.ro.llolis171. in flow . 
(5) Vn.rious errors duo to  capilla.ri-bJ, tomporo.turo ,  entrained 

air, etc . 

With regard t o  errors (1 ) o..nd (2 ) , since o..pproxima.tely ha.lf 
of t ho t oto. l pressure hoo.d on the o.pp::-.ro.tus wns tro.nsformod int o  volo­
ci ty heo.d o.t tho ontrnnco, tho effect of reservoir fluctuations on 
tho fluctuo.ti ons in tho pipe pio z omotors might be oxpo ctod to bo ro-



ducod ono-hc..lf. Figure 28A indi co.tos tho.t tho probable fluctuation 
ili tho reservoir 1ivns a.bout O .025 foot ; so tho oxpoctod fluctuo. tion 
in o. piozomotor is of tho order of 0.012 foot. Result s  sh ovring tho 
piqzometer fluctuations for two different discho.rgos o.nd n.t 16 dif­
foront piozomotors arc plotted on figure 2 8B. Those indico.t_o o. prob­
o.blo err or for o. single obsorvo.tion of 0 .008 foot. Since · those do.to. 
to.kc into account changes in piozomotric levels caused both by heo.d­
vra.tor and turbulence fluctuation,  o.nd tho error is less tho.n that ex­
pected by heo.dwo.tor fluctuations alone, a. roo.sonc..blo concl usi on ap­
pears to  be tha.t turbulence surges wore of relo.tivoly little imp or­
to.nco. 

F our r oa.dings of co.ch piozomo tor vroro ta.ken o.t c..bout ton­
minute intorw.ls duri ng co.ch run . Tho fluctuation error for tho so t 
of roo.dings for o. single piozornotor would thorofcr c be 0.008 = 0.004 

foot. Since four piozonoters c om;)l· ised o. ring, tho nrror�f tho 
piozometric grade as dotorw.inocl by tho ring and co. used by fluctua­
tions only would be 0.002 foot. 

Duo to  slight roug,hrioss a.t tho edges of the openings or 
nonpara.llolism of flovr (error 3) , most piozomotors oxhibi tod posi­
tive or negative deviations vD.rying wi i:h tho voloci ty head. AssUII1-
ing tho correct piozomotric olovo.ti on o.t a. gi von ring t o  be tho.. t of 
tho noa.n of tho four piozomo tors, co.ch roo.d four tirm s,  o. study ho.s 
bo on made of tho variation of tho individual piczo,"n tors from tho 
moan. For this purpose tho experiments m.". cle  to dotormino tho fric­
tion losses in tho 10-inch straight pipe wore  used,  tho o. no.lysis be­
ing based on the pio zomotor errors of rings 6 ,  10, and 1 1 ,  loco.tad 
1 8 , 44, and 52 dia.mo ters dovrnstroc,m from tho rounded into.kc. 

Eight runs �nth ve locity hoo.ds varying from 1 . 5 to  3. 5 foot 
wore utilized n.nd tho differ ences from tho moan piczomotric level of 
co.ch run for each ring wero oxprossod in terms of tho velocity hoa.d. 
Tho distribution of tho moa.n error l'or tho twelve piozomotors is 
shovm on figure 28C. Tho indicntod probnblr error for o. single piozo­
motor duo to  n1ocho.nical defects is 0.01 hv - 15 percent .  With o. mea.n 
velocity head equnl t o  2. 5 foo t ,  tho corresponding error is 0.025 foot. 
With a. ring conto.ining four pio zomo ters , the probable error is 0 .012 
foot vlhich is c or,1pn.ra.blo to the 0.002 f o ot ca.used by heo.dvJD.tor fluct­
uo. tions . Al though tho error duo to mecho.nico.l defects of tho piez om­
eb:;rs In.c,y c.ppoar lo.rgo , previous work on tho subjo ct 8 indica.tos tho. t 

- 8°Pio zomotor Invcstigo. tions0
- Allon and Ho oper - Trans . A.S .M.E. 

Hyd. 54-1 - 1932. 

it docs not oxcood tho lim.i.t  of prn.ctico.l o.ccuro.cy. 

In c onnection with lo.ck of po.ro.llo lism in tho fl ow ( error 
4 ) , thoro is roo.son to  believe thc.t wo.tor entering a pipo systo1il thr ough 
an imperfectly shaped mouthpie ce pn.ssos through the sn.rao phenomena. of 
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contraction and expans i on a s  those experienced by a fre e  jet  i s s uing 
fr om an orifice . In the straight pipe experiroont s  on 3 .49- , 4 . 33- , 
and 10-inch pipe s ,  with pie z ometer s locat ed 3 .5 to 7 diame ters al ong 
the pipe s ,  the experimental data ind icat e that points of l ow and high 
pre s sur e  analogous to wave s occurred downstream from the entrance at 
inter vals of from 6 to 8 diameter s . The amplitude of the pre s s ure 
deviati on v-m s ab out one percent of the vel oci ty head , and it was not 
entirely damped in a length of even 50 diameters . Al though the exper­
imental data is not conclusi ve ,  it is es timated that there was a prob­
able error from thi s cause in tho order of 0 .7 percent of the . velocity 
head at the upper end and 0 . 2 pe rcent of the veloci ty head at the low 
er end. 

Ho a tt01npt ha s be e n  made to evaluate error s  due t o  temper­
atur e ,  entraine d air , and capillary effe cts (error5) . In  c ompari s on 
with other error s  it is  believed that thes e  may be neg lected . 

D .  Errors in Obta ining Energy Grade 

For any given run, the energy grade at any pie z ometer ring 
was determine d by taking; the mean of the 16 s eparate r eadings for the 
four piez omcter s over a peri od of perhaps 40 minute s and adding to it 
the mean voloci ty head for th0 s am;; per i od .  Tho probable err or in the 
result would then be as follows : 

""'(2 = velocity head error 2 + err or duo to s tanding pre s sure wavc s 2 

· + me chani cal error of pie z ome tor2 + fluctuation err or2 • 
As su...'11ing tho fluctuati on error to b e  equal to or lo s s  than 0 . 002 hv 
for heads of one fo ot and over , the e xper imental error in the ene q;y 
grade at any piez omo ter ring for a given run become s 

"V = hv ( . 002 ) 2+ (  .00 2 ) 2 + ( .005)2 + (.002 ) 2 = 0 .6 percent of hv • 

For vc loci ty heads  of three foot or more this error amounts to O .02 

foot . 'l'he variati ons of thi s magnitude revealed by the plot of energy 
grades (fig . 12 ) arc common . Tho s e  err ors arc oxclusi vo of th ose  pre­
viously menti oned as re sult ing fr om inac curacies in tho weir measure­
ments . 

E .  Err or s  in Dete rminati on of Lo s ses  in Stra ight Pipe 

At tho start of the exper imental pr ogram it was contemplated 
that tho los sos  in str a ight pipe roquir ed by tho exporirm ntal pro cedure 
would b e  obtaine d  11 onco for .  all 11 by tests for thi s s ole purpos e on a 
s tra ight pipe as long a s  the J.ab ora tory fa cilitie s would permit . Tho 
following apparatus was available : 

( 1 )  3 .4 9- inch pipe : Entrance 29-dcgroo cono y,rith 16 : l  ontranco ­
to-throat area. rati o ;  calming lcnt:th, 3 8  diameter s containing 6 piozom­
etor  r ings ; end length , 14 clio.motor s  with 3 pi ez ome to r  ring s . 
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( 2) 4.33-inch pipe : Entrance , 27 degree cono with 10 : l  entranc e ­
to-throa t area ratio ; calming length, 2 6  diameters containing 4 piozom­
otor rings ; end length, 16 diameters with 3 piozomotor rings . 

( 3) 10-inch pipe : Entrance,  semicircular beading on face of 
wall ,ri.th radius equal to 0 .4 that of pipe ; entro.nce-to-throat area 
ratio 2 : 1 ;  calminb length, 36 diameters contai ning 8 piozorre ter rings; 
end length, 16 diamete rs vrith throe piozometcr rings . 

S ince tho pipe use d was of tho so.mo quality through out and 
all piezomcter rings wore of oqual acc1.,iracy,  the distinction botvmon 
calming length and measuring secti on is a nominal one, but is useful 
for analyzing errors. 

Acc ording to Nikuradso, the velocity distribution is nearly 
uniform at the throat of a well-rounded pipe entrance vrhose shape is 
such that no c ontrccction oc curs ; but for smcoth pipos, the distribution 
changes into tho typical velocity profile within a distance of from 
25 to 40 diameters d ownstream. Tho ene rgy lossos during this transi­
tion must be very small and may be oven loss than in tho porti ons of 
tho pipe subje cted to normal flow. Tho c he.ngo in velo c ity distribu­
tion, howeve r, results in a conversi on of potential to  kinetic energy . 
Tho hydraulic grade lino f or this case, thoroforci , tends to take the 
form of a falling c urve, c oncave upward, steeper at the upstream end, 
and flattening into a straight slope descending toward the outlet . 
If , now, tho entrance c onditions are not idoo.l so that a tendency to­
v,1nrd c ontro.ction exists, the kinetic ene rgy at tho c ontracte d  se ction 
is much hit;hor than would be indicated by tho calculation from the 
moan velocity c orrected for normnl distribution . Tho static pressures 
would sh ow a drop from the absolute entrance to tho vono. c ontracta,  
follovrod by a sharp rise o.nd subsequent gradual drop, tho latter pos­
sibly subject to fading oscillations . Tho expe rimental measurements 
of static pressures as mo.do , begin approxirnatoly at tho probable loca­
tion of this contraction, and sho-vr the sharp rise and succeeding drop 
vri th oscillations. V\/hen a c onstant kinetic onorgy torm based on dovm­
stream. c onditions is added t o  this pressure distribution, tho result­
ing nominal energy grade-lino shovrs tho same variations as tho meas­
ured pressures, and is thus too low at the first point, may be too 
high at its peak, and rnny oscillate about tho true grade-lino ��th 
diminishing amplitude thereafter . 

It is evident, there fore, that to obtain tho normal loss 
in a straight pipe, either tho pressure drop must be obtained at a 
locati on sufficiently disto.nt from tho entrance that tho velocity 
distribution is normal nnd the hydr8.ulic grade is a str aight lino, 
or tho true vo.lue of tho kinetic ene rgy at tho measured cross sec­
tions must bo knm;m. Unfortunn. toly, in tho Bureau ' s  tests, the length 
of pipe -v,hic h  c o uld be acc ommodated was limited so that only 14 to 
15 diameters at tho downstream ond co uld bo cons idorod as having o.p­
proximo. toly normal vcloci ty distribution. The mo a.surocl o ner gy drop 
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in this length approxi:mn.ted 0.23 hv , S ince it ho.s boon shown that 
the acc idontaler.ror in  tho mean results of a so t of readings on a 
single piez omoter ring is of tho ardor of 0.006 hv, for a single 
determinati on of the friction c oefficient from the drop botvreon 
two rings, tho a.ccidcmtal error is l\.(f_ x 0.006 hv = 3. 7 percent 

0 .23 hv 
of the energy drop. If the error in the kinetic energy head as 
calculated on o. basis of tho moan veloc ity corrected by the o.rbi­
tro.ry factor, oC is o.s much  as 3 percent, which is tho ro.ngo of 
the empiri ca.l vo.luos of o<,_ , thon tho pos siblo error :mp.y bo o.s 
much a.s (0 .23 + .0085) (1 + .03) hy - 0.23 hv , or 6 .8 percent of 
tho energy drop . 0 .23hv 

F .  Entrance Losses 

Dm� ing tho tests f or friction losses in stro. ight pipes,  
advo.nt'J.go was to.ken  of tho opportm,ity to inoc. surc tho no1i1ino.l en­
trance losses c.nd their ro.to of d.c-voloprr.ont . 1'ho resu lts obtaine d  
from this series o f  observati ons and their maximum dovia. -ti on from 
o. mco.n o.ro o.s follows : 

( 1 )  
( 2 )  
( 3 )  

3.49-inch pipe entrance , loss 0. 14 hv ± 
4 .33-- inch pipe entrance , loss 0 .11  hv : 
10-inch pipe ontro.nco,  loss 0.18 hv + 

2 .5  
3 . 3  
2 ,5 

po rcont 
porcont 
percent 

Tho ac cumula ti vo porconto.go of tho t otc1.l o. pparont on­
tro.nco loss at vari ous diameters be low tho ontro.nce is shovm. on  
figure 29. It is noted that, oven at 30 diD.motors, only 95 pe rcent 
of tho toto.l ontra.nco  loss has occurre d .  

S ince thi s  do.tc.. was obtained from appo.ro.tus v.rhos o total 
length wo.s limite d, there is roo.son to boliovo tho.t tho dotormina.­
ti ons of both tho ontra.nco losses and tho str ai ght pipe losses in­
clude lo..rgo persistent errors , Thus , i f  only five pe rcent of  o. 
given ontro.nco locs,  assumed to be 0.20 hv , oc curs in  tho e nd 
22 din.motors dovmstroam from tho 30-dio..motor point, tho straight 
pipe loss dotorminod from this secti on vnll ho..vo o.. persistent p os­
i tive error of 0 . 05 x 0.20 = 3. 2 percent . This e ffe c t ,  combine d 

0 ,23 X 22 
16 

with tho fc,. c t  tho.t tho o ntro..nco los ses wore much  higher f or tho 
10-inch pipo than f or the 3 .49-inch pipe , may acc ount for the high­
er straight-pipe losses ind ica.tod by tto 10- inch pipe . 

In tho s e  tests tho diffGronco be tween tho straight pipe 
n.nd ontrn.nco loss is distinguished by c onstru cting o.. tangent to  
tho hydrauli c grade J. ino at o. point a.b out 40 dfo.motors bo J. ov1 tho 
cmtro.nco , The straight pipe los s  in tho upstroo.m 40 diameters is 
thus 40 x 0 .015 hv = 0 .60 hv · Since the c.. c ci donto.l errors would 
be prn.ctically tho so..mo fracti on of hv rocc..rdle ss of tho pipe size , 
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o.nd since, o.s has boon shown , the o.ccidcnto.l error rnny amount to o.s 
much o.s 3 .  7 pe rccmt of hv , tho c..ccidonto.l error in tho dotormino. tion 
of tho ontro.nce loss for the 4 .33-inch pipe, for which tho toto,l on­
tro.nco loss is 0 . 11 hv, might a.mount to 0 . 037 x 0 .60 hv or a.bout 20 

0 . 1 1  
percent . Tho repcti tion of roo.dings would reduce this 

4 percent nhich is compo.ro.blo to tho 3 .3 percent given 
po.ro.gro..ph . 

G .  Bro.nch Loss Err ors 

to .20 or c,bout 
'i(;, b 

in o. preceding 

Al though Qbsolute vo.luo s of los sos wore n ot requir ed to  so. t­
isfy the mo.jor purpose of those tests ,Jhich .-10.s to obto. if.1 quo. lito.tivc 
results fo;� different typos of bro.nch connections; c,ni ?. :i. though the 
ro ducti c,YJ ,:f o.ccidonto.l errors by ropo tj_tion of ru8.ci.inc s .-ius consid­
ere d s ui'£'ir.iont , there romo.in mo.ny circums tances unrl..c,· -v1hich o. detor­
m:i.na ti on 'Jf' tho true va lue s of those losses is impor t,.l.n-i:; , In o. closer 
o.nalysi G ,  ·'.:;horeforo ,  tho f ollovJing persistent errors mus t be c onsid­
ered: 

(1 ) Errors in me2.n velocity hoo. d .. 
(2) Errors duo to n0gloct of ene rgy ho o.d correction factor . 
(3) Errors in tho determinati on of tho straight pipe loss, includ­

ing tho effect of too short a co.lming long th. 

·whore tho absolute value of the loss which is to bo determine d is 
small, lo.c k  of c ontrol of those fnctors introduces lo.rgo errors in tho 
rosul t and is probo.bly responsible for much of tho Cl.pp. runt discrepan­
cies in reported e xperiments. C onsider the f ollowing tvro exo.mples :  

(1 ) Figure 15A shows tho c oefficients of junction loss in tho 
mo.in pipe co.use d by diversion into  tho bro.nch in terms of tho velocity 
heo.d in tho mo.in pipe . Tho e quation by moans of vrhic h  the c oefficients 
ncro experimonto.lly determined ma.y be vJTitton 

-rm.ore tho symbols a.nd oxporimento.l values found 
of 200, 000 and for 8. discho.rgo ro.tio, Qs, of 0 06 

Qn,_ 

f or o. Reynolds ' number 
arc as follovrs : 

( P  -Pl =  
X O 

2 
coeff icient of j unction loss in terms of Vo. 

2g 

drop in hydraulic grade as a fro.ction of Vc.2 
-2[; 

- cooff:i.ciont of stro. ight pipe lo ss  in terms of 

( = - 0 . 64 )  

Vn.

2 
( =  0. 019) 

"2g 
m = length of pipe in dio.motors boti..voon tho 

d01·,,nstroo.m piozomotors 
bro.nch o.nd tho 

( = 25) 
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rn.tio of moo.n velocity heo.d bo lov, tho brunch to 
tho.t o.bovc 

0.12 = ( 1-0.16 ) - 0 e64 - 0 .019 X 0.16 X 25 

( = o , 16 )  
I 

If tho difforonco in true kine tic energy hoo.ds be us ed for 
tho first torm ins teo.cl of tho difference of meo.n vel ocity heads , tho 
first term become s ,  (1 .12 - 1 .05 x 0 .16 ) = 0. 95 
0.11.d /\ = 0.23 vrhich is 0.11 hv in exce s s  of tho.t repor te d  on figure 
15A . Thi s  is  o.. 90 pe rcent increase . 

In this exrunplo , tho energy correcti�i fo.ctor ups tream vm.s 
ohtn.inod from Pitot tube moo. suremonts v1hilo tha.t dovms trocnn vJD.s o s ti­
mn.to d from da.tG. of NikurG.dso . It may be soon, hm;ro vor ,  tho.t in CG. so s  
-vm.oro the douns tro.::.m ve locity hoo.d is smn.11 o. s  comrxirod ,:ri th tho.t up­
s troo.m , lf.�rzo error s me1.y be mo.do in both tho friction :i.os s n.nd the 
doyms troc.m e ne rgy u orroction fc.ctor vrithout changing the re s ul t. 

(2 )  Fie;urc 16B shons tho coefficients of tho jm1cti on 
tho bro..nch in terms of the ve locity heo.d in tho :mnin pipe. 
sn.mo o quo.tion o.. s  in (1) for Qs = 0 . 6  o.nd c. Reynolds 1 number 
tho terms o.rc : ci__;-

1 . 7  = ( 1  - 10 .2) + 14. 7  0 ,0145 X 10 . 2  X 26 
-9.2 + 14. 7  3. 8 

los s in 
Using the 
of 200 , 000 

Age.in if tho o no rgy correction fo.ctors for ve locity dis tribution are 
1. 09 o.nd 1 .05 re spective ly, the fir st  term become s (1.09 - 1.05 x 10.2 )  
= -9 . 6 or a. c orrection of 0.4 hv · Thus , tho true los s i s  23 percent 
lo s s  thn.il the nomino. l los s as tc,bulo.tod . In contro.s t to tl10 pre vious 
oxcunp lo , this en.so  inclica. tos tho.t tho energy correction factor upstronm 
is o:f smn.11 importo.nco in compc,ris on vrith that do,;mstroa.m. On tho 
other ho.nd. , if o. persistent error of +10 percent oc c urs  in tho s traight 
pipe los s of 3. 8 hv, tho junction J.os s vroulcl be increa s e d  by 23 percent. 

H. Errors Duo to Changing Stro.ight Pipe Friction 

Fin�lly, mention should be ma.de of errors duo to cho.ngo in 
tho s tr o.ight pipe friction during tho tes ts. Dofini to evidence exists 
tho.t beginning in tho middle of July , n.s tho we.to r vvnrmed,  tho friction 
los s in . tho 3.49-inch pipe , v.rhich ·was thun under te s t ,  incren. s o d  about 
30 per cont in two months. After cloo.ning, the los s o.pprmche d its ori­
gino. l vah.10 . AJ.ong vri th tho increo.so in pipe ro ughne s s ,  tho entrance 
los s  YID. S doub led,  a. phenomenon sim:i. hr to tha.t found by Thom::i. in his 
te s ts on bend los s e s. The increo.se in rou6hno s s  D.ppa.rontly v:v. s en.us ed 
by o. gro...-rth of o. lgo.o in tr..e pipe uu lls. 

It is o vidont tho. t if the roug;hno s s of :::. pipe change s under 
te s t  thc.t moo. s uremo nts of s traight pipo los s e s  mus t  be made simul to.no­
ous J.y v,i th tho moo. s uromonts of fitting los s e s  if J.o.rgo errors a.re to 



bo a.voided . I t  i s  possible tha. t fit ting losses a.re only o. pplica.b lo 
to pipes of si:milc.r r oughness. 

I . C onclusions on Err ors 

Fr om o. study of the err ors in tho so tests i t  is th ought tha t  
tho follo-vJing c oncl usi ons CLr c v1D.rrn.ntod : 

( 1 )  Whore only quo.li to. ti vo conclusi ons o.ro to be drmm fr om hy­
dro.ulic tests ,  oxtromo ly lo.r r;o err ors  IDD.y bo intr oduced if tho r ough­
ness of the pipo change s under test . 

(2 )  Tho sizo of tho et c ci dontc,l err or for the energy gro. do c.. t  o. 
gi·von ring f or o. single run TJD. S lo.rcoly c ontr olled by tho mo cho.nical 
err or in t�w given pj_oz omo tcr . If in futur e tests, tho piozomotors 
aro p k cod iL o. spiral o.r 01.md the pipe over o. leng th of a.b out 3 din.­
motor s ,  orr ors duo to pressure 1;ro.vcs vrilJ. bo olim:i.natod .  V.lhoro  fluc­
tuC1. ti ons exist simi J.c.r t o  th os e found in thoso tests ,  i f  pio z omotors 
o.ro roo.d to  tho ncc,rest O . OJ. of o. foot  o.nd tho number of ran.dings re­
duced by ono- -hG.lf , thoro wi l l  bo  no o..ppr ocio.ble cho.ngo  in the o. c curo.cy . 

( 3 )  By moving piozorno tors fr om o. loco.tion :.100.r o. fitting to  tho 
lo co. ti on 1;1horo tho stro.ight pipe loss is de torminod,  o. c ons idoro.blo in­
croetso in tho o.cc uro.cy of Ct.n oxporimont is pos siblo . 

(4 ) Vi/her o  quo.nti tCLtivo losses o.r o sought, err or s  in the onorgy 
c orre c ti on fo.ctor cmd in tho stro.ight pipo losse s will pr obably con­
tr ol tho o.c c uro..cy . Tho o norgy corr e c ti on fo. c tor is of po. rticuln.r im­
p or to..nco whore o.nticipo. tod los sos o.rc mn0.lJ. o.nd thi s is pr obo.bly ro­
sponsi blo for mniry of tho discropn.r.cies in existing data.. 
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V. INTAKE TOiNER AND PENSTOCK ASSEN�BLY ··-·-------
1 .  INTAKF. TOVJBH HYDRAULIC MODEL 

A. Introduction 

The water for irrign.tion and power purposes wil l b e  c on­
troll ed by the f'our int ake towers adj acent to the upstream f ace of 
the Boulder Dam9 • Each of t he into.kc towers is provided with two --·--------------�--------------------
9 t!Hydraulic Valves and Gates for Boulder Dam 1 1 by P. A. Kinzie ,  
Mechanical Engineering, vol • .56 , July 1934, pp. 387-414 , 

cyl inder g ates , 32 feet in diameter,  tho l ower in the b ase of the 
tower at el o vation 895  nnd the u pper at elevat ion 1045 . These gates 
wil l  serve to control the flow throu gh the 30-foot steel ponstock 
headers that extend from the base of e ach tower to the turb ines in 
the p0vve r plant and to o i  the r  the canyon-wal l outlet works or the 
tunnel-plug outlet works . 

The closure of the 1.1pper and lower gates in any one intake 
tovrer will  permit the unwatering of the steel penstock and al l its 
appurtennnces for the pu rpose  of ins pe ction and maintenance. 

To determ ine the hydraul i c  action of these towers and con­
trol t: atos under the v arious condi tions o:f d ischarge to whi ch they 
may be subj ected , a model of one of the towe rs on a scale of 1 to  64 
was constructed ( pl at e  VI ) and tested in the hydraulic  l aboratory 
of t he C ol or ado Agricultural Experiment Station , Fort C ol l ins ,  Colo­
rado. 

By means of this model the d istribution of the f l ow through 
the t wo s ets of g ate openings vms determined , methods of reducing 
the entrance losses studied,  and the necessity of air vents below 
the lowe r  cylinder gate investigated . 

B .  The Apparatus 

The model consisted of a complete assembly of tho upper 
Ariz ona 30-foot penstock header, int ake tower, and b ranch penstocks 
leading to the turb ines and needle v alves  (f igs. 30 to 33 , inclusive ) .  

The intake tovrer and the su rround i ng topography was located 
in the 1 0 . 5 - by 10. 25-foot tank, as shown on f igure 2. The inner por­
tion of the tower consisted of' g oJvaniz ed sheet-metal cyl j_ndrical 
shel ls,  accurately built and c arefully  solde red togethe r with butt 
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j o ints , f orming a true  re presentat ion of the prototype in detail 
and d imens i on. Two inde pe ndently  operated cyl:i_ndor gates ·were in­
stal l ed in the t ewer, similar to t hose in the prot otype .  The g ates 
were made of 1 2-gage s e amless ste el tubing with tho l owe r outside 
edges beveled s;;i.ff iciently t o  insu re a close fit with the base plates 
and f orm a satisfactory water se al (fig , 33A and B) , The gate s we re 
raised o.nd lowered by three small r ods attached t o  e ach g ate at the 
thi rd po ints on the c ircumfe rence . 'L'he rods from tho lowe r g ate 
converged into  one main rod which extended up the cent e r  of the t owe r 
to  the hoisting apparatus. The upper end of tho rod was thre n.ded 
to pe rmit raising n.nd l owering the g ate by me ans of a small crnnk in 
the u pper part of the tower ( f ig. 33C ) .  The rods to the u pper gate 
v,re re c or_nected in a similar manner to a sleeve over the main rod 
le ad:i.ng t o  the lowe r gate . This sle eve was also thre aded at the 
uppe r end,  a:n.d was actuated by a sec ond c rank 1 coated in the upper 
part of tho t owe r. 

The l ow·er  portions of the g ate entrances we re machined 
me tal plates, the lower one forminc a base plate as well, The upper 
porti ons of tho entrances we re molded using a mixtu re of beeswax and 
parn.f'f in ( fig . 33A and B ) .  With the e xce ption of the p i e rs and pie r 
spac e rs,  which wore of wo od, and the gate entranc e s ,  which we re of 
wa:J and paraffin , the t ower was c onstructed  enti rely of  me tal• The 
piers and spacer  blo cks were pr ote cted with two c o ats of alumim.un 
paint to alleviate as mu ch as poss ible any swelling of those pm·ts 
of the modal. The t opography around the t owe r wm, c onstru c ted  from 
c ontour maps of the c anyon wall at tho dam site , and c onsisted of n 
l e nn mixtur e of cinder concre ·�e  _ Trilsh r n.cks (plate VIB) we re in­
stal led on tho t owe r d1.1r ing a p orti on of t h e  tests . These  we re bu i lt 
to s c ale , but due t o  the ir m:i_niature s iz e ,  the re is s ome doubt as to  
tho advisab ility of  relyin[r, too  closely upon the resul ts obtD.ined 
with them. Small edges and burrs which we re practic ally impossible 
to remove , su rface tensi on , and traces bf gre ase and o il on the rn.cks 
al l probably had their e ffC:l c t  upon tho results. Tho racks ( 182 fee t 
in length , prototype ) we re c onstructed of very thin strips of she et  
mo t al  set with the thickr.e ss of  t he me tal normal to  the dire ction of 
flow and held in place by c ross p ie ces to which the strips we re 
solde re d .  Upon c ompletion of the v ari ous parts , the t ower was assem­
bled on i ts base plate and bolted to a c orresponding plate loc ated 
in the f l oor of the model  t ank to which the 30-f oot diame te r penstock 
he ade r vms conne cted.  In mak ing alterations in the mode l ,  it  was 
only ne cessary t o  unbolt the uppe r plate from t ho lowe r and remove 
thn int ake t ower as a unit . 

c .  n.�ethod of .Ana.ly�i s  of Los s e s  in T ov1e r 

To an alyz e  the losses in the intake t ov-re r ,  e. ring of piez o­
me ters  wo.s installed in the b ase at elevation 390 . 0  (fig. 33 ) .  It 
was anticipated, and l ater confirmed ,  that the ve rtic al 90- rlegree 
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bend in the penstock he ader immedi ately below the towe r would pro­
du ce an unbalanc e d  effect  u pon the flow in this porti on of tho mod e l ,  
c ausing a variat i on i n  pressure at the f our piez omete rs. .As the 
losses t o  be  me asure d in the model we re small, ave rag ing the re ad­
ings of this ring of pie z  ome te rs would have been inaccurate. Fur­
thermore , the c om putati on of the veloc ity of the wate r leav ing the 
tovre r would have been  in e rror due to the unequ al velocity di str ibu­
tion in this reg i on .  To avo i d  c omplicating the loss computati ons 
with these sources of error,  the penstock he ader was disc onnected 
from the b ase of the t owe r and a straight se cti on of pipe three feet 
in  leng th c onne c te d  in its place (fig.  34A).  The l owe r end of  this 
auxili ary sec t i on was fitted vrlth a flange to whi ch orif ices of dif­
fere nt si ze we re fastened to  regul ate the discharge through the t ower.  
Five rings of pie z ome te rs designated as A t o  E ,  i nclusive , (fig.  34 A )  
we re i nstalled at 6- inch inte rvals along the auxil i ary se ction of 
p i pe . E ach ring c onsisted of f our piez ome ters spaced 90 degre es apart , 
c onne cted with rubbe r  hose to  a single gl ass man ome te r tube , lm 
average v alue f or the pressure at the b ase of the t owe r at elev ati on 
890 . 0  was computed from these f ive rings of piez ome ters by add i ng the 
pipe fri cti on c ompute d  from e ach r ing to el evation 890. 0 ,  c orrespond­
ing to e ach obse rved g age re ad ing , JIB this se cti on of p i pe ·was simi­
lar in c onstru c t i on to  those used in the pe nstock e xpe riments , the 
p i pe fri c t i on was obtained from the curves plotted on f igure 1 0 ,  

Obse rve d pressures at the f ive pie z ome te r rings below the 
towe r are plotted on f igure 35 for a few runs wHh b oth gates open. 
Rings A and E are c onsistent with the othe r thre e , ring A appe ar ing 
not to b e  effe c ted  by the lowe r gate , and ring E not be ing influ enc ed 
by  the orif i c e . The data  for e ach run pl otted as a straight line , 
thus re ad ings from all f ive rings we re used in the l oss c omputat i ons ,  

Two siphon piez ome te rs we re installe d i n  the c e nter  o f  the 
tovve r (f ig , 34 A) , one m idway betwe en the upper and lower g ates,  and 
the othe r ab out a f oot ab ove the upper g ate . Each c onsisted of a 
piece  of 3/16- inch c oppe r  tub ing closed at the lower end by  d rawing 
i t  to a po int as shown on f igure 34 B. Tvrelve 3/64- inch holes were 
d ri lled in e ach tube , pe rpe nd icular to  the walls , and the two p iez o­
mete rs we re suspende d  ve rti cally in  the cente r of the t owe r. 

In all tests, one or  both g ates were always fully open,  as 
they are intended  t o  be so ope rate d on the prototype. These g ates 
are prov ided f or unwater ing purposes and not as regulators. The total 
d ischarge was me asure d over the l aborat ory 90-degre e  V-notch we ir,  
the magnitude b e ing dete rmined by the size  of  the orif i c e  b elow the 
towe r and the elev at i on of the wate r surf ace in the m od el .  The model 
d isch arg e ranged f rom 0. 1 5  to 0 . 90 se c ond-feet, wh ich c orresponds to 
approximately 5 , 000 and 30 , 000 se c ond-feet,  respe c tively, in the 
prot otype , 
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hea • Entrance loss at upper gate. 
h 8 b" Entrance loss at l ower gate. 

d2 • D i ffe rence in elev. between w.s .  in  pond and piez. 45 
d3 • D i fference in elev. between w. s. in  pond and gage for r ing A 
d ,  ; O ifference in e lev. betwee n  w.s. i n  pond and w.s. inside tower. 

ht<45_ul " P i pe friction from piez. 45 to upper gate . 
h f (A-b)° Pipe friction from ring A to lower g a te. 

hp a • Head required to change d i rect ion of flow at  upper gate .  
h p b • Head required to change d irect ion of flow at low e r  gate . 
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D ,  Tot al Losses Through Tower 

Tests were made to  determine losses through the tower with 
and without t rash racks, with either the upper, the l ower , or b oth 
g ates open , and with o. range of discharges , For all cond itions, the 
total loss through the towe r: (fig ,  34 A) was computed using the expre s­
sion 

where ht :=: tot al loss t hrough the tower to  elevat ion 8 90 

d3 = difference in e le vat ion between the water su rf ace in the 
reservoir o.nd the elevat ion of the water  surf ace in the 
mffil.ometers connected t o  piezometer rings A to E ,  inclusive 

v2 
2g 

= velocity head at el evat io n  890 

hf ( A-b )  = pipe f ri c t ion from ele vation 890 to piGzometers below . 

The pipe frict ion was comJ_:,ut ed using the c omb ined obse rva­
t ions at tht ,  p iez ometer rings b e l ow the tower , 'i'he results were 
plotted logarithmically on figur e 36 , The tot o.l l oss  through the 
towe. r, expressed in terms of the velocity head in t he tower at eleva­
t ion 8 90 , 0 , is plotted with respect to Reynolds' number rather t h nn 
the model discharge ,  as in the f orme r, the t emperature of the water 
could  b e  i ncluded while in the l atter it was imposs ible to consider 
this f actor, During the tests,  the tempe ratu re of the wate r var ied 
from 3 3  to 5 0  degrees  Pahrenhej_t , The vel oc ity and diamet er of the 
pipe used to comput e Reynolds1 number was in all c ases that exist ing 
in the tower at ele vation 890 0 0 ,  

It wo.s desired to e xpress the model losses with respect to 
the prototype st ructure !ls this was one of the ult imClt e  obj ecti ves 
in performing the model exper iment s. It has been cu stomary in the 
past to convert from one to the other by means of Froude I s l aw, but 
this is not a v al id method of conversion when small models are used  
and viscous effects are appreci abl e .  In perform ing this transfer, 
it is assumed that t he losses expressed in t erms of velocity head 
are the same in :rnodol nnd prot otypo for the same value of Froude I s 
number, With v iscou s effects pres ent in  the model , it can readily 
be seen th at th is  assumption is not ent irely correct ,  

Reynolds1 l aw, on the other hand , consi ders vi scosit y in 
prototy pe cmd model , but is independent of th e force of g ravity ,md 
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c o ns e quent l y  c ent ri fug al e ff e c t s . If the mod e l  o f  the  int n.ke t owe r  
we re e xact ly s imi l ar t o  th e  prot otype i n  d imen s i on and r ou ghne s s  fo r 
al l h e ad s , and c e nt rifu g al e ffe ct s we re e xactly s imi l ar ,  it  wou l d  be 
po s s ib l e to e xtend the mod e l  curve s  as shown on figure 36 t o  pr ot o­
type v alue s of Reyn o l d s '  numb e r .  Thi s  wou ld b e  a s imi l ar pro c e dure  
t o  pl ott ing the f r ict i on f ac t or , f ,  for c l o s e d  c onduit s ag ainst 
Reyn o l d s' number ( f ig , 1 0 ) . In t he l atter cass , al l s t r aight c i r cul o..r 
p i pe s  ar e s imilar e xc e pt f or r cughne s s , and Reynold s' numb e r  off e r s  
the c orre ct mode l - t o- pr ototype c onve rs i on .  I n  t he cas e of  the int ake 
towe rs , d i s s imil ar c entr ifug al e ff e c t s  re sult ing f rom g e ome t r ic d i s ­
s imi l ar ity al s o  e nt e r  int o t he pr ob lem s c  that th e Reyn o l d s1 numb e r  
int e r pret at i on i s  n ot d ire ct ly appl i c able . 

Up t o  tho pre s en t  t ime , l itt l e  s uc c e s s  has be e n  at tain e d  
in e xpr e s s ing t h e  r el at i onship of al l phys i c al f ac t o r s  i n  a mEmne r 
wh ich wou ld p e rmit a c cu r ate e xt r apolat i on .  At the p re s e nt t ime ,  
therefor e , t o  c or re ct ly int e rp re t  prot ot ype l o s s e s  f r om mod e l s , it 
i s  ne c e s s ary t o  r e s o rt t o  e i t her of two me thods , ( 1 ) t o  bu ild one 
mo de l l arge e n ough t o  redu c e  vi s c ou s  e ff e c t s  t o  a ne g l i g ib l e  qu ant i­
ty , o r  ( 2 ) t o  c onst ru ct thr o e  o r  mor e smal le r mode l s  t o  d iffe rent 
s c ale s .  In t h e  f ir st ,  t he tr an sf ormat i on c ould b e  made d ire c t ly by 
F r ou de ' s  law. In the s e c ond , t he d at a  from thre e  or more mode l s  
c ou l d b e  pl ot t e d  wit h re spe ct . t o H.eyn o l d s 1 number . The re wou l d  re­
s u l t  thr e e  or more s et s  of cur ve s ( one s e t for e ach mo de l ) on the 
g r aph in ste ad of c ont i nu ou s  cu rve s as s h own on figure 3 G ,  Each wou ld 
r e s emb le th e s et pre c e d i ng it , but wou ld b e  fl at t e r  and l oc ated  l owe r 
o n  the g r aph . Line s re pr e s e nt i ng s imi l ar he ad s c ou l d  b e dr awn thr ough 
the thr e e o r  more s et s of cu r ve s n.nd e xt r apol at e d  t o  i nc lud e tho d e ­
s i r e d  pr ot o type r ange . 

As only one smal l  rr.od e l  was us ed f or t he i nt ake t owe r e x­
pe r iment s , the mod e l-t o-pr ototy pe conve r s i on ,  f or l ac k  of a h o tter  
me ans , was  made f o r  thi s and t he f o l l ovving e xpe r ime nt s by tho u s e  
o f  Fr ou de I s law, Due t o  v i s c ou s  o ffe ct s in t he mod e l ,  the c or r e s­
pond ing actual l o s s e s  i n  the pr ot otype wi l l  und oubt e d ly be smal l er 
than thos e ind i cate d  by t he g r aphs .  The actu al amount of d e vi at io n  
c an o n l y  be approxj_mat e d  b y  pl ott ing the d at a  by th e two method s 
s hown on f i gu r e  3 6  and inte r p o l at ing be twe e n  the r e sult s . It G an 
b e  st ated with c. s su rance th at t he ac tual pr ot ot ype l o s se s  vvi l l  not 
e xc e e d  those  obt aine d  on t h o  mod e l  whe n the c onv e r s i o n  i s  made ac­
c o r d in g  t o  Fr oude I s l aw., 

E .  Tr ash- r ac k  Lo s s e s  

The l o s s i n  he ad through tho t r ash r acks , wit h the d iff e re nt 
g ate c o ndit i on s , i s  re pre s ent e d  by th e d ifferenc e s  b e twe en t he thre e 
pair s of cu rve s sho-wn on figure 3 6 .  The s e  di ff e rence s are p l ot t e d  
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separately on f igure 37 and show the t rash-rack los s e s  dire ctly for 
the vari ous c ond it i on s  of flow. 

It is su gge sted that only re asonable reli an ce be plac ed  
upon the  re sult s of  the trash-rack te sts. As stated pre v i ou sly, the 
racks  were c onstructed to s c ale and e xhibited a c ommend able pie ce  of 
wo rkman s hip ,  bu t due to  the i r  miniature s i z e ,  small impe rfe ct ions , 
surf ace  tens ion du e t o  natural c ause s  as well as that du e t o  t races 
of g,re ase on t he r ac ks o r  o il in the w at e r  probably produc e d  a c omb i­
nat ion of e ff e ct s  u pon the re sult s .  .Another d iff i culty was that it 
was phys i c ally impos s ible t o  c onstruct t he t rash-rack b ars in the 
model wit h  a degre e  of roughness  s' imilar t o  the pro+ otype. 

Two lengt hs of t rash r ack we re used in the above te sts , 
(1 ) a rack: 182  feet  in le ngth e xtending c ont inuously ove r  b oth gate s ,  
and ( 2 ) two rac ks 5 0  feet in le ngth , each of wh i ch prot e ct e d  one gate .  
A det aile d inspe ct i on o f  the po int s  from whi ch t he l ine s we re d rawn 
on f i gure 36 shows that the t otal los s e s  thro1 1gh the t owe r f or the 
two lengt hs of t ras h rack we re qu ite analoE;ou s f or the s ame c onditi on s  
of flow, which i nd i c at e s  t hnt above a certain length , fact ors other 
than the  length of t he racks d etermine t he los ses  throug h t hem. 

During the t e sts , the only place where t rash c ollected  on 
the rac ks was d ire c tly in front of the gate s .  The remainder of t he 
racks  were c ontinu ou sly cle an .  Tr ash racks are fu rther d i s cu s se d  in 
thi s  report und e r  the sect i on 1 1 Intake Tavver Ele ctric- Analogy Studie s .  1 1  

F. Gate Entranc e Los s e s  

The entranc e los s  through the uppe r gate i s  the d iffe rence 
between the energy he ad at the water surf ace of the re s e rv o i r  and at 
tho bot t om of the upper g ate. The t rash racks we re removed b efore 
the incli v i dual los s e s  in t he g at e  t owe r were me asure d. 

The ent ranc e los s through the uppe r gate ( f ig . 34D) was 
c omputed u sing t he equat i on 

whe re heu = ent rance los s  throug:,h the uppe r gate  

d 2 = d iffe rence in  elevat i on betwe en the wat e r  su rf ac e in the 
re servoir  and the  water su rface  in pie z ometer  4 5  

hf (45-u )  = pi pe frict i on from pi e z ome ter 4 5  t o  the b ott om of 
the u ppe r gate  

velocity head nt pie z ometor 4 5 .  
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The entrance l os s  through the l ower gate is the d iffercnce 
bet-rreen the energy he ad at the water surface of the res ervoir and at 
the bottom of the l ower gate . This l os s  ( fig. 34D ) was computed 
us ing the equ ation 

whe re heb 

- v2 
heb - d3 - hf ( .A-b ) - -2 ,g 

= entrance l os s  through the l ower g ate 

= dif ference in elevation bet·ween the wate r surf ace in the 
reservoir and the water surfaces in piez omete r  rings A 
to  E ,  inclu sive 

hf ( A-b ) = pipe f riction from e l evati on 890 to the piez ome ter s 
bel ow 

a: vel ocity he ad computed at e le vation 8 90 .  

The curve s o n  figure 38 sh ow the entrance  l o s ses  c ompu te d  
f or the two conditions of f l ow. These l o sses are expres sed in terms 
of the v el ocity head compu ted in the t ower at elevation 8 90.0 , and 
are plotted with respect to Reyno lds '  numlJer f or the modo l computed at 
the smne p oint. .An additi on al scale has been superimpo sed on this 
graph s o  th at the entrance l o s s e s  can al s o  be expres sed in terms of 
the prototype d ischarge computed according to Froude ' s  l aw. Tho 
entrance condition s to  the l ower gate are slightl y  su perior to tho s e  
at the u pper gate . It is evident from the p receding e xpl an ation 
that the entrance l os s  curve for  the l ower gate , shown on figure 38 , 
is  the same as that f or t he t otal l os s  cu rve with ou t t rash r acks , 
sh ov,n on figure 3 6 ,  as in this case, the entrance l o s s  is the t ot al 
l o s s . In the case of the u pper g ate, the entrance l o s s  is smal ler 
than the t otal l o s s  through the tovver as it is  nec e s s ary t o  d ed"t.10 t 
pipe f ric tion .  

In  thi s analysis, i t  was neces s ary t o  make two as sumptions , ( 1  
that the vel ocity u sed in computing the  vel ocity h e ad in the to wer 
was c cmputed in each c ase by dividing the d is charge b y  the c ro s s- sec­
tional area of the t owc r. It is known that the vel ocity dis tribu. tion 
in the t ower is of a complex nnture and that the coefficient oi' vel o­
city is s omewhat above unity. This is prob ably  the g reatest  source 
of e rror in these c omputations , and it is  es timated that the d iffer­
ence between the me an and true ve locity head does not e xceed 8 percent . 
( 2 ) . It was nece s s ary to  compute the pipe fricti on in the tower in  · 
s everal ins t ances and this was done by reference to  the cu rvtJ S  on 
figure 10 . The pip e s  from wh ich these  cu rve s ,vere obt ained were 
simil ar to th e :i.nner p ortion of the t ower and any error that might 
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ar i s e  from this s our c e  i s  small c omp ared t o  the t ot al l os s e s  in t he 
t ower , as in no case d i cl the l e ngth of p:i.pe cons idered in the f r i c-r 
tion computat i ons e xc e e d  2 . 5  feet or ,5 . 3  d iame ters . It i s  we l l  t o  
mention ag ain th at the prot otype l os s e s  as shown on the g 1· aph s are 
only approximate . 

G 0 He ad Re qu ired t o  Change Dir e ct ion of F l ow 

As water ent e r s  the g at e s  in nearly a horiz ont al d ir e ct i on ,  
a def in ite f or c e  i s  r e quired  t o  produ c e  a verti c al ac c e le r at i on.  By 
me asuring the pr e s sur e s  dire ct ly ab ove and b e l ow e ach g at e , it was 
p o s s ible t o  c ompute the magnit1.1 de of the for c e  act ing within the towe r .  
I t  was or ig inal ly intend e d  t o  obt ain t he hydrau l i c  l o s s e s  throu gh the 
t owe r by ob s e rving th e d ifferenc e in e levat ion of the water surf ace 
out s id e  and wi th i n  the t owe r .  The exis t ence of this forc e , however , 
produ c ed a r i s e  in the 'Nat er leve l in the t owe r and made thi s  method 
of c omp u!:nti on  impracti cal . 

The he ad r e quired t o  change the d i r e ct i on o f  f l ow at the 
upper g at e  (fig . 34D ) with the l owe r g at e  c l os ed was found e xper i­
mer,.t al ly by u s ing the f o l l owi ng e quat i on ,  

whe re hpu = Hydr ostat i c  he ad i n  feet of wat e r  re qu i r e d  t o  c h ang e 
the dir e c t i on of f l ow at t he u ppe r gat e . 

d2 = D ifference in e l evat ion lJ etween the wat e r  surface in 
the re s er vo i r  and the wat e r  s ur fac e in p ie z ome ter 45 . 

d1 = Differenc e  in e l e vat ion betwe en t he wat e r  surf ac e  in 
the r e s ervoir and the water surf ace  in tho t owe r .  

hf ( 4 5-u ) = Pipe fr i ct i on from p ie z ometer 4 5 t o  the b ot t om 
of the upper gat e . 

T he h e ad r e quired to chang e the d i re ct i on of the f l ow at 
the l ower g at e  (fig . 34D ) w:i.t h the u pper gate c l os e d  was c omput e d  in 
a s imil ar manne r ,  u s ing the equ ation 

whe r e  hpb 
=: 

d3 := 

Hyd r o st at i c  h0 ad in f e et of water r e qu i r e d  t o  chang e  
the d ir e ct i on of f l ow at the l owe r g at e . 

Differenc e  in e l e vat i on b etween t he water sur f ace i n  
the r e s ervoir and t h e  wat e r  su rf ac e  i n  p ie z omet e r  
r ing s A t o  E,  ir..c lu s i  ve . 

d1 = Difference in e l evat i on between t he vmt er sur f ace in 
the r e s e rvoi r and th e wat er su rf ac e  in the t owe r .  

hf ( .A,.,b ) = Pi pe f r i ct ion from e le vat ion 8 9 0  t o  the pie z omete r s  
b e l ow .  
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The head requ ired t o  c hange the dire ct i on of fl ow at t he u pper and 
the l ower g at e ,  expres s ed in terms of the vel oc it y  head , i s  plotted 
with r espect t o  Reynolds I number f or the model on figu re 39 • 

. A· cons iderat ion of the princ iples of impu l s e  and mrn:1.cntum 
provides a means of der iving theoret ic ally the f or ce requ ired t o  
change the d irect i on of f low at t he gat es . It is  not pos s ible t o  
obt ain a r at i onal theoret ic al s olution from the f or ces acting ent ire­
ly within the t ower as the cond it ion s of fl ow at the gates are t oo 
indefinit e. An ot her l og i cal method of att ack i s  avail able , however , 
which i s  based on exper iment al. d ata. 

A free j et of water directed against a flat pl ate exert s a 
total force on the plate in the d ire ct ion o f  t he main jet equal t o  
that g iven by the f ollowing e xpre ss ion : 

where F = 

w = 

A 
V = 

g = 

Tot al force 
Unit weight 
Area of main 

VG 
F = YvA ­

g 

e xerted on pl ate . 
of v,at er . 

• +-]8 v o  

Vel ocity me asur ed in jet, and 
Acceler ati on of gravity . 

By anal ogy , if the d i rect ion of flow is  reversed and vrat er 
is  as sumed t o  fl ow r adially  inward t oward the center of a circular 
pl ate and t hen tu rn dovmward away fr om the plate t o  f o rm a s olid  column 
as in the case of t he int ake t ower , the same law is  as sumed to  apply. 
P:rofe s s or A. H .  Gibson10 s hows the b u lb of pres sure developed on a f l at 

l0 1 11Iydr au l ic s  and it s Appli c at ions 1 1 , by A. H. Gibs on, pp. 368 ax1d 371 , 

plate . The anal ogy with the int ake t ower i s  illu str ated on figure 34 E. 
If it were po s s ible to me asure the pres sure at a number of po ints wit h­
in the t ower, at one of t he g at es ,  ·the pressure d i st r ibut i on might 
very eas ily resemble t hat shown o;:1 figure 34E. Fr om exper im0nt s by 
Gib s on it seems reas onable to assume that the maximum pres sure  he ad 
in th e c enter of the t ower i s  practi c ally the vel ocity head whi le t he 
pre s sure at the in s id e  f ac0 of the t owe r i s  appr oximately 0 . 66 h • 
By int egrat ing t he pre s sures act ing on ind ivi du al small areas with in 
the t ower , an aver age pre s sure head of 0 .82 hv :i s obtained. This i s  
the ave r age height at whi c h  the water mu st stand within t he t ower i n  
order t o  deflect the ent er ing j et s  t o  a direct ion vert ic al l y  downwar d .  

The c omponent in any d irect ion o f  
tum between two point s  per unit time i s  t he 
d irect i on requ i red t o  produce this chan �e . 

t he t otal change in momen­
c omponent of f orco in t hat 
If the veloc it y  of the 
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wat e r  at the edge s of the pre s sure bulb , out side of the tower , · i s  
as sumed t o  be paral le l t o  t he dire ction of the intake ( that i s ,  hor­
iz ont al ) ,  t he vertical component of t he mornentu_rn of t he water  is 
z ero, and the change of mome ntum per unit time or t he total force 
in the vertic al dire ct ion required t o  produce this chang e between 
t}1e p o int out side t he t owe r and a point wit hin t he towe r in th3 ver­
tic al jet b el ow the int ake is , 

F = wA V
2 

g 

This e xpre s sion is ident ical wi th that for the tot al pre s sure on a 
f l at  pl ate . 

If the pre s sure d i stribut ion r equired to produce t he t otal 
fo rce , F ,  is as sumed to be sim i l ar to  that of the fl at pl at e ,  then 
t he maximum pre s sure he ad is V

2 
and the distribution is as s hmvn on 

2g 
figure 34E. Y\Tit h t hi s  dist ribution , the average pre s sure he ad ·within 
the towe r s hou ld be about 

This theoretical value has b e en plott ed on figure 39 t ogether with 
the actual valu e s  obt ained on t he mode l. The agre ement is re acJ onably 
close  and indicate s that the an alys i s  is a logic al one. From the 
point of view of st ructural de sign, it is of intere st that snb st an­
t i al u pward re act ions e xist iri. the converg i ng i nt ake pas s ag e s  w:1j_ c}-, , 
1--1.nder s one c ircumstance s ,  mi ght require st ructural provisions in t he 
do s i[;n . 

To disp l ay the informat ion obt ain ed on t he mode l in a more 
pr3.ctic al fo rm ,  the mod e l  d at a  were transferred into prototype v alue s  
ace ordin g t o  Froude I s l aw  and are shown plotted o n  figure 4 0 .  I n  this 
c as e , the average he ad of water required in s ide t he t ower t o  c hange 
tho dire ction of flow oi' t he water entering is plotted against the 
prot otype discharge. The s e  curve s apply on ly for the u pper and lower 
g at ·:=, ,  ope rating ro p arate l y 0 

H. Dist ribut ion of Tot al Dis char ge 
Pas sing Through the U ppe r and Lower Gate  

It was de sired t o  determ ine what portion of the total dis­
chm-ge pas s ed through e ach gat e  when both g at e s  were ful ly ope n .  
The p i e zome tric drop, d2 , (fig.  34D) bears a definite re l ations hip 
t o  t he di scharge  pas s ing through the upper g ate. The pie zomet ric 
drop, d1 , al so shows a re l ationship to th e discharge t hrough tho 
upper g ate , an d the  t wo s et s  of dat a  when plotted l ogarithmic al ly 
with re spect t o  the mode l dis charge re su lt in two st raight lines 

9 (j 
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(fig . 4 1 A). Usin g these relat ionships ,  it was posG ib le t o  c ompute 
the discharge thr ough the upper g ate when both gates were in ope r a­
t i on. In other words, the pressu re drops, d1 and d2, cont inue to  be 
pr oport ional to  t he dischar ge through the u pper gate when b ot h  6 at os 
are in operat ion. They wil l  b e  much smaller when b oth g ates aro 
open, howeve r ,  as in this case the tot al discharge wi l l  be d iv idod 
between two gates  inste ad of  one. For runs in which both g ates ,,,cere 
operating ,  the dischar ge through the u pper gate  was re ad f rom f igu re 
41A f or valu es of b oth d1 and dz , and the two averaged f or e ach run .  
This aver age value was tne n considered as the discharge thr ough the 
u ppe r gate ,  whi le th e r emainder of the t otal di scharge f l owed through 
the l owe r g at e. The cur ve on fi gure 4 1B shows the percent age of the 
tot aJ. d isch arge flowing th r ough e ach gate.  The distrib ut i on of f l ow 
is expressed with respect t o  Reynolds I number cor:i.put ed f or the t otal. 
flow at e levat ion 8 90 . 0  for the mode l ,  and a second scale above the 
graph shows the approximate distrj_but i on wit h respect t o  the t ot o.l 
prot otype disch arge . Figure 11B  in dicates that the f l ow thr ou gh the 
u pper g at e  w il l  b e  appr oximato ly 40 percent of t he t ot al ,  regardless 
of the l ake e l evat ion and magnitude of the discharge prov iding the 
l ake elevat ion is ab ove the upper g ate. 

I. He lat i on of d1 and D1 t o_ the Discharge 

As t he difference in e l evat ion of the wat e r  su rface in the 
reservoir and inside of the t ower ,  d1 , is pr oporti onal t o  t he d is­
charge,  this  rel at i onsh i p  :may ha7e a practi cal val ue .  Values o .t' d1 
have been plotted with r e spect t o  Reynolds 1 number c omput ed at e le­
vat ion 890. 0 f or the mode l f or tho upper , the l owe r ,  and b oth g ates 
open ,  on f igure  42.  The drop., d1 , is the same for  e ither t he upper 
or the l owe r g ate operat ing . 

Although the differonco in e levat ion , d1, ( fig. 34D ) con­
sists of the g at e  e nt rance l oss plus a smal l port i on of the ve loc ity 
he ad,  it is a l ine ar me asureme nt and by Fr ou de 1 s l aw can b e  c onverted 
into an approxir'ate  prot o type value by mult iplying it by the mode l 
scale ,  which is 64 . Th is drop Oi1 t he model , d1 ., wil l  be designated 
by the symbol ,  D1, whe n  convert e d  to  the prot otype. Curves similar 
t o  those on f i gure 42 ru·e plotted f or the prot otype on figure 43 . 
This re lat ion may p rove usefu l for measur ing the d ischarge thr ough 
tho pr ot otype intake t owers. '.I'he va}ue of D1 cou ld b e  obt ained by 
instal l i ng two flo at gagos , one ori the outsi de and one on the inGide 
of each t owe r ,  and t he curves on fig;uro 43 used t o  det ermine the ap­
proximat e discharge fl owirtg through them. 

'rhe rel at i on o f  D1 t o  the discharge has been plotted  on 
f igure 4 ;:5 for b oth,  with and without the tr ash r acks in place. It 
is felt  that the cu rves sho-wn for  the condit ion without t he racks . 
are essent i ally c orrect . It has b een previo'J.sly st ated  t hat the 
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fricti on loss through the model trash r acks was excessive due to a 
number of f actors th at were physically uncontrollable. Theref ore, 
it c an qn ite d efinitely be stated that the curves on f i gure 43 f or 
the model trash rac ks ins talled are higher th an would be s imil ar 
curves made f rom actual results on t he prototype.  

It would be possible to actu ally c alibrate the prototype 
intake towers by the Gibson methodll at the t L'1le that the acceptn.,."lc e  

n"Pressures in Penstocks Caused by the Gradual Closing o f  Tu rbine 
Gates " ,  by Norman R .  Gibson , Trnns. , Am. Soc . of C ivil Eng j_neors , 
vol. LXXXIII ,  page 707. 

tests are made on the turbines. YTith the information already avail­
able on figure 43 only a f ew points would be necessary to  est ablish 
a c alib rat ion cur ve f or the prototype intake towers . 

It is re commended that at least a portion of the f oregoing 
exper iments be repe ated on tho pr ototype int ake towers i n  the future , 
after the appurtenant structures are in operation, to est ablish a 
chec�:  of actu al r esults against those obta:ined on the model , which 
should def initely determine the 1 :rnrits of a model of t his type . The 
experimental equ ipment require d wonld be simple and inexpensive, and 
the test i ng wou l d requ i re a rel at ively sh ort t ime . 

2. THE PEN STOCK ASSEMBLY 

A. Tp.p 11.ppn.ra t:-1-s 

At the conclusion of the tests on the int ake tower, the 3-
f oot vertic al se c tion of straight  pipe below the t ower ·was removed anl 
the penstock as:r nmbly mod el ,  c onstructed on a sc ale of 1 :  64, ,  connected 
in its pl ac e  (fig .  44) . The assembly consisted of accurate, butt ­
j ointo d ,  smooth , sheet-met al pipe , c onstructed similarly to that used  
ir, the penstoc k quantitat i ve tests  exc e pt f or a GO- degree 5- 5/8- inch 
dia:r,10ter vert i c al bend d irectly bel ow the tower and a 40-degree hori­
z ont al bend of the srune d i ametEJr loc ated a short d istanc e d ownstream, 
;) oth of which were made of t ransparent pyralin pipe.  Tho four tu r­
bine penstocks ( f igs. 32 , 44 , and pl ate VI I ) were 2-7/16 inches in 
d i o.neter and were connected to the penstoc k heade r at a develope d  
angle of 105 degrees j_n a downstream direction as shown . The six 
1-19/32-inch diameter bro.nches lead ing to t he c anyon w all outlets were 
c onnected to the downstro mn end  of t he penstock header box by ct re­
duction manifold . 

The d ischarge through each tur::iin0 branch was c ontrolled 
and ne asnred by a sharp- edged c ir cular or ifice w ith a d iametei· of 
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3 or o. 8 7 5  inc hes.  The fl ow through the needle-v alve branches was 
trol led  and measured in a like manner by orifices w :i.th a d iameter 
i it her 1 . 006 or 1. 250 inches. The head on t he orif ices was ,neas­
.i by a piezometer located in t he branch immedi ately above each 
f ioe. These orifices  were c alibr ated by we ight in sim i l ar posi­
os previous to  the penstock e xperiments. (plate VII- B) . The rat-

curves obtained f rom t he c alibration runs f or the four siz e s  of 
f ices are shown on f igure 45 . 

Piezometers f or measuring the pre ssure intensities were 
t alled in rings at intervals ci own the main header (fig . 44) . A 
g consisted of four piezometers and e ach w as connected to an in­
i du al re adi ng glass on t he manometer board. 

B. Invest if'.:ation of  Pressures at Base of Tower 

In t he o riginal design of t he intake towers, air vents were 
vided in t he region b el ow t he lower gate (fig.  31) to re lieve any 
at ive pressure which might be c re ated by the conditions of flow . 
_uestion arose as to the necessity of these vents and pie z ome ters 
to 41 , in clusive , ( figs . 33 and 46D nnd E )  were inst alled to  study 
pressure co nd itions at th at point. 

Tests were made with the upper ,  t he lower , and both gates 
n and the differences in elevation , d, b etween the water stcrTace 
the reservo ir and t he w at er surf aces in the four piezometers vrere 
.orded . These differences, converted into prototype values ,  are 
>tted against the discharge for the ind ividual piez ometers f or the 
·ee conditions of gate open ing on figure 46A, B ,  and C ,  For the 
>er g ate open and lower gate closed (fig. 46 ) ,  t he drop, d ,  rec orded 
p ie z ometer 46 consists of t he following : 

d = hr ( b-u ) 
v2 

+ 2g + heu + hs 

: re d = Difference in elevation betvmen  the water surf ace in the 
reservoir and the w ater surf ace in pie zometer 46 0 

hf (b-u) = Pipe f riction f rom piezometer t o  bot tom of upper g ate. 

V2 
= Velocity he ad at piezometer 46. 

2g 

Entrance loss at upper gate . heu = 
hs = Drop in pressure at the piezometer caused by irregul arity 

of f low anrl suction effect . 

The curves for piez ometer 46 (fig. 46 ) ·were repl ot ted on 
�ure 47 for t he three cond it i ons of gate opening. In addition ,  two 
,er curves have been superim;;osed on this graph, which indic ate the 
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maximum appr cit±:mate disch arge that c an be obtained with all ne edle  
valves oper ating and with all needle valve s  and turbines  ope r at ing 
for dj_fferent elevations of the wate r surf ace in the rese rvo ir . Fi' Om 
the s e  two s ets of curve s the pre s sure at pie z omete r 46 may be 0:1-

tained for any partic,� l ar discharge , For example, with the wat0 r 
surf ace in the rese rvoir at e levation 1200 and a disch arge of app1·oxi·· 
mately  21 , 000 s econd-feet throush the lower gate (fig . 47) , the water 
surf ace in pie z ometer 4 6  expre s s ed in pr ototype would stand at 1, 2 feet 
below the r e s e rvoir water surf ace , or e l evation 1 158 and a pre s sure 
of  268 feet of water would exi st at thi s  piez om0te r. F or t he s ame 
disch arge pas s ing thr ough the u ppe r gate,  the wate r surf ace in pie z o­
mete r 4 6  would s t and at el evation 117 0 .  For a discharge of 21 , 000 
second-feet f l owing through b oth gate s ,  the water surf ace in pie z omete r 
46 would be at elevation 1 174. The water surf ace in the other three 
pie z omete rs  would be above thi s  elev ation .  From the s e  re sult s it is 
evident that a vacuum c annot e xi st at the b as e  of the t ower ancl air 
vents are unnece s s ar y .  

c. Bend Los se s --·-·---·--... --------
The combined l o s s  f or the hvo bends directly below the towe r  

( a  90-degree ve rtical b end and a 40-degre e horiz ont al bend inte rcon­
nected by a s tr aight section o .  8 8  diamete rs  long , f igure  32) vvac ob­
tained f r oill runs in which only the upper gate was open. Flow throug;h 
the lowe r g ate would h ave materially affected the vel ocity d i s tribu­
tion in the bends. This los s was obt ained by the equation 

whe re hb 
= C ombined b end l o s ,3 .  

dx ·- Diffe rence in elevation betwe en the wate r surfac e  iil the 
re se rvoir and the average ·water  surf ace elevation in the 
manometer tubes connected to pie z omete r s  9 t o  12 , in-
elusive (figure  14 ) .  

v2 
Velocity (elevation 890) . 2g 

= he ad at b as e  of toTve r 

h.0 = Pipe f riction f r om p j.e z omete r s  9, 1 0 ,  11 , and 12 to  the 
d ownstream edge of the horizontal bend, and 

ht 
= Tot al l o s s  in intake tower . 

A bette r  velocity distribution existed at piez omete r s  9 t o  1 2  s o  the s e  
we re u s ed in the computations r ather than pie z ometer s 5 t o  8. 

The combined los s for the two bends e xpr e s sed in terms of 
the veloo ity he ad at the b ase  of the t 0we r is plotted with re s pect to 
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Reynolds I number on f igure 48. As the line is  practic ally hori zont al ,  
the los s in the prototype would not be expected to differ much from 
this  v alu e .  

D ,  Tests  on the Penstock As sembly 

Tests were made on the complete penstoc k as sembly du ring 
which the d i s charge , head , and piez ometer readings were recorded . 
From these tests the energy he ad at each piezometer ring ( pres sure 
head plu s mean veloc ity head ) was computed and plotted as f ar down 
the penstoc k as pos s ible . The energy heads for a few runs are sho1/\ITI 
on figure 49 . The lines ind i c ate a gain in energy head in the main 
penstock immedi ately downstream from the first junct ion , A gain in 
energy head i s  evident at the next junct ion ,  but l e s s  than that at 
the f ir st . The third junction shows a sl ight gain in energy head in 
most  c ases and a los s was recorded at the fourth . Th is  gain was 
u sually recorded even when there was no flow through the branch . It 
will be rec alled that s imil ar result s were obtained on the penstock 
junction qu antitat ive test s  des cribed in chapter IV, sect ion 3D . This 
apparent gain i s  undoubtedly due to an error in complt ing the velocity 
head. Due to the irregular velocity d i stribution at these points , 
the :rr:ean veloc ity head should be increase d  by mult iplying it py a 
veloc ity head coeffi c ient , o(' .. , wh ich presumably l ies with in the 
limits  of 1 .03 to 1 01 5  and probably varied at each junction with each 
cond ition of dis charge . 

Curves representing the average re c orded los s or g ai,1 in  
energy head in the main pipe at junct ions l ,  2 ,  and 3 in terms of the 
veloc ity head above each junction are plotted with respect to the dis-

charge ratios Qs on figu re 5 0 ,  To c ompare the curve obt ained for 
Qa 

junction 1 with t he results obtained from experiment s on the large pen­
stoc k  model previously des cribed i:i chapter IV, d ata from the latter 
are also  plotted on figure 50. The indicated gain in energy at the 
f irst junct ion agrees f airly well with the curve taken from the larger 
model up to a d i s charge rat i o  of 0 ,35 . .Above thi s rat io ,  the points  
are few and s c attered and it  is  diff icult to attempt a comparison. 
The cu rves for junct ions 2 and 3 are also unreli able above the d is­
charge r atio of O .  35. The result s conf irm those  of Thoma ,  whose 
work was on small pipes , with respect to the recorded apparent g ain 
in energy head in the main pipe downstream from t he junc t ions , ilnd 
indicate that thi s  gain i s  due presumably to an error in computine; 
the velocity head and not due to vis cous effect s  produced only in 
smal l  p ipes • 

.An attempt was made t o  obt ain the junction los ses charge­
able to the branch but the number of piezometers was insuff i cient 
to  s e cu re accu r at e  measurement s ,  

As an interest ing c ompari son , pressu re grad ient s for the 
s ame runs shown on f igu re 49  are plotted on f igure 51. There i s  a 

no 
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de cided increase in pressure at each turbine junction which is due 
to the reconversion of a portion of the vel ocity into  pressure he ad,  
.k:, the number of  piez ometers was l imited, it  was only possible to  
plot these pressures dovm to  juncti on 5.  

E ,  Needle Valve Calibration 

As the energy head at the six needle valves was f ound t o  
b e  practically c onst ant f or an equal discharge through each valve, 
it was p ossible to plot a set of curves giving the loss from the res­
ervo:i.r  to a po int immedi ately above the needle valves for any dis­
charge and valve c omb ination (f igure 52 ) .  The fric -1-; ion loss is 
plotted against the t otal discharge through the ne? 1 ile valves for 
one to six valves operating regardless of the comb ir.Lation. In other 
words, the losG for any discharge is practically the same f or vaJ.vo s 
1 and 2 operating as f or 3 and 4 or 5 o.nd 6 .  To use the curves on 
f igure 52 , it is necessary to c omply with two l imitations ,  first , 
that the re is no  f l ow through the turbines,  and second _, that the 
needle valve openings arc the s ame f or any one discharge comhi.n at :i. on,  
Without these limit at i ons , the var i ables would b e c ome so  numerous 
thn.t plotting of the results wou lcl be impossible. The curves for 
three and six needle valves o porat inp; (f igure 52 ) were obtained from 
the model experiments and w0re converted int o  prototype ,.:aluo o  ac­
cording; t o  Froude I s law. The remaining curves wo re obt ained by 
interpolat i on as exper imental data were not taken f or these c omb ina­
t i ons. As fr i ct i on drop constitutes tho maj or portion of these 
losses., the extrapolat i on from rri odel to prot otype could more accur­
ately l-·e made acc ording t o  Reynolds I l aw, bu t insuff icient data 
provonted the application of  this method . Tho values shown by  the 
curves are therefore approximate . With the .Ari z on a  canyon wall out­
let works discharg ing 1 0 , 000 se c ond-foet with six valves ope ned tho 
same amount , the f rict i on loss from the reservoir  to any one of the 
six valves wou ld be 1 :3 . 2  feet .  This  discharge throui;h any f ive val--res 
wou ld encounter a l oss of 1 6 .  0 feet ., and through any f our val vo s ,  ;n . 8 
feet . 

The curves on f igure 53 A we re plotted from the data on 
figure 52 . From these 01.1rves, the requ ired pressure head in feet of 
wat e r  immediately above any needle valve in operation can be computed 
for vn.ri ous discharges through any combinat i on ,  providing e ach valve 
in ope r ation  is opened  an e qu al a."'llount and no flow is passing through 
the turb ines. Referring to  f igure 53B,  the pressure head at any 
ne edle valve operat ing 

whe re , 
hp ::: Pressu re head immedi ate1y above tho d ischarging needle 

valves in feet of wat e r ,  
115 
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v2 
= 

2g 

El0 vat ion head in reservoir in fe0t abov0 so a level. 

'r.otal f rict ion loss from reservoir to ne edle valve , in 
feet of water . 

Velocity head in branch penstock lending to nee dle valve , 
in feet . 

820. 0  = Elevat i on of center of needle valves above se a l eve l �  

v2 . ,. 
Values of (hr + 2g + 820 . 0 ) . are plotted against the t ot al 

d i scharge on f igure 53A for any needle valv e combinat ion. The pres­
sure he ad immed i ately above the needle valves for a particu l ar dis­
charge and valve comb inat i on can b e  obt ained by subtr c1.0t ing tho v alue 
given on f igure 53.A from the e levat ion of the wat r; r  .; m·f ace in the 
reservoir. For e xampl e ,  tho pressure imme diately 1-:;:istream f rom tho 
nee dle val vos for a flow of 1 0 , 000 soc and-feet through six v alves 
with the reserv o ir at elev8.t i on 1 1 80 would  be 334 feet of w ater ,  or  
for this same d isch arge through four no odle valves,  the pre ssure  above 
these valves would be 3 08 feet o:� water . 

Pressure gages w il l rrobably be installed above tho proto­
type needle valves as a me ans or determining the d ischarge thr o1"1gh 
them before the turb:i nes are placed in o perat i on .  One g age i n  e ach 
outl et houso would be suff ic ient prov i d ing the valve to which it was 
attached was always one of the combinati on in operat ion,  1\'"i th t he, 
adj ace nt valves .. open the s ame amount , the pressure at e ach w ould  be 
the same for all practi c al considerat ion. By ope rating the valves 
accord ing to the di agram shovm on figure 53A, it should be possib l e  
t o  obtain t he desired d is charge through the valves  w ith r easonab le 
accuracy . 

It was not possible  t o  mako the surface  roughness in the 
model penstocks to sc ale so the f riction loss in the mode l wa� · 
probably somewhat higher than th0 c or responding fri ct i on i n  t he pro­
totype . This means that the pressure obtained from f igure 5;3 A vvill 
be slightly l ower for a given discharge than that whi ch w i l l  actual ly 
e xist on the prototype . It is immaterial whether the flow i s  throug_;h 
the upper, the lower or both gates of the :i.nt ake t ower as thcJ l osses 
from this source are pract ical ly neg U g ible  when compared w ith the 
tot al l oss through the penstock. 

The above procedure offers a method for me asur ing the flow 
through tho Ar i zona c anyon wall needle valves bef ore the turbines are 
operated . This c al ibration will not be correct when  the ·turb ines 
are in o pe rat i on .  A method prevj ou sly descr ibe d in chapte r  V, sec­
t i on 1- I offers a· method for measur ing the total d ischar ge throu6h 
each int ake tmver, and as it is  intended to install  flow me asur ing 
devices in each turbine penst o c k, tho needle valve d ischarge wi ll  
c onsist of  the difference of  the two for the c ondit ion i n  wh ich both 
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turb ines and needle  valves are o perat ing simult rurn ously. The d is­
charge through the tunnel plug outlet works can b e  dete rmine d  in the 
s nrn.e rr.anne r • 

Fl ow comb inat i ons w ith b oth turbines and nee dle valves 
o perating w e re tried on the mod e l  but the variables were so numer ous 
thn.t the re was no way of present ing them in a concise form in this 
rep ort . 

F. C onc lusions 

It i s  felt that the method employe d in analyz ing t he mod e l  
results on tho intake tower and penstoc1.: assembly was accurate and 
the results c'l.ependable insofar us the model d at a  wo1 ·e concerne d .  
It was desire d ,  howeve r, t o  extrapolate tho model results t o  apply fer 
prot otype valu es  as thi s was one of the objects in  perf orming the 
e xpe riment s. With a singlo small model of this type it is not pos­
sible t o  accurately interpret tho cond it ions that wil l  prevail in 
the protot ype. 

The e xt rapol at ion from r:1od e l  t o  prot otype has , in the foro­
go �_ng graphs, been m ade  accordin6 t o  Froudo 1 s law for lack of a 
more n.ccurate and def init e  method .  As a result , tho l o s ses, as 
pl otted  w ith respect t o  the pr ot otype discharge, are l arger than those 
that w i ll · actually exist on tho prot ot ype. It is pred ict ed that t he 
losses in the full-siz e structure wil l  prob ably range f rom 5 t o  20 
percent l e ss than those indicated by the graphs. For this re n.s on, 
it is advisable  t o  refer  t o  tho prot otype values n.s shown on the 
graphs, n ot as absolute ,  but approximate values. 

3 o INL4EE TOWER 1';LEC TRIC- ANALOGY STUDIE S  

A. Int r oduction 

The electric-anal ogy method previously used in t he analysis 
of problems of seepage t hrough e arth dams and under m asonry druns on 
porous f oundat i ons1 2  was appl i e d  as a means of determining tho  direct ion 

1 2 11 The Flow Net and the · Elect ri c  Anal ogy '1 by E. W. Lane ,  F. B ., Ca....-np­
b e l 1 , and W. H. Price , u. s . B . R. Tech. Memo. No. 388 , or  C ivil 
Enginee ring, Oct ober 1 934 . 

of flow of water entering the int ake tower, and incident al ly ,  to 
study the mer its of t he method itself . In this particul ar probl em, 
it ·was ne cessary to obtain a ce rtai11 amount of inf ormat i on fror;i. the 
hydraul ic m od el b ef ore the anal ogy mo de l  c ou ld b e  pr o pe rly sot u p . 
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The apparatus cons isted of a shallow glas s t ray 39  inches 
long , 18 inche s wide , and 3 incho s deep equipped w ith a lG vel ing 
screw at e ac h  corner .  A radi al s ect ion of t he tower con st ruct e d  o.f 
redwood on a s cale o.f 1 : 100 was cemented to the b ottom of t ho t ray. 
Copper pl at e  electrode s  were placed in pos it ion in t he tray and a 
solution of s od ium chloride  was used  as a conductor. A drawing of 
tho apparatus i s  s hown on f igure 54 and a photograph of t he t ray in 
a -v-ertical pos ition i s  s hown on plate VIII .  The current u s e d  in t ho 
e xperiment s was obt ained  f rom a 110-volt, 60-cycle source . By in­
sertinf; a b ank of lamps in s eries vrit h the apparatus ,  as s hown on 
f i gure 54 , t he potential acros s the ele ctrodes  was redu ced to about 
20 volt s. On one s ide of tho tray, a high-res istance wire, one meter 
in l ei1t;th , was stretche d on a motor st i ck and connected in par allel 
wit h  the c ircuit to const itute a lJl)heatstone bridge .  A s pring was 
att ached t o  one end of the high-resist ance wire to keep it t aut n.t 
all time s ,  as tl1 e current r:.:.is ocl the temperature  of the wire and 
le ngthened it. A met al t ermina]. on one end of t he met er st i ck mado 
a continuou s  cont act with t he s t retche d wire and kept the length con­
nected in the c i rcuit at exact ly one meter,  regardle s s  of expans i on 
or contract ion.  A circuit was est ablis hed f rom a sl id ing cont act 
on the high-re s ist ance w ire to t ho liquid conductor by a wire which 
had co11nected il1 series wit h it a set of head phone s and a probing 
pencil. All conne ction s in tho apparatus were made w it h  he avy coppe r 
wire of very low res i s t ance . 

Tho radial s e ct ion of tho tower was repr e sent ed  by sett ing 
t he tray on a slope w it h  tho e le ctrolyte at z e ro d e pt h  on t he cent er 
lino of the t ower, as shown in section A-A, fi p;ure 54 . The variables 
in the e xperiment wore the length of the trash racks , the g at e  comb i�­
nation s,  n.nd t he pos it ions of the ele ctrodes. Tho apparatu s on fig­
ure 54 repre sent s  a s ection of t he t ovver ne are st t ho river with bot h  
g at e s  open. Tho long e lecti·ode w n.s conne cted to one s ide of' t he cir­
cuit and the two small electrodes in the tower were conne ct ed to the 
othe r s ide . The line s re s embling c ontours repres ent point s of equal 
potential . The purpos e of the apparatus w as t o  determ ine t he pos i­
t ion of the s e  line 2 for different percent age s  of the t ot al potent ial 
clrop acros s t he ele ctrodes . 

'rho posit ion of any particular potent ial line was determined 
by s ett in[; t ho sliding contact on · the re s i stance w ire at the point 
giving the des ired potential d rop, and moving the prob ing pencil ab out 
in the s alt solut ion unt il a point was re ached at whi ch t he absence 
of a hum in t he he ad phone s indic ated t hat no current was flowing 
through them . To f ind t he pos ition of t he potent i al line represent­
ing two percent of tho drop between e le ctrode s , the sl id ing c ont act 
would be  s ot at a point on the re sist ance w ire representi ng two pe r­
cent of i t s  length ,  or two cent imeters on t he meter  st i ck ,  and the 
prob ing pencil moved about in t he ele ctrolyte unt il the alte rnating­
current hum in the head phones fadocl . This indic ated  t hat t he prob ing 
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pencil  was at a po int in the solution where t he potenti al drop was 
two percent of t he t ot al drop across electrodes. other po ints wou ld 
be located in a simi l ar way with the same setting of the sl id ing 
c ontact unt il  a suff icient' number was found to draw the two percent 
line . Other p otent i al l ines wou l d  be l ocated in a simi l ar mannor . 

c . Tests on a Secti on of Tower Lo cated Nearest the River 

The f irst tests were made on a rad ial sect i on of the t ower 
l ocated nearest t he r iver with the electrodes in the posit i ons shown 
on f igure 54. These tests were · made with three d ifferent l engths of 
trash rack: 306 feet , 182 feet , and two 50-fo ot racks. The resu lt­
ing equ ipotential l ines are shown on figures 55 and 56.  

C omparing t es ts 2 and 6 ,  (figures 5 G  and 56) , in which the 
u pper gate was closed and tho trash-rack lengths were 50 feet and 306 
feet , re s pectively , the c o rre sponding e quipotent i al l ines practical ly 
co incide, wh ich ind ic ates that tho total potenti al d rop between ele c­
trodes agree closely .  'fhis me ans that t he resistance to fl ow through 
tho 5 0-f o ot r ack was no greater than that through the 306-foot  r :1.0 ]�. 

Tests 1 and 5 (figi., res 5 5  and 56 ) were made under the srnno 
condit i ons , except t hat the l ower gate was closed and the upper g o.to 
open. P.g ain the p otential l ines shov-r a very cl o s e  agreement , which 
indicates t hat the l oss was no gre ater through the 50-foot rack than 
thro ugh the 306-fo ot rack.  

T'ests 3 and 4 ( f igure 55 ) were made on t he same segment 
of  the t ower wit h b ot h  gates open. The potent ial l ines with the two 
50-fo ot racks agree very wel l  with thos0 for the 306-fo ot rack. The 
agreement of t he potent i al l ines is not as close f or t he rnnge f rom 
one to five percent because the po ints for these l ine s  were more 
d iff icu lt t o  l ocate than those f or th0 l arger  pot ent i al drops. 

The experiments thus f ar ind ic ate that w ith the racks fre e  
frorr.. tr ash, a l ength  of 5 0  fee t in front o f  each g ate would provide 
suff i cient rack area on the river side of the t ower . 

Tests 7 and 8 ( f igure 56 ) were made on the same rad i al 
section of  t he t ower with a 182-f o ot t rash rack as in the f inaJ. d esign . 
These , ho�vever, cannot be directly compared with the tests previ ously 
described , as the posi ti ons of the electrodes were shifted and the 
t i lt of t he t ray vvas changed . They are j ncluded in t his r eport as a 
m atter of record . 
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D .  Tests on a Sect ion of Tower Located Nearest t he C anyon Wall 

A simi lar set of t ests (figures 57 and 5 8 )  was made 0,:1 a 
r ad ial soct ion of the t ower located on the s ide nearest the c anyon 
wall ( pl ate VIII). Tests 11  and 14 (figures 5 7  and 58) ,  m ade with 
the upper g ate c losed , using two 50-foot !'ac ks · and one 3 06-foot r ack, 
respect ively,  show a d ifference in the posit ions of t he pot e nt i al 
l ine s . '.l'his indic ates that the tot al potent ial drop across the e lec­
trodes for the. 5 0-foot r acks was g reat er than that for t he 306-foot 
r ack. The increase is due to the new boundary condit ions which re­
duce tho area of  approach and change the direction of the flow t o  the 
gates , With this decrease in approach area, there must be an incre ase 
of velocit y  t o  maint ain a continu :i t y  of flow, As velocity is propor­
t ion al to potent i al gr acl.ient , Ur n c r o.d ient must in crease  as the tr ash 
r acks and gat e  openings are approached. Thi s  increase was ind icated 
by a reduct ion in tho d ist anco b etween e qu i pot ent i al l ines .  CloGely 
sp aced potent i al l ines ind icate  f J.ow concentrat ions and l ikewise h igh 
vs loci ties. 

Tests 10 and 1 3  ( figures 5 7  and 58) were  made with the upper 
gate  open and the lower g ate closed , using two 50-foot r acks and one 
303-foot r ack , respectively. A not ice able increase in the resisti­
vit y  of the circu it was again witnessed when the 306-foot r ack wa::; 
r e pl aced by the two 5 0-foot r acks, 

Tests 9 an d 1 5  (f igures 5 7  and 5 8 )  were made wit h b ot]�, G at os 
open, using two 5 0-foot r acks and one 306-foot r ack , r e spect ively . 
There was l ittle  d ifference in the positions of the potent i al l ines 
for th e tvro setups. Th i s  c oulcl lor;ic all y  be expected as the s amo 
d ischar ge was d ivided between the two gates and the e ffective r acJ .: 
are a  was doub led in the case of the two 50-foot r acks. VT:i._ th one 6 ate 
open , f low cou ld occur only thr ough one .f:50-foot r ack. 

Tests 12 and 16 (f igures 5 7  and 5 8 )  r e present flow through 
the upper and lower gate , respectively, wit h  182-foot t r ash r acks as 
finally des igned. These re sults,  hovvever , cannot be direct l y  com­
pared with the others as the t ilt of the t ray was chan ged and t he 
positions of t he elect rodes sh ifted. 

The losses sh01,m by t he second set of exper iments are ox­
cept i onall y  high ,  as flow cond iti ons a.r e not truly  r epresented. In 
the exper iment al setup ,  all water  was assumed to f low dovmward on the 
canyon-wall s ide of tho t ower , while actu ally a l arge port ion wi l l  
flow around the tower , 

Flow nets have been dravvn for test s  7 ,  1 0 ,  and 1 5  ( f igures 
56 , ."17 ,  ax1d 58 ) .  Accor d ing to hydrodynamics , the f low l ines should 
cross the p otqnt i al l ines at r ight angl es , The volumes bounded by the 
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flow l ines may b e  c onside red as stre am tubes,  e ach c arrying an e qu al 
qu antity of wate r. To e stab l ish o ne end of e ach flow l ine , it was 
assume d that the veloc ity was constant ac ross the ele ctrode se c t i ons 
inside the t ower .  The electrodes were then divided i nto  s egments 
whi ch, if revolved, would f orm annul ar rings. From these , the flow 
l :ine s we re pro j ected and drawn perpend icular to t he e quipotent i al 
1 ine s . 

In the two-dimensi onal flow net where the ele ctrolyte is 
constant in d epth , the dimensi ons of a re ctangle forme d by the net 
b e ars a c onst ant ratio  t o  every othe r re ctangle in the net by wh ich 
the average ve l ocity in e ach stre am tube c an he  easily deten1inec1  . • 
For the flow nets drawn for tests 7 ,  1 0 ,  and 1 5  (figures 56,  5 7 , and 
5 8 ) ,  this ratio  does not exist. r!ith a sloping t ray ,  the fl ow net 
is condit ione d by a third dimensi on. The stream tubes  in the t,1re0-
dirnensi on al net have no parallel sides and it is not p ossible t o  ob­
tain the velocities d ire ctly fr om the length or bre adth of the i· e c­
tangles as in the two-dimensi onal system . The purp ose in drawing 
the flow lines in tests 7 ,  1 0 ,  and 15 was merely t o  indic ate  the d irec­
t i on of flow. It is possib le ,  howe ver ,  t o  obtain the veloc it i e s  in 
the se three-d imensi onal nets by a s imple but l abori o us :raethod . 

There are e ight stre am tubes in test 7 ( figure 5 6 )  e acL  
c arrying an e qual quan tity of  w ater. The d ischarge through e ach tube 
is equ al to one-e ighth of the t otal discharge flowing into this 
radial segment of the t ower. Figure 34F shows a porti on of a stre a.t1. 
tube in a two- dimension al net ,  and f igure 34G, a p ortion of a stre am 
tube in a thre e-dimensi onal net . In t he f irst , d is a c onstant 
v alue, while  in the se c ond , it is a variable . The velo c ity at any 
point in e ithe r stre am tube is V = _51_._ , whe re q is  the d is charge 

wd 
through the st re am tub e � If the ve locity is lmown at any po int in 
the two-d imensi on al net, it is only ne cessary to me asure w to obt ain 
the velocity at a_riy o ther point . In the three-dimens i onal net , d ,  
which is  a v ariable , b ut is  l�nown at all point s ,  must also be  c on­
sidered in c omputing t he veloc ities .  

The gre atest source o f  error in obtain ing veloc ities  in a 
three-dimensi onal fl ow net of th is type is not in the c omput ation ,  
but i n  the c onstruct i on of  the net. I t  is  usually nec e ssary to make 
one or two assumpti ons bef ore attempt ing to draw a net ,  and after 
th e s e  are made  and the net c oin,:1.enced , it is st ill ne c essary t o  use 
a c e rtain amount of ,judgment as the potential lines are the only de fi­
nite guide s. 

In test 15 ( f igure 58 ) ,  there are seven stream tubes ent er­
ing the upper gate and e ight e ntering the lower,  e ach c arry:i.ng an 
e qual d ischarge. Th is would L-1dic ate  that 47  pe rcent of  t he flo1,v was 
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passing through the upper g ate a..11d 53 percent t hrough the lowe r . On 
the opposite s ide of the t ower , where the area of approach is n ot re­
stricted , t he proporti on of the t otal flow throu gh the upper g a'ce 
should be  l ess , with the result that a g reater percent age of tho 
t ot al fJ. ow should pass through the l ower gate. T o  obtain the c orrect 
proport i on of flow through the uppe r gate, the electrodes in tho t owe r 
were shifted by trial unt i l  the indicated fl ow through each g ate 
agreed with that me asured on the hydraulic  model . The ab ove re sults 
show that the e lectric- anal ogy method is  applicable f or certain phases 
of the int ake t ower prob lem. Considerable informat ion can be  obtained 
f rom the flow lines regarding tr ash- rack areas and obstructions t o  
f l ow ,  

E .  C onclu s i ons o n  ]�lectr :i. e, " ' _h , r:t::. r,s;1 Studies 

The outst andj_ng advant age s in u s j_n6 the e lectric- ana.logy 
metho d, where appl i c able , is its 8 i1;1pli. c i·cy �  its  s peed i n  obtain ine; 
result s ,  and its l m, c ost o It :i.s important , however, i n  interpret :ing 
the result s  of a study of thi s  nature to  keep in m ind the l im:i.tat i ons 
of the method . The syrmn.etry and precision of the results  -are a temp­
tat i on t o  extend the method at t he e xpense of f actors which c annot be 
cons :Ldered in the appar atus . 
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VI . TESTS  ON TUNNEL- PLUG OUTLET 

1 .  TUNNEL- PLUG CUTLET MODEL 

A. Introdu ct i on 

It is intended to  d isch arge all of the surp lus wate r at 
tho Bou lder Drun thr ough the ne edle v al ves rath0r than to p e rmit it 
to f lovv- over the spil lways . This is ne ce ssary sinc e 9 , 000 , 000 acre­
feet of st or age is to be hel d in reserve for f l o od c ontro l , and wate r 
c an be d ischarged over the spil lways only when this space is, to a 
l arge e xtent , f i l led. The needle v alves wil l  at t imes ,  there fore, 
discharge l arge quant it ies of wate r over  l on g  p e r i od s ,  Th is wil l be 
particul arly true o.fter the rese rvoir is ?i:;: st  f i l led  and bef ore the 
powe r dem::i.nd r e qu ires the ful l  stre am f l mA' , 

The needle valves in the c anyon-wall outlet works wi l l  dis­
ch arge into  the open ai r ,  while  those in the d ive rsion tunne ls hn.ve 
b e en l o c ated a c onside r able  d i sta..nce  from the tunne l out lets to effect 
appre c iabl e e c onomy in the c ost of the ste e l-pl ate outlet pipe and to 
avo id  the d isadvant ages of l arge qu antit ies of spr ay in the v i c inity 
of the powe rh cu se and the high voltage swit ching f ac il it i es .  

Since the needle v alves are l oc ated a c onsi der able d ist ance 
from the tunne l outlet,  they will  d ischarge i nto a c l osed space. As 
the c ombined discharge of the six valves in e ach tunne l wou l d  be as 
mu ch as 21 , 400 se c ond-feet with a maximum he ad o f  454 feet ,  the energy 
of the water would re ach 1 , 100 , 000 horsepowe r ,  and gre at c are is ne c­
e ssary that no damage would resul t. Six 7 2- inch needle val ves are 
re quired in e ach ou t let  (f igs . 59 and 60) , e ach valve be ing c apable 
of discharging a maximum of 3 , 670 se cond-feet at a vel oc ity of about 
1 7 5  feet  pe r sec ond . It is impo rtant that the s ix valves in e ach 
out l et be arranged  so that the jets wi l l  not be c onc ent r ated at one 
point and s o  that disturbances in the tunne l wi l l  be avo ided as far 
as possibl e . 

It was at f i rst e xpe cted that tu nne ls would  be  ne cessary 
to supply ai r behind the v alves to r e pl ace that e j e cted by the stre ams 
of water f r om the v alve s. Expe rie nce wi th oth e r  inst al l at i ons of 
the bur e au had demonstrated th at in ce rtain c ases thi s  was abso lute l y  
necessary , 

An e xtens ive serie s of tests ware conduc ted on thr ee d iffer­
ent mode l  sc al es to determine the action of the j e ts from the ne e dl e  
valves in the tunnels and t o  dete rmine the f e asibi l ity of air v ent 
tunnel s .  The acti on of the three models w as very simi l ar and the r e­
sul ts of t he tests permitted the selection of an arrangement that 
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This pion is shown for Nevada side. 
Pion for Arizona side is similar except 

opposite hand. 

TA B L E  OF VA LVE ANGLES 
VALVE NO. HOR/l.ANGU VERT.ANGLE 

7 ond IZ 9°30'00" o·oo•oo• 

B ond II 2 °30'00" 2 °30'00" 

9 ond 10 1 °30'00' 2 ° so·oo• 

Horizontal angles ore measured from It. tunnel. 
Vertical angles indicate upward tilt of valves. 
Angular adju�tm�nts to be accomplished by 

rotating adJustmq wedges inserted between inlet flange of needle valve and flange of 
conduit /ming. 
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R E FE R EN C E  DRAWINGS 
DOWNSTREAM TUNNEL PL UG OUTLETS · G ENERAL P L A N  

NEVADA POWER INSTALLATION. . .  . .  . . . . . . . . . . . . . . . . . . . . . . . . . .. . . .... 45·0·3806 
DOWNSTREAM TUNNEL PLUG OUTLETS · GENERAL PLAN 

ARIZONA POWER INSTALLATION . . . . . . . .. . . . .. . . . . . . . . . . . . .... . . . . . . . . . . . . . . .. . ... 45·0·3810 
NEVADA DOWNSTREAM PLUG OUTLETS- TUNNEL ENLARGE. OETAJLS .. ... 45· D•3'410 
NEVADA DOWNSTREAM PLUG OUTLETS-VALVE CHAMBER EXCAV.OETA/LS .. _45·D·n 1 /  
ARIZONA DOWNSTREAM PLUG OUTLETS· TUNNEL ENLARGE.OETA/IS ....... 45· 0·3472 
ARIZONA DOWNSTREAM PLUG OUTLETS-VALVE CHAMBER EXCAV. DETAILS..45 · 0·3473 
DOWNSTREAM PLUG OUTLETS-TRANSIT/ON ARCH·CONCR& REINF. OETAILS ..... 45· 0· 4/53 
DOWNSTREAM PLUG OUTLET WORKS-ROCK GROUTING 11 DRAIN. SVSTEM .. .... 45· 0·4168 
DOWNST'M PLUG OUTLET WORKS-VALVE CHAMBER · CONCRETE 

DETAILS BELOW PEDESTAL FLOOR . . . . . . . . . . . . . . . . .... . . . . . .. . . . . . . . . . . . . . . . . .. . . .  45·0·4l69 
DOWNST'M PLUG OUTLET WORKS · VALVE CHAMBER -CONCRETE 

DETAILS AT PEDESTAL F'LOOR. . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. .  . .  . . . . . . . . . ... 45· 0· 4l70 
DOWNSTREAM PLUG OUTLET WORKS · VALVE CHAMBER 

INTERNA L DRAINAGE DETA I LS . . . . . . . . . . . . . . . . . . . .. . . .. . . . . . . . . . . . . . . . . ... . . . . .. 45· D · 4 1 7 1  
DOWNSTREAM TUNNEL PLUG OUTLETS · REINF. F O R  8 6 "  

EMERGENCY G A TES . . . . . . . . . . . . .. . . . . .. . . . . .. . . . . . . .  45·0· 4172 I!. 4 5 · D· 4 173 
DOWNSTREAM TUNNEL PLUG OUTLE TS - VALVE . . . . . . . . . . . . . . . . . ..  45 · 0·4174 
DOWNSTREAM TUNNEL PLUG O UTLET WORKS · A R I ZONA 

VALVE CHAMBER -DETAILS OF ROOF. BACK A ND ENO WAL L S  . . . . ... 45· D·4175  
DOWNSTREAM TUNNEL PLUG OUTLET WORKS - N EVA DA 

VALVE CHAMBER ·  DETAILS OF' ROOF', BACK A ND END WA LLS . . .. . . . ... 45·0· 4l78 
DOWNSTREAM PLUG OUTLET WORKS · A R I ZONA VA LVE 

CHAMBER · DETA ILS OF FRONT WA L L . .  . . . . . . . . . . . . . . . . .. 45· 0 ·  4 177 I!. 45· 0 · 4 1 78 
DOWNSTREAM PLUG OUTLET WORKS · N EVADA VA LVE 

CHAMBER · D E TA ILS O F  F'RONT WALL . . . . . . . . . . . . .... .  45· 0 · 4 119 & 4 5 · 0 · 4180 
DOWNSTREAM PLUG OUTL E T  WORKS · CONCR ETE 

ANCHORAGE F'OR WYES · A R I Z O NA S I O E  . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . .  4S· 0 · 4 1 8 1  
DOWNSTR EAM PLUG OUTLET WORK S ·  C O N C RE T E:  

ANCHORAGE: FOR WYES ·NEVADA S I D E  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ... 45· D ·  4 1 8 Z  
DOWNSTREAM P L U G  OUTLET· WORKS • S UM P  A N O  

P U M P  P/T · EXCA VA T I O N  D ETA I LS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 4 5· 0 · 7704 
NEVADA OOWNSTREAM PLUG OUTLET WORKS·CONSTRUCTION PROGRAM .. 45·0 · 1705 
DOWNSTRE:AM PLUG O UTLET WORKS · RE/NF: BENDING DIAGRAM . . .  45·0·1701 
ARIZONA DOWNSTREAM PLUG OUTLET WORKS-CONSTRUCTION PROGRAM .45-D-7108 
CONTROL PIPING · GENE:RAL ARRANGEMENT · A R I ZONA SI O E  . . . . . . . . . . . 45·0 · 8050 
CONTROL PIPING-GENERAL ARRA NGE:MENT ·  NEVADA SIDE . . . . . .. . . . . . . .  45·0 - 805 1 
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m inimized the flow di sturbance ru1d the erosive tendencie s .  The re­
s ult s al s o  showed that the comparatively large air-vent tunnels that 
had been planned we re not ne ces s ary , thus s aving an apprec iable mnount 
of the in iti al cost . 

B. Results on the 1 : 106 .2 Model 

The f irst model on a s c ale of 1 : 106 . 2  was constructed and 
tested in t h� Fort C o l l in s  l aboratory with the arrangement of the 
needle valves as propos ed by the design department . The model 
( pl ate 9A and B )  was built so  that the ne edle valves c ould be ad­
j usted b oth horiz ontally and verti cally , and the tunnel was m ade of 
pyral in t o  all ow vi su al study of the flow c ondit i on s  in the tunnel . 
The spacing and angul arity of the needle  ,_, alve s  as originally pro­
posed  w as as f oll ows : 

Di stan ce of Valve .Pngle in Relat i on 
Center Line Spacing to Tunnel Centers 
of Emergency of 

Valve Gates Above Eme rgency 
Number Tunnel Invert Gates Horiz ont al Vert ical 

1 and 6 30 feet 16 feet 110 5 7 ' 0 0  00 1 

2 and 5 30 feet 16 feet 70  14 I 00 00 1 

3 and 4 30 feet 16 feet 20 2 5 1 0
0 00 ' 

The needle valve s were repre s ented in thi s  mo del by 
conical noz zles that prod uced smo oth j ets which gave little indi­
c at i on as t o  the act i on of t he je t s  as aspirators . However,  the 
impact of  the jets  in the 5 0-f oot divers ion tunnel and the result-· 
ing turbulence was uns ati sfactory . The flow condit i on s  in the 
tunnel with the original des ign (plate 9C and D )  were such that a 
l arge f in f ormed in the center of the tunnel and the w ave on e ach 
s ide c arried up the s id e  practicalJ.y to  the top. It was e asy  to 
p icture the a ct ion that could occur in the prot otype where a dense 
s pray would be formed by the m ixture of a ir and w ater . 

S l ight changes m ade in the angle s of the needl e  v al ves 
with rel at i on to  the center line of the 50-f oot divers i on tunnel 
produced much better f l ow conditi ons ( pl ate 9E and F ) .  The angl e s  
and s pac ings of the valves in the most s atisf actory s et-up in the 
init i al t e sts  on t he 1 :  106 . 2  model were as f ollows : 



Dist ance of Valve Angle in Re l ation 
Center Line Spac ing to Tunne l (',enters 
of Emergency of 

Valve Gates Above Emergency 
Number Tunne l Inve rt Gates Horizontal Vertical 

1 and 6 20. 45 feet 16 . 041 ft ,  10° 25 1 00 00 ' 
2 and 5 20 , 18 feet 16 . 041 ft. 4 0 44 1 oo 08 ' 
3 and 4 21 0 28 fee t  16 . 041 ft. 20 26 1 10 48 1 

The ve rtic al angle indic ates that those valves were ti lted 
u pw-ard with re l ation to the center line of the tunne l . The impi· ove­
ment obtained was so encouraging that the decision was made to con­
tinue the studie s in a simil ar manner on a l�rge r sc ale mode l whe re 
the details of the prototype c ould b e  dupl icated to bette r  adva.YJ.tage . 

C .  Results on the 1 :  2 0  Mode l 

The l arge mode l was bui lt on a sc ale of 1 : 20 ( pl ate 10 )  
at  the outdoor l aboratory of the Dure au of Rec l amation at Montrose , 
Colorado. The 50-foot concrete -l ined tunnel was re presented by a 
30-inch wood-.Etave pipe and the needle valves we re duplic ated to 
sc ale in their fu ll-open position and mounted on frames whi ch pe r­
mitted horizont al and vertic al adjustments as in the 1 : 106 . 2  mode l .  
The tunnel- plug outl et  transition was built as an airtight c ompart­
ment fitted with a hinged cove r .  

The jets from the 1: 20 mode l needle valves were rougher 
with respe c t  to the scale ratio than those in the prototype due to 
the model needle v alves be ing iron castings with a highe r degree of 
roughness in proportion than the prototype. Vvith the present state 
of deve lopment of mode l sc ienc e ,  it c annot be def inite l y  dete rmined 
j uot how c lose the prototype was simul ated, but the stre am from the 
mode l valve s appe ared from visual observations to be quite s imilar 
to those from l arge nee dle valves now inst alled and in ope ration. 

As in the 1 : 106 .2 mode l ,  the ac tion in the tunne l with 
the origin al position of the valves was e xtreme l y  turbulent (pl ate 11 ). 
By adjusting the position of the needle valves,  the c onditions of the 
f low in the tunnel were improved ( pl ate 12 ) and the results agreed 
c lose ly with those on the 1 : 106 0 2 model , The positions of the vo.lve s  
vvith the most satisf actory set-up on the 1 :  20 mode l were as fol lows : 
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Dist ance of Valve .Anr;le in Relat i on 
Center  Line Spac ing to Tunnel Cente rs 
of Emergency of 

Valve Gates Above Eme rgency 
Number Tunnel Invert Gates Horiz ont al Vert ical 

1 and 6 2 5  f e e t  1 6  fe et go 35 1 39 1 1  00 00 ' 00 1 1  

2 and 5 2 5  feet  16  fee t 2 0 30 ' 2 7 1 1 2 0 2 8 ' 56 1 1 

3 and 4 2 5  feet  lG feet lo 2 I 4 1 11 4 0 1 9  I 24 1 1  

The ve rt ical angle s ind icate  that those valves were tilted 
upward w ith rel at i on t o t he center l ine of the tunnel . 

In the most desirable set-up, the jet s of wat e r  fall to 
the b ottom of the tunnel at d ifferent locat i ons so that the act i on 
is not concentrated at any one po int , The jets c ombine and flow 
along the inve rt of the tunnel in a smo oth stre am w ith surprisingly 
little turbulence , l e aving  a free  air space of ab out 85 pe rcent of 
the cross-sect ional are a of t he tunnel ab ove  the su rf ace of the flow­
ing w ater  when only the tunne l-plug ou tlets are discharging ,  This 
acti on is not chang e d  by complete ly closing the c over of the tunnel 
transiti on. 

Duri ng the course of the e xperiments on both the 1 :  106 , 2  
and the 1 :  20  models, c onsiderable dat a  we ro obt aine d ,  Eight d iffer­
e nt set-ups were stu died  in the initial t ests of the 1 :  106. 2 mode 1 
in the Fort  Collins lab orat ory and 14 on the 1 :  20 model  at the Mont­
rose lab orat ory , II.fore or less c omplete data we re taken on e ach set­
up w ith the ide a that it might be the most sat isfactory. In this 
re port only the initi n.l ,  semif inal, and f inal set-ups are discusse d. 

After a satisfact ory set-up vms f ound f or all six ne edle 
v alv es operat ing at full capacity,  studies were made of the flov, con­
dit i ons in the tunnel with different comb inat ions as illustrated  on 
pl ate 13 , Very p o or c onditi ons prevailed when one , t wo , three , or 
f our valve s  on one side were d ischarging , while go od c ond iti ons pre­
vai l e d  when e ithe r  the two center or f our center v alves we re dis­
charging. 

1/Vhen the tests on the 1 :  20 model had been  completed , the 
results vvere checked by duplicating; the set-up on tho 1 : 106 , 2  model 
as shovm on plate 14 . 

D .  Results on the 1 :  60  Model 

Ne ithor the 1 : 106 , 2  nor the 1 : 2 0  model hnd approach con­
dit i ons similar t o  the prot otype (fig , 60 ) ,  Both had b een bu ilt with 
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a canvas hose c onnected to  eQch nee dle valve and t o  a common wat e r  
supply. The manifold and emerge ncy gates were not incorporated in 
the smaller model because of its minute siz e  and because of  t he pre­
liminary natu re of t he t ests . It had not been incorporat ed in the 
1 :  20 model on ace ount of t he high c ost of construct i on. As a re­
sult , a model on a scale of 1 :  60 (plate 15 ) was constructed nncl 
tested in t he !ort Collins lab orat 01-y to study the effect of the 
manif old and emergency gates on tho flow conditions .  

The most sat isfactory set-up derived from the 1 :  20 model 
tests was f i rst stu died  ( plate 16 ) and ind icat ions were t hat ir11-
pr ovement could be accomplished by further ad justment of the hori­
z ont al and vertical angles . As a result , the following c omb inat i on 
of valve positi ons vms rec OnL"Tlended as n. f inal design ( plate 1 7 ) , 

Dist o.nco of Valve .Angle in Relat i on 
Center Line Sp acing t o  Tunnel Cent ers 
of Emergency of 

Valve Gates  Above Eme rgency 
l\fumbo r Tunnel Inve rt Gates Hori z ont al Vert ie al 

1 and 6 25  feet 16 feet 90 30 ' 0
0 

00 1 

2 and 5 25 feet 16 feet 20 30 1 20 3 0 1 

3 and 4 2 5  feet 16 feet 10 30 1 20 50 ' 

The vert ical angle indicates an u pward t ilt of  the v alve s. 
It was recommended that a be veled washer be inserted between the 
inlet fl ange of t he needle valve and t he flange of the condu it lin·­
ing to  provide f or t he adjustment of t he vert ical and horiz ont al 
angles. 

In evolv ing t he c orrect posit i on of the tunnel-plug outlet 
needle valves f rom a hydraulic st a..."'ldpoint , it was necessary t o  con­
sider the me chanical limit at ions of any proposed arrangement . In 
the original design, all of the needle valves were level , in the 
same plane v.d.t h their cent er lines 30 feet above the invert and 
5 feet above t he center line of the 50-foot tunnel , and spaced vri th 
a dist ance of 16  feet between cent er lines of t he emergency gates. 

The distance of 1 6  feet between center  lines of eme rgency 
gates wlis the minimum because of t he mechanical d iff icult ies of 
assembly. In cert ain  test s ,  very good hydraulic condit i ons in t he 
tunnel were obt ained with t he outer valves inclined d ownward , but 
that was obj ect i onable on account of t he lifting react i on conditi ons, 
and in t he recommended design practically the srun.e hydraulic action 
was obt ained by inclining tho center valves UF,'fard , t he re by eliminat­
ing t he obj ect i onable react ion .  
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E ,  Tunne l - Plug Needle Valve Operating Progr� 

Since t here w ill be a total of t we lve needle v alve s in 
the tunne l-plug outlet s  in tunnel 2 (Nevada) and tunnel 3 ( Ari z ona) , 
:i.t was b e l ieved t o  b e  des ir abl e to  determine the best procedure :i..n  
openi ng thos e valve s to  obt ain tho mo st s at i sfactory ·f low cond it ions. 

The good flow conditi ons  in t ho 1 :  20 model w ith t wo and 
four cent e r  valve s discharging (plate 13E and F )  ·were chocked on 
the 1 : 60 model  ( pl ate 18B ,  C ,  and D ) .  The fir st  comb inat i on was 
st ill s at i sf actory, but the s econd was too turbulent , and t he com­
b inat ion of valves 1 ,  3, 4 ,  and 6 ope rat :i.ng t ogether w as t r ied and 
found to  be bette r .  

Cther combinat i on s  were studied  and the following order 
of ope rat j ng; t ho noo dl e  valves  in tho tunnel-plug out let s i s  sug­
gested (the valve s in e ach outJ.ot are numbered as s hown on f igure 60) : 

a. One tunnel-plug out let  only in ope rat ion : 

b. 

1. Open two cont er val-,.re s ( 9  and 10) 
2 .  Open two out s ide valve s ( 7  and 1 2 ) 
3 ,  Open other two v alves (8 and 11 ) 

Both t unnel-plug outlets in oper ation :  
1. Open two center valve s on Nevada s ide 
2. Open t wo center valve s on Arizona s i de 
3 .  Open two out s ide v alve s on Nevada s ide 

( N- 9  and N- 10) 
( A-9  and A- 10 ) 
(N- 7 and j\T_- 12) 

4 .  Open two out s ide valves on Arizona. s i de ( A- 7 and A- 12) 
5 ,  Open two remaining valves on Nevada s ide ( N- 8  a:>1.d N- 11)  
6 .  Open  two rem aining vo.l ve s on Ar i z ona s i de ( A,- f3 rrnd A-1 1 ) 

The procedure of closing the valves shou ld b e  t he r ever se 
of t h at of opening . 

F. Coeff ic ient �f Di scharge of Needle Valves 

In t he des ign of the ne edle valves for the c anyon-w·a1 1 and 
tunnel-plug out let s ,  tho di sch arge was computed u s ing t ho equat ion 

,vher e, Q == d ischarge qu antity, s e cond-feet 

C == oooff i oient of dischn.rgo 

Az == nominal are a of d i s charge out le t ,  s qu are feet 
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h = pressure he ad immedi atel y above valve ( me asured 1 above cent e r  line ) ,  feet 

V 2 
1 

= he ad on valve duo to  vel ocity of approach , fo o t. 2g 

13 
Equation (1 ) was obt ained from the e quat i on for dis ch::l.rge 

( 3 ) 

13 schoder and Dmvson 1 1Hydraulic s 1 1
, pp. 136-139 . 

by applying Bornou i l l :i. 1 s theorem botween tho approach and the out l ot 
sect ion s , in vv-11:i. ch c ase 

and 

or ,  

V 2 

V 2 
1 

- 2r� 

V 2 
2g  (h1 + _l_) 2g 

l 
v2 = ( 2gh + V 2 \2 

1 l 1 

l 
2 

( 4 )  

Since there is a 
ve l ocity,  V2 , is less them 
that 1 os s n coefficient of 

loss botwee n the two points , the actual 
the the oretical ve locity. To correct f or 
discharge, C, must be  appl ied t o  e quation 

( 4 )  
Then , v2 

o.nd , 

? 2 
= C ( 2gh1 + V1 � )  ( 5 )  

( 6 ) 

A value of the coefficient of disc�arge was assume d t o  be  
O .  725  in the design of tho v alve s and a. che ck was made of this 7 aluo 
on tho model of t ho tunnel -plug outlet built on a sc ale of l to 2 0  
at the Mont rose l aborc.tory . 

A me rcu ry manometer was connected above e ach v alve on the 
model  t o  re giste r  t he pressure ho nd. The manometer was re ad simul­
t aneously with t he he ad on the 12-foot sharp- crested supp ressed ·weir 
used t o  me asure tho flow t hrough t ho mod e l. 
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Roprcsento.tive runs for l ow,  me dium , and high he ads were 
se l e c ted  from tests 12 and 14 to de termine the c oefficient of dis-· 
charge , Sinc e the e xperimental n eedle valves were c o nstructed in 
the ful l  open position , the data wil l apply only to that c ond ition . 
The v alu e s  of the c oefficient computed from the runs as shown on 
table IV are pl otted on figure 61. 

T.ABL:i!: IV 

Coe fficient of Discharge f or Need le  Valves Base d on 
Data from J. to  20 Mode l 

Test He ad Al , '½ ·  Ql , 
No. Fee t  Sq . Ft. Sq. Ft . Sc c , -Ft , C 

14- 6 9  1 5 ,254 0 .10083 0 . 0714 9 i. 9052 o . 7328 
12- 6 8  13 . 0l l  0 ,10083 o. on-19  1 . 726 9 0 � 7228 
14- 54 12 . 828  0 01 C083 0 . 07149 1 , 726 9 o. 7266  
12-78  12 . 972 o.1 oos3 o. 07149  1 . 7270 0 , 7236 
14-44 12 , 711 o.1oos 3 o , 07H9 1 , 71 63 0 , 7257 
12-1 1 7 ,243 0 �10083  o�  07149 2. 0291 o . 7337 
14-2 1 7 . 007  0 ,10083 0 , 0'7119 2, 0138 0 , 7334 
12- 56 1 5 .447  0 ,10083 0. 07149 1 , 8950 0 , 7266 
14- 5 9  1 5 , 309 0 ,10083 0 , 07149 1 , 91 60 0 , 734 8  

G ,  Air Demand Tests 

One of the primary prob lems to be studie d on the working 
mode ls o f  the tunne l -plug outle ts was the ne cessity of an air vent 
imme diate ly ab ove the ne edle-valve jets to relie ve any l ow pressure 
in the tunnel which mig;ht deve l op, due t o  the high ve l o city j e ts 
acting as aspirators and withdrawing the air. In f ac t ,  besides tho 
e xcessive c ost of  the init i al inst all ation , the air vents wou l d  be 
ob j e c tionable  due t o  t ho l arge amount of spray or mist formed by the 
high ve l ocity j e ts which would  be c arried out into  the c anyon ne ar 
the powerh ouses and tho h:igh-tens i on electric al f 11c i l itie s. 

The mcde l on a 1 :  20 sc ale at Montrose was c ompl e te ly en­
c l o s e d  and a vent inst al led  which c ould be c ont rol led . With differ­
ent ope rating he ads on the valves , the vacuum c onditions we re dete r­
mine d with tho vent open and with t he vent c l osed . 

With the improved  c ond itions in the 5 0-fo ot tunne l ob­
taine d  by the adjustment of  tho p ositions of the needle  valves,  
a l arge space vms avail ab lo  be twe en the water  surfac e and tho ro of 
of the tunne l to supply tho air needed  to  re pl ac e  that c arried away 
by the j e ts of high vel ocity vmter .  Vi/11en no air was supplied by an 
air vent ,  unde r normal tail-water c onditions, the air in tho tunne l 
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circulated moving dovmstrerun ne ar the water surf ace and upstream near 
the roof of the tunnel . 

The maximum capacity of the Boulder Dam out let works with 
the re servoir at elevo.tion 1 2 2 1 ,4 or the spil lway gates completely 
raised has been estimated at 91 , 000 second-feet for the 24 needle 
valve s and 30, 560 second- feet for the powerhouse operating at f,1 1.l  
capacit y .  A tot al discharge of 121 ,560 second-feet wil l produce a 
t ail wat er at the diversion-tunne l port al s of elevat ion 669 ( fig. 6 2 )  
with tho present conditions of tho river bed . The roof of the tunnel 
at t he port al is elevat ion 676,  so t hat with the possible maximum 
discharge of 1 2 1 ,560 second-feet from the outlet works , there will  
be o. segment of  the tunnel approximately 6 .3  feet high with o. cross­
se ctiono.l area of 143 square feet avail o.ble to rel ieve the l ow pres­
sure cre ated in the tunnel . The proposed air vent was t o  be 10 f eet 
in climneter, or a.11 o.rea of 78 squ are feet. 

It is expected tho.t the river bed below the dam wil l  be 
gradu ally eroded by the cle ar ,v-ater released from the reservoir 
and the loose material carried  downstrerun so that in the futu re the 
t ailwater  at the porto.ls wil l be lovmr than at the present time , 
With this possibilit y  an even l o.rger segment of t he tunnel wil l  be 
available for ventil at ion at a possible maximum discharge. 

The only possibilit y  of a l arger flow in the river, and 
hence higher t ail water , will b e  for the spillways to discharge , 
In such a case, t he necessity of the operation of the tunnel-plug 
outlets wil l no longer exist and t hey can be closed . 

The vacuum c onditions on the 1 : 20 model rel ated to the 
river elevation on the protot ype are shown on f igu re 63 . The curves 
show tha.t a slight vacuum wil l exist for f low conditions in t he river 
u p  t o  7 0 , 000 second- feet regardl ess of the head on t he valves and t he 
inst a.l l at ion of an air vent . The vacuum incre ases quite  rapidly up  
to 130, 000 second-feet , but not sufficientl y  to  be  of  any serious 
consequence. 

A slight increase of vacuum was not e d  w·ith an increase of 
head on the valves, but the amount was so sl ight as to be  negligible . 
The dat a  plotted on figure 63 are from tests on the model using he a.ds 
corresponding to 340 to 475 feet on the prototype . 

The change of t ail water is the control ling f actor in the 
formation of the v acuum, -When the tn.il water is l ow, there is suffi­
cient room above the water surface in t he tunnel for the air to f low 
into  the space a.round the high-velocity jets and repl ace thnt being 
carried away , In that case , the re would b e  very 1 ittle demand for 
air through the vents. AB the 1v-ater reaches an eleva.tion in the 
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tunnel  whe re the space above is consi derably diminishe d , e ithe r  one 
of two things wi ll oc,cur . If no air vent is provided,  the amount 
of the' vacuum wi ll b e  rapidly incre ased and the ve loc ity of the in­
bound air w i l l  b e  inc re ased ,  or, if an air vent is provided , the 
demand for air will  b e  suppl ied by it and the v acuum will not be 
inore asod . I n  the f irst c ase , as the air space in the tunnel de­
cro n.scs, t he vacuum will incre ase b e cause the amciunt of ne cessary 
air c annot be  suppl ied fast e nough. This condition will c ont inue 
unt il t he tunne l is  complete ly filled  at the e nd. 

As previously menti oned ,  there are two mov ements of a ir 
flow in the tunne l .  The b oundn.ry l ayer adj acent t o  the w ater sur­
f ac e  will be mov ing in the same dire c tion a.s the water and at t he 
same or sl ightly less ve locity , whilo tho air ne ar the roof of the 
tunnel will t rave l at a lowe r veloc ity in the opposite dire ction . 
The outward flow w ill be the last to disappe ar as the w ater sur­
f ac e  approache s the tunnel roof at tho portal, sinc e t he veloc i ty 
of t he water is high and wou ld  t end to draw the air out r at her than 
let  it in . As a. result , t he air d emand on the vents would re ac h  a 
maximum just before the water re ache d the top of the tunne l .  As 
the tunnel is comple tely fill e d ,  t he velocity of t he wat er will be  
de c re ased and there would b e  a result ing de cre ase in  t he v acuum. 
This t heory w as ac tu ally subst anti ated by model observat ions. Tho 
most d angerous point then is vvhon the t ailwater is at or very near 
to t he top of the tunnel. 

Inasmuch as the present state of knowledge of the behavior 
of mod els in conne ction with t he de ve lopment of � vacuum and its 
re su l tant e ffe cts is as yet not suffic iently de ve loped to be abso­
lu tely certain, it was decided  to f orm the junction of t he air tun­
nel in t he conc rete lining so that should a remote contingency arise 
that the air tunnels did prove to b e  ne cessary , they cou ld be con­
structed without d ifficulty and at no gre n.ter cost thru1 the original 
inst all n.t ion. 

2 ,  NEEDLE VALVE AND EMERGENCY GATE MODEL 

During the course of experiments on the 1 :  6 0  model in  
the Fort Collins l aboratory , the effect was studie d of  c losing the 
par adox eme rgen cy g ate s with the needle v alves completely open. I t  
was d i scovered that when the pn.r adox gates were ne arly closed ,  a 
surg ing of the j ets from t he needle valves occurre d , as shown on 
pl ate 18A. 

To further study this phenomenon , one of the nee dle -valves 
uso d  on the Montrose 1 :  20 mode l of the tunne-plug out l e t  was mounted 
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in  its rel at ive position with a model of an emergency g ate and suf­
f ic ien t  length of approach pipe. 

The su rg ing or pulsat ion on the 1 :  20 model was ve ry sii,n- ,., 
l ar to that encounte red on the 1 :  60 model and is shown somewhat in / / 
detail on plate 19. These photographs d isclose only inst antaneous/ 
conditions. Actually ,  the jet osc ill ated with a fairly def i nite ( 
cycle in  a ve rtic al pl nne , and the results were best re corded bY, -
motion p i ctures. 

Operat ion of the emergency gate without the needle valve 
in pl ace showed that the stre am of h igh-veloc ity water expanded and 
completely f illed the end of the pipe . Criti c al e xaminat i or. d is­
closed lovv- veloci ty are as on e ach s ide and a h igh-veloc ity are a in 
the c enter su ch that with the needle valve in pl ace , a body of water 
would colle ct in the l ow-velocity pockets and be carr · Ed out by the 
hi gh-velocity jet , c ausing surges or pulsations,  '.At ar opening of 
approximately 15 percent of the _parn.dox g ate , t' is surging caused a 
vibrat i on of the entire mode l which  could b,e/felt distu..nc tly at the 
end of the 20-foot approac h p ipe , 

\ ' 
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VII . CHANNEL CONDITIONS IN RIVER BELOW BOULDER DAM: 

l I RIVER MODEL 

A. Introduction 

In the G arly stages of design of the Boulder :Cam with its  
various appurtenan t  structures, it  was felt that a scale model of the 
r iver channel below the proposed site would be of value in de termin­
ing the effect of the d ischarges from the powerhou se s ,  the canyon­
wall ou tlets , the tunnel-plug outlet s  �nd the s p illway tunnels on the 
wate r surf ace elevations in front of the power houses and hence the 
e ffect on the operat i ng head of t he turb ines. 

Unfortunatel y, the urgency for other more det ailed stud ie s  
and the lack of space i n  tho hydraul ic l aboratory made i t  necessary 
to postpone those studie s  until the de s ign and construction had pro­
gre ssed to  such an extent that major changes were not poss ible . It 
is bel ievo d ,  however , that sufficient information of value to the 
operating staff w as gained to justify tho e xpense of the studies. 
The results so obtained are being pre sen ted with this in view. 

B. Apparatus 

The model (fig . 64 ) on a scale r at io of 1 :  15 0 was con­
structe d in the hydraulic laboratory of the Color ado Agricultur al 
Experiment Station , Fort Collins, Color ado. The outlet works were 
constructed in  detail , except that the d ischarge from the powe rhouse 
,vas introduced thr ou gh a 90-degree V-notch we ir placed between the 
u pstream end of the powerhouses. Diaphragm or ifices were inst alled 
in the condu its leading to the canyon-wall and tunnel-plug outlets 
for me asuring the water through thoso structures, while 90-degree, 
V-not ch we ir s were so placed as to d ischarge into t he models of the 
s ide-channel spillways , ther eby introducing the correct qu antitie s at 
the correct heads , 

The d iaphragm or if ices and the V-notch we irs wore calibrated 
in place by compar ison with the mas ter 90-degree . V-notch we ir in the 
me asu r ing channel . 

The topography of the r iver bed ( plate 20 )  was constructed 
in d eta.il by the u s o  of galvanized iron cut to conform to tho cross · 
section s of tho river and f astened in the w ooden tank hold ing the 
model. The spa.co between the cros s  sections was filled with dmnp sand 
to v,ithin an inch or two of the top of the met al and tho remainder 
of tho · space wo.s f illed wi th concrete , into whi ch the configuration 
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of the r iver bed was det ailed by hand, util izing the metal c ros s 
sec tions as  gu ides and the detail topography sheets as  refe rences . 
The bottom of the channel was f i ll ed with s and to c onform to the 
elevation of the movable r iver bed. Stop-logs adjustable in height 
were p laced at the lower end of the channel to hold the bed mater i al 
to any g iven ele vation ,  and a regulator cons i s ting of f ixed and mov� 
able v ane s was cons tructed at the lower end to r egulate the elovn­
tion of the water s urface to any predete rmined elevation. Between 
tho s top-logs and the regul ator , n s and box was built t o  trap the 
maj ority of the s and eroded from the river bed to prevent its be ing 
c arriod  into the laboratory r o e  ir culating s ys tem. 

Tvrn gn.ging s tations were installed on the model for regu­
lating the river flow and me asuring the slope of the water surf ace,  
Ono , kno,vn as  the uppe r s e ction, was installed to me asure thu eleva­
tion of the wnt0r  surface  dir ec tly ups treom from tho point at whi c h  
the jet s fr om the c anyon wall out lots will impinge on the r iver bank, 
while the other s tn.tion ,. known n.s the lower sec tion , was loc ated 
suffic iently far below the porto.ls of tho s pillway tunnels to o.void 
interference from the tunne l j o ts , 

C ,  Rive r Condit :;_ons for Flow Combino.tions 

During the c ourse of these experiment s ,  the flow dato. and 
conditi ons of the r iver bed we re recorded by three different methods :  

( 1 )  Point gage readings were  made at the s to.tions above and 
below the outl e t  work s to re cord the effe ct of the anti c ipo.tecl 1 1o je c ­
tor I I  act ion produced  by the outle t works d i s charging into the r iver 
at an angle. These data  have been consolidated o.nd to.bulated in 
t able V where any flow combination and its action c an be determined 
at a glance. The data  in the columns entitled , 1 1 Ris·e and Drop " have 
been plotted on f igure 65 agains t  the total flow in the river for any 
s pe c if i c  run .  Three conditions of  tail water elevation were u sed ,  
nmnely : normal , 1 0  fee t below normal , and 2 0  feet below normal . In  
all of  the se te sts , the l ower go.ging s t ation was us ed as  a control 
n.nd tho gage height for ·ttny given d is c hn.rge was that obtained from 
tho rating curve ( f ig. 66) . : constru cted from gagings made pri or to 
tho st art of the cons tru ction . Thn.t d i s charge-elevation relationship 
i s  referred to as 1 1normul 1 1 • 

( 2 )  Pictorial obser vation s  vrero made with still and motion 
picture e quipment of the conditions for o ach typic al flow combination . 
A portion of tho still pictures hn_ve b00n included as plate s 2 1  to 
3 2 ,  inclus ive, to b ettor illustri:tto the rs sults . 
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Run 1Locat1on 
tf0. or 

Outlet.a 

Ari zone 
l 

NeTada 

Ari zone. 
2 

NeTade 

Arizona 
3 

NeTeda 

Arizona • 
Nevada 

Arizona 
5 

NeTade 

Arizona 
5 

Ne't'8da 

Arizona 
8 

Ne't'ad.a 

Arizona 
9 

Ne't'adn 

Arizona 
10 

Ne't'ada 

Arizona 
11 

Ne't'ada 

Arizona 
12 

Neveda 

Arizona 
13 

Nevada 

Arizona 
14 

Ne't'ada 

Arizona 
15 

Na-Tada 

A.rizona 
16 

Ne't'ada 

Arizona 
17 

Nevada 

Arizona 
18 

Nevada 

Arizona 
19 

Nevada 

Ari zone 
20 

Neve.do 

� 

RELATIONSHIP OP ELEVATION OP WA�Ea SURFACE TO DISCHARGE 'Ml'lll DIFPERKNT OVI'LR'l' WORKS OPERATING COMBINATIONS .IS Dl!'l'Enl!INJID ON 1 :150 MODKL OP CHANNEL OF RIVl!R Bl!LOI BOULDER DAI.I 

DI:CCHAl1GE SECOl!D-FEET ELEVATION OP WATER , lli'ACE JN fiIVER 
Ce.nyon Tunnel UPPER SECTION TD'<ER SECTION 

Power Well Plugs Spillway Total Normal 10 -reet 20 Feet Riee Drop Normal 10 Feet 20 Feet 

House Outlets Below Below Below Below 
Normal Normal Nonne.l Normal 

Run Location nISCRARGE SECOND-FEET 4TION OF WATER !:l!RFACE JN RIVER 
No. of Canyon Tunnel UPPER SECTJON LOWF.R SECT! ON 

Outlets Power Well Plup;s Spillway Total Normal 10 Feet 20 Feet Rise Drop Nonnal 10 Feet 20 P'eet 
Houee Outlet a Below Below Below Relow . Nonnal Normal Normal Normal 

21 ,000 23,000 200,000 708.47 19.26 727. 73 

15,000 503, 000 698.95 19.23 718.18 

21 ,000 23,000 200,000 690.23 19.77 110.00 

Arizona 0 23,000 200,000 6Q0, 72 2.19 699.00 
21 15,000 261,000 681.37 0.99 oea.64 

�evade 0 23,000 0 670.66 2.34 673.00 

0 23,000 200,000 704.22 18.66 722.88 

15,000 461,000 693 . 71 18.99 712. 70 

0 23 , 000 200,000 676.67 24.54 701 .21 

Arizona 0 0 200,000 683.96 1.eo 685.76 
22 15,000 215, 000 674.86 0.75 675.61 

NeTada 0 0 0 664 .23 1 . 53 665. 76 

0 0 200,000 694. 75 17.46 712.21 
15,000 •U5 , 000 677.17 23.13 700.30 

0 0 200, 000 667.71 21.99 689 . 70 

Arizona 21,000 0 200,000 686.02 5,19 691 .21 
23 15,000 257,000 679.66 2.70 682.36 

NeTada 21,000 0 a 665.29 6.21 671.50 

21,000 0 200, 000 702.98 18.54 721.52 
15,000 457,000 689.81 20.49 710.30 

21,000 0 200,000 678.88 23.·40 702.28 

Arizona 21,000 23,000 100, 000 679.15 4 ,68 683.83 
24 15,000 200,000 661,60 11.79 673.39 

NeTadB 21,000 23,000 0 650.61 12.72 663.33 

21 , 000 23,000 0 662. 74 •.oe 666.82 
15,000 103,000 652.18 3.99 656.17 

21,000 23,000 0 649,30 0.21 54g.09 

Arizona 0 23,000 100, 000 669.,H 7.26 676.67 
25 15,000 161, 000 655,98 10.23 666.21 

Nevede: 0 23, 000 0 656.23 10.83 667 ,06 

0 23,000 0 655,64 2.88 658.22 
15, 000 61 ,000 647.g2 0.87 648.79 

0 23,000 0 643.50 4.38 639,12 

Ariroca 0 0 100,000 663.51 4 .98 668.49 
26 15,000 115,000 649.56 e.91 658.53 

Nevada 0 0 0 637 .02 11.01 648.03 

21,000 0 0 655.37 2.13 657 .50 
Hi,000 57,000 648.78 o.75 M8.03 

21,000 0 0 645.87 8.07 637 .so 

Arizona 21, 000 0 100,000 666.91 9 .00 675.n 
27 15,000 157, 000 657 .40 7.65 665.05 

Nevada 21 , 000 0 0 647 .55 e.19 655. 74 

10,500 0 0 652.92 0.57 553.49 
15,000 36,000 645.82 2.19 643, 63 

10,500 0 0 639 . 76 8.58 631.18 

Arizona 21, 000 23,000 0 671.92 11.75 683.68 
28 15,000 203,000 661.B5 12.12 673.97 

Nevada 21,000 23,000 100, 000 649.73 12.09 661.82 

0 23,00( 0 651.3( 'L4Q 653. 79 
15,000 38,000 637 .39 3.24 M0.63 

0 0 0 637.27 6.09 531.18 

Arizona 0 23,000 0 667.10 9.87 676.97 
29 15,000 161, 000 656.26 10.41 666.67 

Nevada 0 23, 000 100,000 644.68 11,94 r-�r . 62 

0 0 0 652.3� 2.01 654,<0 l1rizona 0 u 0 658.9B 9.51 008.49 
15,000 38,000 645.30 1.77 643.63 

0 23,000 0 642.31 8.52 633. 79 
30 15,000 115,000 64-7.22 11.31 658.53 

NeTada 0 0 100,000 636.72 10.86 647.58 

21,000 23,000 100, 000 686.67 12.60 699.27 
15,000 303,000 677 .63 12.24 689.87 

21 , 000 23 , 000 100, 000 662.87 16.53 679.•lO 

Arizona 21,000 0 0 664.0Q 11.82 675.91 
31 15, 000 157,000 653.37 12.29 665.61 

Nevada 21 , 000 0 100, 000 643.37 12.81 656.18 

0 23 , 000 100,000 681.42 11.01 692.43 Arizona 21,000 23,000 0 682.26 15.71 598.Q7 
15,000 261, 000 660.13 16.23 682 ,36 

0 23, 00( 100,000 653.23 19.77 673.00 
32 15,000 303,000 666.25 21..93 688,18 

NeTada 21, 000 23 , 000 200,000 655.55 24.15 679. 70 

0 0 100,000 671.84 13.77 685.61 Arizona 0 23 , 000 0 674.10 18.33 692.43 
15f000 215,000 661.15 14.91 676.06 

0 0 100,000 651.09 14.52 665.61 
33 15,000 261 , 000 662.12 20.97 683.09 

Nevada a 23 , 000 200, 000 649.57 23.52 673.09 

21,000 0 100, 000 679.92 12.36 692.28 Arizona 0 0 0 665.13 19.62 684 .75 
15, 000 257,000 664.72 17.19 681 .91 3<o 15 , 000 215, 000 · 654.11 22,26 676.37 

21,000 0 100,000 655.59 16.32 671.91 Nevada 0 0 200,000 640.16 25.74 665.90 

21,000 23, 000 200, 000 698.84 14.55 713.39 Arizona 21,000 0 0 669.97 22.47 692.42 
15,000 403,000 684 ,19 18.84 703.03 35 15, 000 257,000 658.90 23.16 682.06 

21,000 23,000 100, 000 677.33 17.22 694 .55 Nevada 21 , 000 0 200, 000 645.87 26.34 672.21 

0 23,000 200, 000 694 ,65 12.63 707.28 Arizona 21 ,ooo 23,000 100,000 694 .15 19.68 713,83 
15,000 361,000 682 .38 15,12 697.50 

0 23, 000 100,000 665.10 15.93 681 ,30 
36 15,000 403_. ooo 683.99 19.65 703.64 

Nevada 21 ,000 23 ,000 200,000 673.34 21 .03 694 .37 

0 0 200,000 687 .86 12.60 ?00.46 Arizona 0 23, 000 100,000 689.50 18.00 707 .50 
15, 000 315,000 676. 78 13.68 690.46 37 15,000 361, 000 677. 79 19.86 697.65 

0 0 100, 000 668.32 12.1B 680.50 Nevada 0 23 , 000 200, 000 683.94 23.94 se7 .es 

21,000 0 200,000 697 .25 9.87 707 .12 Arizona 0 0 100, 000 680.91 20.61 701.52 
15,000 357 , ooo 680.64 15.69 696.33 38 t5,000 315, 000 669.00 �0.97 689.97 

21,000 0 100, 000 671.52 15.60 687 .12 Nevada 0 0 200,000 656.35 23.70 680.05 

21, 000 23,000 200,000 690. 72 8.28 69 9.00 Ari zone 21,000 0 100,000 686.50 20.70 707 .20 
15 ,000 303,000 681.65 6.99 688.64 

21,000 23, 000 0 675.31 4.24 679.55 
39 15,000 3?7,000 673.10 23.70 696.80 

Nevada 21 , 000 0 200,000 661.Zl 2fi.26 6fl6.67 
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(3 ) Visu o.l observo.tions were m ade by the o bse rver o.nd recorded 
in the form of notes on o n.ch run. Tho se den.l primo.rily with the er o­
sion in the r iver bed nnd with the flow c onditions in t he river . 
They have been digested n.nd condensed f or the sn.ke of brevity o.nd 
n.ro inc luded in this discussion n.s tn.bl e VI .  These d ntn. n.re so lf­
exp l M at ory nnd cross-referenced to t he pl n.tes. 

In n.nalyzing the results of the point gage observat i ons n.s 
shown on tn.ble V, they were divided int o threo cl asses:  

(a) Equal inf l ow f r om both sides o f  river ( runs 1 t o  9 ,  and 
12 t o  15 , i�clusive ). 

(b ) Ln.rger qu ant ity of  vmter f r om t he Arizona side of the 
r iver (run 10 n.nd runs 16 to 2 7 ,  inclu sive ) .  

( c )  Larger qu antit y of ,·mter  from t he Novn.da side of the 
river (run 11 o.nd runs 28 to 3 9 ,  inc lu sive) . 

The d n.t n. fr om the first c l n.ss were pl otted (fig. 65)  with 
al l t hr o e  conditions of tn.il 1-.uter ; name ly, norm al ,  10 feet bel ow 
normn.l , n.nd 20 feet bel ow normal c Curves were dr awn through e n.ch 
gr oup .  The d ata fr om the ot her cl asse s were then added for  c ompar a­
tive purpose s. 

In t able V, the d ata are presented in the o rder in which 
they wore o_ctu o.l ly taken , while in tc,.blo VI , they ho.ve been rearranged 
in tho orde r of inc re asing tot al fl ow in the river bel ow tho outlet 
works t o  n.l l ow c omparison of tho e ffects of n. simil ar fl ow from either 
or both s ides of the river . 

D. C onclusions 

It was e xpectod , nnd the e xpectation has since been justi­
fied , that ret rogression wou ld occur suc h  thn.t t he movable material 
in t ho river b od wou ld be transp orted downs tre am and o_ new dis charge­
olovo.tion rel ationship wou ld resu l t .  In s tudying the effect of this 
retr ogre ssion as j_ndic atod on the 1 : 150 model , it wo.s only p ossible , 
with tho inf ormo.t i on o.vr-,il ablo , to  m ove t he rating curve d own as a 
unit 10 and 20 feet ,  res pectively, pre serving its original shape. 
Actual ly, the r ating cu rve for a condition of retr ogression of 20 
feet may have a slightly different char acteristic shape, depending 
u pon the c ross section of the noner odible material in the river bed. 
Furthermore, there are two variables at w ork which have a tendency 
to c ounter act each other and effect the t ail-water rel at ionship 
curve. As the r iver retr ogresses, the sl ope wil l  dec rease and t he 
vel ocity in the c ross sections wil l  decrease for a given qu antity . 
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TABLE VI 
Sheet 1 of 8 

CHANNEL CONDITIONS IN RIVER BED BELOW BOULDER Dill 

�un Location ,__ __ �D�I_S_C�HA_R_G�E_S_E_C�O_N�D-_FEE_T __ �---< 
INo . of Canyon Tunnel 

Outlets Power rlall Plug Spillway 
House Valves Valves 

Ari zona 10,500 
9 15 ,000 

Nevada 10,500 

0 

0 

0 

0 

Total FLOII' COirnITIONS IN RIVEt1 BED 

( a) Flow in river was very �uiet with three 
36 ,000 upstream valves on Nevada side and three downstream 

valves on Arizona side discharging. Sand was _ __. ____ ...,_ __ _._ ___ ....__ __ __.,__ ___ _._ __ ----1eroded where j ets  impinge . 

Arizona 
10 15 , 000 

Nevada 

PLA·rz 21 

0 23,000 

0 0 

0 

0 

( b) The velocity was increased a.nd sa.nd bar 
flattened and washed farther downstream. 

( c l  The velocity was further increased a.nd sane 
washed farther downstream. Some sand was moving 
all along the river bed. More was moving at narrow 
point below the Arizona spillway exit .  

( a) Flow in river was smooth. A slight return 
38 , 000 flow occurs upstream from the hrizona tunnel plug 

stream a.nd there was slight eros ion where stream 1-�------'------+---_._ __ _, ____ __,_ __ ----t entered river bed. 

Ari zona 
�l 15 ,000 

Nevada 

PLATE 22 

0 0 

0 23 ,00C 

0 

0 

( b ) The stream tended to flow along the 
Arizona bank and form a decided whirl along the 
Nevada bank: .  The sand was washed farther down­
stream and the erosion was greater. 

( c l  The flow and erosion increased and sand 
was washed along the river from tunnel plug down­
stream. 

l a) Flow in the river was smooth. Stream 
38 ,OO.O from tunnel plug hi ts Nevada bank: abo'\fe the end of 

Nevada spillway tunnel cut . The water was de-
_ __. ____ ...,_ __ _._ ___ ....__ __ _,_ ____ __._ ___ flect ed into the river a.nd eroded considerably. 

PLATE 22 

Ari zona 21 ,000 
8 15 ,000 

l'.evada 21 ,000 

Arizona 
6 15 ,000 

Nevada 

0 

0 

0 

0 

23 ,000 

23 ,000 

0 

0 

0 

0 

A sand bar was formed below the Arizona spillway 
exit .  

l b )  Velocity increased and more sand was 
piled across  the river below the Arizona spill­
way exit . 

( c l Velocity increased and sand bar was 
flattened and washed downstream. Sand was washed 
from the Arizona spillway exit on down the river .  

l a) Flow condit ions very smooth except where 
57 ,000 jets hit river. Slight erosion occured and sand 

piled downstream from where jets  impinged. 

( b )  Sand was spread and washed farther 
downstream. 

l e )  Sand was washed down to the spillway exit 
on the Arizona side. 

l a) Flow in river was very smooth , a hydraulic 
61 ,000 j ump formed .at the exit of the Nevada tunnel and 

about 75 feet downstream from exit of Arizona 
1-�-----'-----'----..,___------,-L-------'-------; tunnel . Sand erosion was slight below the tunnel 

PL.hTE 23 plug exits.  Slight whirl formed upstream from 
junction of tunnel plug streams . Erosion occured 
opposite Arizona spillway exit.  

( b )  Sand erosion increased and a sand bar was 
formed across the stream below Ari zona spillway 
exit . Flow conditions were practically the same 
except the hydraulic jump had moved downstream 
slightly on the Nevada side and a.bout 75 feet on 
the Arizona side . 

l e ) The sand bar was washed downstream beyond 
the i':&!ing station. 
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!ABLE VI 
en, .... + 2 nf A 

CHANNEL OONDITIONS IN RIVER BRD BELOw BOULDER DAM 

liWl Location t----'D""I
r';

S
;,.::
OH;;:;:IAR==G"'E

;:;,,,;;:
S;.;::E""OO"'>N;:+-�.a.lF.;;;;D=!r"--"T"""---t 

No. of �n Tulmel 
Outlets Power Wall Plug Spillway Total FI.OW OOHDITIOl�S IN RIVER :Sim 

Bouse Valves Valves 

Arizona 21 ,000 23 ,000 
5 15 ,000 

tlevada 21 ,000 23 ,000 

0 

0 

( a) Flow in river 11&8 ver,- smooth. 'l'he h,-draulic 
103 ,000 jump from tunnel plug wa.s at the exit of the tunnels . 

The sand erosion b,- the tunnel plug streams wa.a very 
1-----'----._ __ _._ __ __._ __ ---'-----'----, slight . A bar of sand was thrown across the river 

PLATJ!: 24 

Arizona 0 0 

0 
26 15 ,000 

Nevada. 0 

Arizona O 0 

0 
30 15 ,000 

Nevada 0 

Arizona 21 ,000 0 
27 15 ,000 

Nevada 

Arizona 
31  15, 000 

lievada 

21 ,000 0 

21 ,000 0 

21 ,000 0 

do�stream from the caeyon wall j ets .  'l'he sand bar 
started about 225 feet below the downstream valve on 
Arizona aide and continued about 300 feet downstream. 

( b )  Flow conditions become a little rough and the 
sand bar below the ca.eyon wall valves was flattened 
and moved downstream nearly to the tunnel plug exits .  
The tunnel plug streams eroded the river bed 
slightly. Hydraulic jump was just outside tunnels .  

( c )  The sand bar below the ca.eyon wall valves was 
washed still farther downstream. 'l'he streams from 
the tWlD.81 plugs eroded considerable and a sand bar 
was thrown across the stream a.bout 750 feet down­
stream on the Nevada side and a.bout 150. feet on the 
Arizona side .  

100 ,000 ( a) Flow upstream from spillway exit was very 

0 

0 

100 , 000 

100, 000 

0 

0 

100,000 

115 , 000 smooth. 

115 , 000 

157 ,000 

157 ,000 

( b )  Hydraulic jump was downstream from portal . 
ilow below spillway exits was a little rough. Sand 
bar was washed to a point below lower gaging station. 

( c )  Velocity of power house discharge increased. 
Spillway stream impinged on projecting point on 
Nevada side . 'l'he stream was split and two whirls 
were formed, one on the upstream side near the center 
of the stream and the other on the downstre11111 side 
along the Arizona shore .  'l'he sand bar below the 
lower gaging station was completely washed down­
stream. 

( a) Similar to conditions in Run 29-b. 

( b )  Similar to conditions in Run 29-c . 

( c )  Flow was fairly rapid , more erosion occurred 
and sand was washed full width of river ped down­
stream from spillway exits . 

( a) Similar to conditions in Run 25-a. 

( b ) Similar to conditions in Run 25-b. 

( c l  Similar to conditions in Run 25-c . 

( a) Similar to conditions in Run 29-a. 

l b ) Simi' ar to �onditiona in Run 29-b. 

( c ,  Sand washed downstream from the caeyon wall 
valves and formed a bar across the Nevada tunnel plug 
exit . 'l'he return flow on the Arizona aide with the 
lower tailwater washed sand into the Arizona spill­
way exit . 
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Cllfu�NEL CONDITIONS IN RIVER BED BELOW BOULDER DAM 

TABLE VI 
Sheet 3 of  8 

a,m Location t-_-=DTIS�CHA--=-_H�G�E-=-S_EC_O�N�D-..--F_EE'l' __ ..,.... __ --t 
�o. ot C&D1'0n Tunnel 

Outlets Power «all Plug Spillway 
House Valves Valves 

Arizona 23 , 000 100, 000 

Total FLOW CONDITIONS IN RIVER BED 

25 15 , 000 
0 

0 

( a) Flow conditiona were very quiet and similar 
161 , 000 to R,m 24-a, except flow through the tunnel plugs was 

more noticeable .  Nevada 

Arizona 0 

23 ,000 

23 ,000 

0 

0 

l b )  Similar to conditions in Run 24-c . Hydraulic 
J ump was outside of twmel plug portals .  

( c ) Flow from Neve.da tunnel plug hit wall of  cut 
and deflected into river. Hydraulic J wnp was below 
the tunnel exit . Flow below the spillway exits was 
a little rough. Sand bar was washed mostly below 
the lower gaging station. The stream from the 
Arizona. spillway slipped off into the river . 

�9 15 ,000 
( a) Similar to conditions in R,m 28 , except the 

161 ,000 tunnel plug flow was a little more noticeable. 
Nevada 

Arizona 
24 

Nevada 

0 23 ,000 100 , 000 

21 , 000 23 , 000 100 ,000 
15 , 000 

21 , 000 23 , 000 0 

( b ) Flow was nearly the same except more rapid. 
Spillway stream did not climb wall of  cut as high as 
with normal tailwater. Hydraulic J ump moved out of 
the tunnel plug exits .  

( c )  Velocity was increased and spillway stream 
hits wall of cut and was deflected across the river , 
striking the Ari zona side J ust below the spillway 
exit . Spillway stream climbed wall of cut very 
slightly and hydraulic j umps from tunnel plugs moved 
out into the stream. Sand bar was flattened and 
washed farther downstream. 

( a) Flow conditions were quiet above the spillway 
203 , 000 exits . Flow from the tunnel plugs was slightly not­

iceable . The stream from the Arizona spillway flowed 
_ _._ ___ __..__ __ _._ __ _._ __ ___._ ___ ___._ ___ -1 acroas the river to the proj ecting point on the 

Arizona 
15 ,000 

Nevada 

PLATE 25 

21 ,000 23 ,000 0 

Hevada side . There was a return flow along the 
Nevada aide above the stream and on the Arizona aide 
below the stream. The sand bar near the lower gaging 
station was not quite so far downstream. 

( b l  Flow was a little more rough and very rapid 
through the tunnel plugs . Erosion was slightly more 
with the sand bar washed J ust a little more parallel 
with the Arizona bank. 

( c )  Hydraulic J umps were at the tunnel plug 
portals . Impingement of spillway on proj ection very 
severe . 

( al Flow conditions were the beat obtained by any 
203 ,000 combination of spillways discharging. Flow from the 

21 ,000 23 ,000 100 ,000 tunnel plugs was noticeable. Stream from Nevada 
_ _._ ___ ___. ___ ..__ __ ......... __ _._ ___ _._ ___ .... spillway shot along cut and climbed wall almost to 

PLATE 26 Elevation 750 but flowed into and down the center of 
the river . Erosion was very slight compared with 
other runs . There was a very slight return flow 
along each bank below the tunnel exits . 

( b ) Velocity and roughness was increased. Hyd­
raulic jump was inside of the tunnel plug portals .  
The stream from the Nevada spillway rose higher on 
the wall of the cut .  Erosion slightly increased with 
a sand bar being formed upstream from the lower gag­
ing station. 

( c l Hydraulic J ump moved below tunnel plug exits . 
Spillway stream did not climb wall as high . Erosion 
was slightly increased. 
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Run LocaUon 
No . of 

Outlets 

Arizona 
14 

Nevada 

Ari zona 
22 

,,evada 

Arizona 
34 

Nevada 

( 
Arizona 

ll5 
Nevada 

Arizona 
23 

!Nevada 

Arizona 
35 

J�evada 

Arizona 
21 

�,evada 

'.\r-- ) 

TABLE VI 
Sheet 4 of 8 

CHANNEL CONDITIONS IN RIVER BED BKI,O� BOULDER DAM 

DISCHARGE SECOND-FEET 
Canyon Tunnel 

Power Wall Plug Spillway Total FLOW CONDITIONS IN RIVER BED 
House Valves Valves 

0 0 100 ,000 ( al Similar to conditions in Run 12-a. The r-
15, 000 215 ,000 turn flow along the Nevada b&lllt was a little more 

0 0 100 ,000 noticeable and the hydraulic Jump was at the exit of 
each spillway tunnel . 

( b l The hydraulic jump moved about 75 feet from 
the exit of the Arizona spillway tunnel and slightly 
outside of the Nevada tunnel . 

( c l  The hydraulic J ump moved out into the stream 
on the Arizona s ide and about 150 feet downstream 
from the exit of the tunnel on the Nevada side. 

0 0 200,000 ( a) Similar to conditions in .aun 20-b. 
15 , 000 215 , 000 

0 0 0 ( b l Similar to conditions in Run 20-c . 

( c )  Arizona spillway stream shot across the river 
and climbed to Elevation 750 . "i,'hirl upstream became 
smaller. Flow downstream was very rapid. 

0 0 0 ( al Similar to conditions in aun 33-b. 
15 , 000 215 , 000 

0 0 200 , 000 ( b l Similar to conditions in Run 33-c . 

( c l Flow from spillway hit wall of cut and was 
deflected across the river where it impinged on the 
Arizona b&lllt near the spillway exit . 

21 ,000 0 100,000 ( al Similar to conditions in Run 12-a. Hydraulic 
15 , 000 257 , 000 Jump was slightly inside of the spillway tunnels . 

21 , 000 0 100 ,000 Nevada tunnel plug submerged occasionally. Arizona 
tunnel plug exit was never completely submerged. 

(bl Hydraulic J ump moved 75 feet downstream on 
the Arizona side and slightly below the tunnel exit 
on the l�evada aide . 

( c l Hydraulic J ump moves about 150 feet from the 
end of the Arizona spillway tunnel and about 75 feet 
downstream on the Nevada s ide. 

21 ,000 0 200 ,000 ( a) Similar to conditions in Run 20-b. 
15 , 000 1257 ,000 

21 ,000 0 0 ( b l Similar to conditions in Ru.n 20-c . 

( c l Similar to conditions in Run 22-c . 

21 ,000 0 0 ( al Similar to conditions in Ru.n 32-a. 
15 ,000 257 , 000 

21 ,000 0 200 ,000 ( b l Similar to conditions in Ru.n 33-b. 

( c l Similar to conditions in Run 33-c , except the 
canyon wall valves wash sand along each bank and a 
sand bar ia formed below the exit to the Nevada 
tunnel plug. Sand ia not washed so far downstream 
on the Ari zona side .  Flow from the canyon wall 
valves ia slightly faster on the Nevada side due to 
the unbalanced flow from the spillways . 

0 23 ,000 200,000 ( al Similar to conditions in Run 20-a. 
15 , 000 261 , 000 

0 23 ,000 0 ( b l Similar to conditions in Run 20-b . 

( c l Similar to conditions in Run 20-c, except flow 
t;trough the tunnel plugs is more noticeable . 

45-D-10155 



( - ' 

CHANNEL CONDITIONS IN RIVER BED BELOW BOULDER DAM 

'PABLB VI 
Sh-t: 5 .. � 8 

Run Location ___ D_IS�CHAR __ o_E�S_E_O_O_N�D-_F_-_i_· _�-----t 
No. of I C&D70n 'l'Wlll8l 

Outlets Power Wall Plug Spillw&,7 Total FLOW CONDITIONS IN RIVER BED 
Rouse Valves Valves 

Arizona 0 23 ,000 100 ,000 l a) Similar to conditiona in iiun 12-a. Flow from 
13 15 , 000 261 ,000 tunnel plug exits was 'noticeable. 

Nevada 

Arizona 
33 

Nevada 
15 ,000 

0 

0 

0 

23 ,000 100,000 

23,000 0 

23,000 2_00,000 

{b )  Similar to conditions in Run 12-b. llydraulie 
jump is slightly ·outaide of the Nevada apillwa.7 
tunnel and about 50 feet below the Arizona spillway 
exit. 

le )  Hydraulic jumps move out of all the tunnels . 
now is quite rapid from apillwa.7 exits on down the 
river. The hydraulic J ump from the Arizona apillwa.7 
moved out into the river. 

l a) Similar to conditions in Run 32-a, except the 
261 ,000 flow from the tunnel plugs was more noticeable be­

cause of slightly lower tailwater .  
_ ___..__ ___ _._ __ _._ __ __._ __ _..__ ___ .__ __ --t 

( b )  Hydraulic jump is at the exit of the Arizona 
tunnel plug and slightly inside the tunnel on the 
Nevada tunnel plug portal . 

l e )  Hydraulic jump from tunnel plug moved almost 
into the river . Stream from Nevada spillway did not 
climb as high on the wall of the cut. Sand was 
W&Shed the entire width 6f the river and downstream 
into the tailwater regulator box. A more decided 
whirl was formed on the upstream side of the spill­
way j et .  

Arizona 21 ,000 23 ,000 100 ,000 ( a) Pl.ow above spillway streams W&S very quiet . 
12 15 , 000 303 ,000 Spillway streams meet in center of river and direct-

Nevada 21 ,000 23 1 000 100 ,000 ly out from Arizona exit . Streams from Nevada aide 
_ ___..__ ___ _._ __ _._ __ .....,_ __ ___, _________ -l climb wall of out to about Elevation 750.  rlhirl is  

Arizona 
20 15 ,000 

Nevada 

PLATE 27 noticeable on Nevada side above the point where 
Arizona stream hits Nevada wall. A sand bar was 
thrown across the river. There was considerable 
erosion where streams meet , more so along the Nevada 
wall .  Tunnel plugs were completely submerged .  

21 ,000 23 ,000 200 ,000 

l b )  Sand is washed farther downstream and more 
parallel to Arizona bank. Hydraulic J ump was illSide 
Nevada tunnel and just outside Arizona tunnel . 
Tunnel plugs still submerged. 

l e )  Sand bar was washed farther downstream. Flow 
from tunnel plugs was noticeable. Upper end of sand 
bar remained about the same . 

{ a) Flow above spillway exits was very smooth. 
303 ,000 The stream from the Arizona spillway shot across the 

21 ,000 23 ,000 0 river , impinged on the proj ecting point on the 
--'-------�--....... --�----'------tNevada side and a large return flow formed which 

PLATE 28 eroded at the lower end of the Nevada spillway cut . 
Considerable erosion occurred under the spillway 
stream. A bar of sand was thrown across to the 
Nevada side about 600 feet downstream. There was a 
return flow downstream from spillwa.7 stream and on 
the Arizona side . 

( b ) Flow from tunnel plugs was slightly 
noticeable. 

( c )  Erosion was greater and the sand bar near the 
lower gaging station was flattened. Tunnel plug 
flows were slightly noticeable. 
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OHANNBL OONDI'l'IONS IN RIVBR BKD BELOW BOULDER DAM 

Ihm Loc&tion
t---�D

i"
IS

:-
CH=A;;:;RG;;;;.E

T:-
S;..;;;E;..;;;CO..;.N

="'
D-
r--'

F..;;;EE'l'=-""T'"'-----t 
No. ot C�n 'l'umutl 

Outlets Power Wall Plug SpillW&,7 'lotal PLOW OONDI'l'IOl-JS IN RIVER BED 

Houae Valves Valves 

Arizona 21 .,000 23 .,000 0 ( a) Flow conditions were aa aatiaf'acto17 aa in 
32 15 .,000 303,000 RWl 28 , being HJ:7 smooth above the apillW&,7 stream. 

Nevada 21 , 000 23 ,000 200,000 now from the tWI.Jl8l plugs was slightly noticeable • 
.__..._ ___ 1--__ ..__ _ _,_..._ __ ...._ ___ .....__ __ --1 stream. from spillway climbed wall to nevation 750 

PLATE 29 and was def'lec�d into the ri var but flowed more 
along the Nevada bank than in .aun 28 . A whirl was 
f'01'1119d on the upstream aide of the spillway stream 
opposite the Arizona spillway exit .  'l'here was con­
siderable erosion and a sand bar was formed clear 
across , starting directly opposite the Arizona 
spillway exit and continuing doWJlltream and across 
to the Nevada aide about 300 feet below the gaging 
station. A small amount of sand was washed in the 
exit of the Arizona spillway twmel . 

Arizona 0 
18 15 , 000 

Nevada 0 

0 

0 

( b) Not much change in flow conditions , except 
fer being a 11 ttle more rapid and rough. now from 
the tWI.Jlel plugs was not noticeable. Sand was 
washed farther downstream. 

( c) Hydraulic Jump W&8 in the exit of' the tunnel 
plugs . Spillway stream did not olimb so high on the 
wall of' the cut . Flow was much more rapid and rough 
Sand waa washed the entire width of the river and 
almost into the tailwater control box. 

200 .,000 ( a) now above the spillway exits was ve17 quiet . 
315 .,000 A whirl upstream from spillway streams piled sand 

100,000 in front of the tWI.Jlel plug exit . 
II--JL.----JL.---L---.L---.L---------1 

Arizona 
38 15 .,000 

0 

Nevada 0 

0 

0 

:Arizona 21 ,000 0 
19 15 .,000 

Nevada 21 ,000 0 

!Arizona 21 ,000 0 
39 15 , 000 

!Nevada 21 ,000 0 

100 ,000 

200,000 

200,000 

100 ,000 

100,000 

200,000 

315 .,000 

357 ,000 

357 ,000 

( b )  Arizona spillway stream tended to shoot 
across on river water surface and climb the project­
ing point on the Nevada side .  The a&nd bar above 
the spillway streams was washed a little farther 
qp�tream. 

( c )  Stream. from Nevada spillway climbed wall of 
cut higher than at normal t&ilwater or 10 feet below 
Sand bar above streams was washed nearly to exit of' 
Arizona tW1.nel plug outlet . 

( a) Similar to conditions in Run 37-b. 

( b ) Similar to conditions in Run 37-c. 

( c ) Nevada spillway stream hit wall of' cut and 
waa deflected into the river. It shot into the 
river under the Arizona stream and allowed the 
Arizona stream to shoot across and climb the proj ect 
ing point on the Nevada side. Flow was more rapid 
along the Nevada bank. 'l'he erosion was increased 
and sand wu carried downstream. 

( &) Similar to conditions in Run 16-a. 

( b )  Similar to conditions in Run ·l6-b. 

( c )  Similar to conditions in Run 16-c . 

( a) Similar to conditions in Run 37-a. 

( b )  Similar to conditions in Run 37-b . 

( c )  Similar to conditions in Run 37-c . 
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CHANNKL OONDITIONS IN .arvm BBD :sm.ow BOULDER DAM 

Ru Location
1--

_::.D�IS
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CHAR
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No. of �on 'fwmel 
Outlet• Power Wall Plug Spill9&7 'l'otal FLOW OONDITIONS IN lUVER BED 

Rouae V&lYea ValYea 

Ariaona 0 
17 15 , 000 

23 ,000 200,000 

23 ,000 100 ,000 
361 ,000 

( a) Similar to conditions in Run 16-a. 

( bl Similar to conditions in Run 16-b . Neyada 0 

Arizona 0 23 ,000 100,000 

(-c l  The flow becomes very rough &11d the hydraulic 
jump from the Arizona spillwq was in midstream. 
The stream seems to shoot across the river on top of 
the water surface., Rydralll.ic jW11p on the Nevada 
spillway was about 50 feet downstream from the exit . 
The flow from tunnel plugs was very noticeable &11d 
the j ump was at the exit of the tunnels . S&lld piled 
downstream from the Arizona tunnel plug exit was 
waahed nearer· the center of the stream. 

( al Similar to conditions in Run 36-b. 
37 15 , 000 361,000 

Nevada 0 23 ,000 200,000 (b )  Flow from tunnel plugs became noticeable . 
11----IL----.L...---L----L----'--------tspillw&iT Jumps were outside of tunnel exits . 

Arizona 
16 

Nevada 

( c l The sand bar was washed farther downstream 
and flattened. Rydralll.ic J ump was at the tunnel 
plug portals .  

21 ,000 23,000 200,000 ( a) Flow- above the spillway exits was Yery quiet . 
15 ,000 403,000 The velocity ot the NeYada spillway stream wu 

21 ,000 23 ,000 100,000 greatly reduced before it reached the stream from 
1----1------1-----'L---"-------..__---t the Arizona spillw&iT which allowed the Arizona streaa 

PLATE 30 to shoot across the river &11d climb the projection 
on the Nevada side.  Part of the stream flows up­
stream causing a whirl on the Nevada side .  The flow 
wae mostly along the Nevada side below the spillw� 
exits.  Tunnel plugs were completely submerged. 
Erosion at canyon wall Y&lves was very slight . 

Arizona 
36 

l�evada 

( b) Very little change in flow conditions or 
erosion. Bydralll.ic jump outside the Arizona twinel 
&11d inside the Nevada tunnel . Tunnel plugs still 
submerged. 

( c l  The tunnel plug flow was noticeable. Erosion 
down11tream was increased. Arizona spillway eyd­
ralll.ic jWllp wae in the river. The Nevada spillway 
jump was at the tunnel exit. 

21 ,000 23 ,000 100 ,000 ( al Flow was fairly amooth. Arizona spillway 
15 ,000 403 , 000 stream did not shoot across the river and climb the 

21 ,000 23 ,000 200 ,000 projecting point on the Nevada side .  Streams from 
1-----1L-----,.__ __ _._ __ _._ __ _.. ___ __..._ __ -t the spillways met in the center of the river and 

PLATE 31 continued down the river with the water along the 
Nevada b&Dk haYing a slightly higher velocity. 
'l'unnel plugs were completely submerged. The erosion 
was to rook in center of river bed opposite the 
Arizona spillway exit . Sand was piled upstream from 
junction of spillway streams . The sand bar below 
was nearly straight across the stream with the 
Nevada aide extended a little farther downstream. 

( b )  The junction of the spillway streams was such 
that the flow ia more evenly distributed through the 
width of the river.  More erosion occurred down­
stream and the sand bar was carried to about 300 fee1 
below the gaging station where it extended the flll.l 
wtdth of the stream. 

( o )  Flow from the tunnel plugs becomes noticeable.  
More erosion occurred downstream similar to  ( b l . 
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CHANNEL CONDITIONS IN RIVJ!S BED BELOW BOULDER DAM 

TABLE VI 
c,'-e•i: 8 t>f A 

Run Location
t----=DTI�S�CHA=R�G�E;,,,:::

S=E�OO�ND-��PE=E�T_.....,... __ ---4 

No. ot C:�on Tunnel 
Outlets Power Wall Plug Spillway 

House Valves Valves 
Total FI.OW CONDITIONS IN RIVER BED 

Arizona O 0 200,000 ( al Water above tunnel exits was smooth with ex-
3 15 ,000 415 ,000 caption of whirl immediately above spillway streams . 

Nevada, O O 200,000 Ry4raulic Jump was formed at exit of Arizona tunnel • 
.__.__ __ .a.-.&.---_,,_ __ ___. __ __...._ ___ .._ __ --+ Exit ot the Nevada tWlllel was covered and Jump was 

Arizona 21 ,000 0 
4 15 ,000 

Nevada 21 ,000 0 

inside tunnel. Streams met at a point in center of 
river directly opposite Arizona spillway exit. Some 
of the velocity of Nevada stream was dissipated be­
fore it reached the Arizona stream allowing the 
Arizona stream to climb point on Nevada aide .  

( b )  The hydraulic Jump moved t o  the exit o f  the 
Nevada spillway tunnel and downstream from the 
Arizona tunnel. The return flow on the Nevada side 
and upstream from the spillway streams increased. 

( c ) Velocity and flow increased. 

200,000 ( &) Tunnel plug exits were completely submerged. 
457 ,000 Considerable disturbance occurred at the spillway 

200,000 tunnel exits caused by entrained &ir escaping. The 
l---''-----.L-----'-----'-----1-----L------l stream from the Nevada spillway hit the c�on wall 

a short distance below the tunnel exit , climbed 
above Elevation 750 and followed the c�on wall .  
The stream from the Arizona spillway shot across the 
river , met the Nevada stream and impinged on the 
projection on the Nevada aide.  A decided whirl 
occurred on the Arizona side downstream trom the 
streams and directly across from the projection. The 
flow from the c�on wall valves caused a alight 
disturbance above the tunnel plug portals . 

l b )  Roughness below spillway tunnels increased, 
and a decided whirl appeared upstream from point at 
which Arizona spillway stream struck Nevada bank. 
Streams met nearer center of river. Hydraulic Jumps 
tormed slightly above spillway tunnel portals.  

( c )  Hydraulic jump in Nevada spillway tunnel was 
at portal and 75 feet below Arizona exit. 

Arizona o· 23 ,000 200 ,000 

23 ,000 2_00,000 

( a) Similar to conditions in Run 4-&. 
2 15 , 000 

Nevada 0 
461 ,000 

( b )  Similar to conditions in Run 4-b. Flow from ..... __...._ ___ ...__ __ _._ __ _.. __ __..__ ___ .__ __ ---1tunnel plugs was not not iceable . 

Arizona 
l 15 , 000 

Nevada 

21 ,000 23 ,000 200 ,000 

( c )  Similar to conditions in Run 4-c. Flow from 
tunnel plugs was noticeable. 

( &) Water upstream from spillway tunnels was 
503 ,000 fairly smooth except for slight disturbance from 

21 ,000 23 ,000 200,000 c�on wall outlet Jets . A slight whirl formed up-
_ __...._ ___ .__ __ _._ __ _._ __ ___. ___ __...._ ___ atream from spillway streams. Tunnel plug outlets 

PLATE 32 were completely submerged. Surging and bubbling 
occurred &t exit of each spillway tunnel. Sand was 
washed completely away from ·cut on Nevada side to & 
point ' 900 feet downstream. A sand bar was formed 
across  river bed above spillway tunnels and below 
tunnel plugs. A large bar of sand was formed across 
river starting above the gaging station on Arizona 
side and ending on Nevada side about 900 feet down­
stream. A small sand bar was formed across the 
river below the c�on wall valves . 

( b )  Sand erosion occured more quickly and fiow 
below spillway tunnels was rougher. Tunnel plug 
exits were still submerged. 

l e )  Flow condition still rougher. 
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On the othe r hand, as the river retrogre s s e s ,  the cros s - s ect ional 
are a will decre as e with a re sul t ant influe nce on the r e l at ionship.  

As a result of the se  studie s ,  while they can only be con­
s ide red as: qualitative or indicative trend s , it w as def initely shown 
th at ·chere are opera.ting combin ations of the various outlet  works 
which are far superior from t he s tandpoint of incre asing the effec­
tive  head on the turbine s whe n  the load re ache s a point where power 
is at a premium,  and superior f rom the s tandpoint of f low condi tions 
in the channe l ,  particul arly be low the portals  of the s pi llway tunne l s  •. 

Since the re sult s obt ained from the s e  studi e s  can only be  
cons ide red as  re lative and indic at ive and s ince the retrogre s s ion 
of the river bed as a variab l e  make s ab solute re sul t s  on mod els e x­
treme l y  difficult t o  s ecure ,  it is b e l ieved d e s irab l e  that suff ici ent 
gaging station s b e  establi shed in pos i tions downstre am from the power­
hou s e  and the s pil lway outlets  to permit data to b e  col l ected , com­
piled ,  and analyz ed as a definite aid to t he power pl ant ope rat ing 
engineer  in determining the moo t  effective ope rating comb inat ion o 
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