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Denverp Colorado, July 26, 1939. 

MEMORA}TDUM TO MR. K. B. KEENER 
(R. E. Glover, T. I~. Hammett, and C. W. Thomas) 

Subjeot: Report on vibration studies made at Black Canyon Dam, 
Boise project, from E kroh 20, 1939, through Apri] 6, 
1939. 

References: Reference is made to the following memoranda and 
.L 

letters : 

i. Letter to construction engineer, Boise proj- 
ect, ~rch 4, 1939. 

2. ~emoranda to I~. R. E, Glover from T. F. lh~a- 
mort, dated Novemberl4, 1938 and }Tovember 22, 
1938. 

3. )Jemorandum to the Chief Designing Engineer 
from ~,Lr. Glover tu%der date of ~krch 14, 1939, 

4. Memorandum to T. F. Hammett from ~. R, E. 
Glover dated ),~rch 15, :1939. 

1. Introduction, For sometime there has been a pro- 
nounced vibrabion setup at Black Canyon Dam caused by theflut- 

o ert e pil_w~y gates when ter of the nappe of v~ter flowing v h s I~ 
these were held at certain posi;tions with resuect to the lake ele- 
vation. V~ile this vibration has causedno noticeable effect on 
the dam structure, it has caused the doors and windows of the 
power plant and some nearby buildings to shake. 

It was t1~e pu. pose of thls ~rip ~o Black Canyon Dam to 
make as complete an investigation as possible of these vibrations, 
as to frequency, amplitude, the possible influence on the dam 
s t r u c t u r e ,  and  i f  p o s s i b l e  t o  d e t e r r a ~ n e  t h e  cause  a n d  t o  f ~ d  some 
means of preventing the flutter of the nappe. 

wh~chma~ the structure, a condition of resonance maybe obtained " 
causehigh dynamic stresses. 



:Denver,, Colorad0, July26:. 1939. 

~EMORAHDDM TO :MR. ~K. :B. !KEENER 
(R. E. Glover, T. F. Hammer t, and ~C. W. Thomas:) 

Subject: Report on ~ibra~tion stud los made at Black Canyon Dam, ~ 
Boise pro'ject, Trom Mar6h 20, 1939, through Apr'il :8, .: . 
1 9 3 9 .  ~ ... 

References:: Reference is made to :the ~2ollowing memoranda ~and" 
H ,,, ,,,, 

letters~: • 

I, ~etter !to :construction engineer,, :Boise ipr0j- 
oct, I~aroh i~, 1939. 

2. Memoranda to llr. ~R, ~E~ Glover from T~. F,. Ham- 
met, dated Novemberl4, i958:and Ne~mber 22, 
1938. 

3. :~emor~dum to ~ho !Chief ,Designing Engimoer :, 
from _Mr. Glover under d~te of ~arch ~, 1939. 

4. 2~emo randum ~to:,T,. /F. Hammett from ~. R. E. 
=~-~== Glover dated ~arch ~15, i1938. 

,l:. :Introduction. :For  :sometime there has ,been a p r o -  
nounoed ~ibration :set Up'at iBlack :Canyon Dam caused ~by %he flut- 
:ter ~of ithe nappe of-v~ter !i~lowing over the spillvmy gates .when 
these :were ;held :at ~oertain positions v.~th respec~ ,to the :lake ele- 
vation. While this ivibration ihaS: caused no noticeable ef£ect :on 
the dam ~structure, ,it :has ~caused the doors and.-windows of the 

It :was ~he plurp¢ 
make as :complete an inves~ 

once on the dam 
use :and to find some 

It :is ~common, ly known %hat ,although ~the ~amplltude ~of :an 
inducing sinusoida;l i forlce on ~a structure ~may ibe stoat1, if ~he :fro- %: (~ 
quency of this force has ,a ~lue Olose"%o the natura~ frequ~cy ,of 
the structure, a :condition of resonance may be ob'~ainod which may 
cause high dynamic stressed. 



ks ~he proposed designs of the spill~ays at~both Shasta 
and ~Gran~ ~Coulee Dams are ,of the :same %2Pc :as that constructed at 
Bla0k~Oamycm iDam. ,these studies ~may prove of some value in deter- 
mining what allowance mus.t ~be made ,to i prov~ide for this possibili%y 
"in the :design of these ~s.tructures. 

2. Apparatus used. The Lustrt~nents;used in ~his ~study 
were ~designe~ ~ .this ~offiee and in most oases constructed i m  the 
:Bureau,s machine •shop. :~ 

The ?following is a bricf deJ ~f the instruments 
used in ~ma~ing these studios : 

(a,) 0scillograph.,-The oscillograph, which is of ~helDud~el! 
t~pe;was designed for %he purpose of ~6btainin~ a permanen% re Oord 
of t h e  response Of the ~instruments used '~,~_u m a k i n ~  ~the vibration 
studies. This 'instrument deflects ~s 
from a mirror ~moumted on .~he moving ~ Ira- 
:remoter, ~across the Tight sensitive ~surfa~e ~o;f a ,moving film :~ to 
produce/the :record. This oscillograph is provided : w i t h  G elements - 
ranging in sensitivity fzom n bout 3 ,to 6 milliamperes per inch de- 
~flection ~mthe film, and :each ~having a ~ natural ~requen~ ~of about :~ 
200 cycles ,per second ~: with a high degree O' f  d a m  i n  * ' ' 

~(~) ~ocele~ometer~.--These instruments were :designed .to meas- ~ " 

ure acceleratl~asl,in ithe ~dam. Two ~sets of earbon~pi!eswere ~ i 
placed/in ~aoh ~accelerometer unit in such ~a manner ~hat the iner%ia 
forces :set up by ~ der %he action of some 
inducing ; f o . r o e , '  :ac res.ultihg :change in ~ • 
~resis~amce can be ~ph, i~These~ins~zuments 
have a natural Ir~ , :~.~? 
, ~ded ~,wzth ~ozl damplng, . There were ~hree 
i, provldod. These were arranged .to measure .!~ 
rections ~ rso ,direc%ion ~of - 
the ,dam ii~ ~" 
stream), 
all calibrated by .moans of.a :shaking.~abie 
bolov~. ~ 

p~essure ,6el~is \(~') 
• .were ,designed ,to:be -,used ire measure .:the -amplitude :and frequency" 
.:of ,the inducin~ f:orce ,exezbed on ~the ,dam ~by ~the•~ f,lutter io~:i~the ' 
nappe. " .:. .... i • ' ' ":i. ~. 

.~ell 

oiple of a change in ,resistance 

:2 

i 

•! 



~on :a !pile cf carbon ~disks :is employed. The pile of car- 
bon disks was placed ~bene~th :a diaph~gm ~and conmec%ed 
electrically into e.%bridge circu~i%, 'using ithe ,oscillo- 
graph:as a ~ga~ivanometer,-in such ~a manner "~ha~ any 
~change in pressure exerted on the diaphragm could auto- 
mat°ically :be ~recorded. 

(2~) ;MO~in~,coil pressure c ell,-, This instrument 
,'aus designed ~using ~he ~principle that a voltage lie in- 
duced :lira :a ~coTI .wli~'ch :moves ~in a magnetic ~fiel~. ~. 
coil ~was ~fastened ~ r ig'i~ly, ~o a ~'iaphragm ~and ~ arranged 
~0 move ~in!a ~strong :~agnetic field ,set up :by permanen% 
~ma~aets:. Variation fin pressure ,on the i~iaphra'gm causes 
the c0il tc move in t~lis ,magnetic field. Th~,s c0il is 
Connected directly to ~an oscillograph element and .the 
~resulting curren~ ,.that ,flows ~cam ~hus i be aut0mat!cally 
recorded. Th'is :instrument measures a '~r~a%ion['in.pres- 
sure which :~s ,'a function ~of ~he frequency ~and ampl:itude 
of ,the ~inducing for, ceo 

;simhl~anecusly ~from ~a ~single .6-v01t storage battery. - 

~3 C~libration of instruments. Reference is made here 
to ithe ,memorandum tc R. E. Glover of-No, tuber 14, 1938. regarding: ~ 
~,the calibration of ~these ~instruments.o ~ ~ 

The following is ,a ~.br2ef description of~he procedure 
fol!owed and~the results ,obtained in calibratin~ the ~rious iu- 
s~ruments : 

-- 

oscillograph 
pas sing .thro~ 
flection of ± 

iii 

eiement ,of .the 
n% -of curren~ 
~one- inch .de- 

~(b) ~Acceler 
brated by means ,o 
shown, in ~he pict 
is imparted t ccentric mass• 
ThAt s :mass is :re,relying a~ a ~ 
known .speed• disk ;is rigi~y 
fa st erie d .it o .~t PPO rt e d ~on roller s• 
The deflectic ~ s of a scratch 

~ i ~!~ ~ ~ ~ i ~ 

~3 
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celerometer box is iplaced on the ~table and ~a 
~ment of the accelerometer unit is 6b%ained om ~i 
Then, knowing :the deflection of ~he ~able, th 
centric ~weight plus t~e ~weight of ithe. 
accelerometer ibex)~and ithe ~eed o~ th~ 
t r ic weight, t he a ceele rati~ pr Odueed ~ 
iHence the deflection of ~the ~oscillogral i 
an acceleration of O.i gravity can ibe formal. As 
table:oscillates ~in ~but ~one direction ~at :a time, i!! 
~ometer unit "has to be calibrated separate~.iyl. ~To~ iCaiibrate ithe ~ 

o f ~he :table ~vras susT. ,vertical element, ~one ,end ,ende~ ~bv me~s ~Of 
a spring :and ,the casters on the table blook~ 

procedure ~ tin~ the horizontal units. ~ 

aeii .--(im .) Carbo -pile  p ess re  oei .--Zhe 
calibration~of this ;instrument in~olve~ ~simply isubmerg-~ i~ 
,:ing tlie instrument at various depths in v~tcr iwhen" %he 
in:strument ~s ~connected to ~an ~osc~llo~Sraph.eiement. 

Thus no~in~ the deflection produced a~ variOUS depths, ~ 
a curve ~could ibe"~dra~n to Obtain ~the an~untl;oT ~deflec- i 
tion Of the oscillograph ~element ~per 2oot :of:!water. 

(217) The mo~ing-coi~ ~pressure ~cell,.,~In order :~o,~ 
cal:ibrate '~t~is :~instrument ~a sinusoidal ~p res sure ~,i~o s@ ~ ? 
amplitude and f~requency ~re known must ~be ~app2ied ~to i i~ii 
the disk. To appl3 this. 2he shakin~ ~able was sus- ~ ~ ~r 

!.~ calibra%ing ~ 

.was pla .,~ 
the cen .,!: 
in moti 
diaphra 
sinusoidal current: pro dueed :v~as ~reeorded ~:by ~means ~of 
tha ,~osc . . . . . . . . . . . . .  " " 
table, 
the d ia 
bei~compu~ed. 'l?he,eqUivalent+v~ter prlessuze ineoessary 
'~0 p~.oduoe this ~.same..de~lecti6n..,w~s ~.,,~a~l~.Ulated .~and I ,i ~ 
hence the~defl.ec~ion of !.the,~o.sci~!lograDh ~element per 
foot Of.r~ater ::per cycle,~per second .c6uld ~:be found,: : 



,, ,., , _ 

Instrument 

Oscillograph 

Aocelerometer 

, i , . . , . ,  

Carbon.pile pressure cell~ 

Carbon-pile pressure aell~ 

Moving-coil pressure cell: 

, ,  H . i i 

:08:,  'bra ion* 
Element . . . . . . .  

NO. i 

i ~'5.80 m±ll 
, ~ .  

4 

No. I 

:No. 2 

k - 

S.I~V ~',. i ~ ' " ~"~ ',, 

~3,80 '" • " " " 
.• . J ,  

1.71 inches iper.foot of water 
• (osc. elem. No. 41) 

D . 6 0  inch iper foot ~of w a t e  r 
(osc. :elem. N o '  4 )  

\ 

:• • i ̧ ~ ~ 

0,.22 iuch rp.e~' ~f:O0'~ Of  water per 
:~ cycle per Second (oso. elem. 

m 

• No. i 5 )  

~Ii ~ o a l i b r a t i o n s  are given for maximum ~s ensitivit, y of the in- 
strT.ents and oscillo~raph elements as they were adjusted at 
the.. ~time of oalibrationi.! ~The accelerom 
brated at a battery ~roltage ~of 4 volts 

' pressure cell at 2 ~olibsl..~-.~, 
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,, 5. Arrangement ',~Of ~ ap~_aratus and ~me~hod:':OT proceaurej 
The/important data ito ibe ,~ebtained- ..... ..... at :t he, Black ~ Canyon ,Dam ',were: ~ • 

i(a) n a p p a .  

(b) utter- 

~'(6.) ,:~I~.!poSs%ble ~.the:n~tura! .Frequency o"f ~-i6r~tion :.of the . 
~dam i i n  : l h e  itransverse ~ direc~i0n "(up :~ahd ,dmvns~ream).f 

method, ~if,;"po s Sibl'e g ~the :~fiUtter ~o f 

'Hencec~vith the se !~oints ~~in :mind the .instruments ,wer.e 

J .  

~:~ ~The ~photostat :shown ~:on ~he ~foI~iowing~page ~in~ic~es the 
pos i~ion ::o~ -~the '~instruments :~ as s et .np. in ~"~the ~iel~ ~!and ":~he :me~hc~ 
o f  ~ i ~ e n ~ i f y i n g ' t h e i : ~ . ~ a ~ i o u s  ~ p i e r s  , a n d  ~ g ~ , t e s  'by'~numbsrSL.' ~iThes'e n u m -  

b e r s  corre spend ~t o .the, method .of ~identi~icati on". use~d ~ a~ ~,~he power 
pl~uto , ~ . . . .  ~ : ? : 

G 

e 

:Since ~I! ~hree ~ gates :in the ispiliway ~sys,tem iare :iiden. 
~itica!, and ':~for i all :practical ourp0 ses ~ tlle /~lutter Lwas ~lar :on 
• all !!.gates, '~that./:ga%e:,.which ~o~idbe most ieasily,operate~d,and :co~t~. " 
trolled ,was ~chosen ~..to ~be- Us~ !for ~mak~g.%he Studies :of :,the i.£1({t- 

~op of-the No 

"The 
.-of 

direct 
~ rea'dingtYPo ~gage ,~s eta_ iz the ,gate 
and ithe lake arc' ,:given in ,fe~t,abovc, elovati'0n 2400.00 foot,. " 

.,.. :, 
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~he ~carbon-pile :pressure cell was ,rigidly f~stemed with. ,~ 
screws :to a lholding ~pla~e .designed ~to :be bolted to the under side 

'-" t . . . . . . . . . . .  • ' • w ~ " ~  ~' el he over~g~ug lip on the drum gate. This hold~u~ ~late 's~.;:~:, 

then ~fas'tened ',lmj means :of :a bolt ~placed in,an unnsed 
in ~the Skin ip!ate .~formiug the .overhangin~ l!ip o£ No.. 

/!' 

% 

• The mo~d_ng- c oil ~pres sure. c oli .was fa~tened 'in a very 
,slmil~r .manner %o No. i drum .gate abou~ ,16 feet ~im from ip~or )No. i. 

The accelerometer box, containing .the ~hree: aceelerom- 
e , t e r  u n , i t s . :  ~ a s  p ! a o e d  i i n s i h l e  o f  : , p i e r  : N o .  2 . o n  ~ c h e  , s e c o n d " l a n d i n g  

uz~u~on~., : ~ o . : - ~  ~elemen~ longi~uc~nal ~.~across stream') vibrat'ions, 
,and .No~ 3 element :the ~transverse i~U p and downstream) vibralions. 
Leads ~Trom ',this =were brought down ~ o :the 'th ird landiug i to the 
oscillograph ibex. . 

as set up in the :f~ield. 

6.. Method of procedure .... Measurement ~0f :~lutt6~ and~ : 
darnaccelerations. Each :instrument ~s ~connected ,to an ,oscillo- 
~graph.'eY~'e~t in the fol~!~,ing manner: ~ 

0so. Elem.-iNc. " 
- - - - -  , . 

~ • I 
• 2 

. ~ , ~ ,  

~ o c e l e r  ) 

iMo.ving- co .il ~pressure .,cel~l 

• Hence ~No~ 5 and No. 6 elem 
corded' the amplitude and freq-~oncy ~o, 
~.over the gate, ~the ~Nos, ~I, 2, :and4 ions 

': : ~n ~the idam, ..and ~.the ~}Io, :3 el~e~ent the ioutp~t~ Item :a ~tming ~ork ~used 
as ;a timing ~w~ve . . . .  - ' ~  

ig 

r 

.i', ~ . . / . . 'S" . v " . . . " 
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the lake previously ~set ~t ~some pazticular elevat±on, the iNo, 2 
and No, :3 ~ates Were ~set a% p0si%ions to '~keep the ~lake a%a fair- 
ly :constant :elevation Tor any one run. 

The,No. i gate ~was.~th~n ~Iowered end ~the, :lake.:elevation 
• checked "by the gate, gage. '~When the crest. Of'-the~gate 'v~s ~exa:ct].y 
t ol~ke elevatxon, it~was ~foun~ that thms elevation ~s .read by -the 

gate ga~e ~di~ inot check the :lake :gage. ~It v~s ~a.l,so Tcund .~that the 
~ate ,~age did :not rea~ ~the ~same :when %he ~gate iwas ,belug ,lowered ~s 
when iit,was .being ~raise~° :Hence in ord0r ,to get a che0k on %h~s 
difference ,.and in order :to i make a correctiau ~on the i~te !elevation, 
it-w~s checked :as closely,as possible ~ith the ~lake ~eleva%ion ias 

'!1 ~: 

%he gate:was :changed. 

Thus a~ter obtaining %he .,lake elevation ,by the .crest of 
the gate. ~he igate was ~lowered slowly ~until the fi~rst flutter of 
the :nappe~was i peroeptible ~and could be :seen ~on %he ground :glass -of 
the oscillograph. THis ~v~as determined ~by the Ltwo ,pressur~e :cel~Is - 
located on the lip of "the ~igate. ~s ~it ~was difficult ~to :stop ,the 
gate :exaotlyat this :point. it v~s a l~lowed to ~:coas% to ~,'a stop :and 
:a ~remord taken. The gate elevation .at 'the start ~of Whe flu~ter 
and~at the points where ~a :record was ~aken:vms recorde~. After a 

.Tl~is ~ point was recorded ~d the~ate~v~s then Iowe~ed ~a ~oouple 
of ::feet to make :sure .no 'further flutter would occur ~and ~also .to 
take the slack.out of :the ,gate ~gage ~before :reversing ~the ~direction 
of motion, LWith t~e gate coming ~p :~he elevations at :~the i star~ 

der to get another check 
:the end of each run~ the "~lake gage was a~ain recorded. - 

The accelerometer units were ~conneoted at all times dur- 

!the pressure cel is. 

The picture shown ~on the ~following pa~e is ,a ~typical os- 
cillogram obtained :from :one-point in:such a ~run. 

7. ~Somo gener~l ~remarks on ithe pro0edure f011owed .and 
the  the  bo o  proco- 
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dure  'was ~fOI1 erred ; fo r  , e a c h r u n . :  ~One ~rtm ~was ,,made ~at . each  , o f  , the ° 
following ~lake ,~e~ieva~ions: 

I f  I f  ~ l l  

~ l l  : f !  " I f  

- | t  ~ l l  I |  

I f  I f  I f  

~90.;I2 

" ~. 91;.72 
'191, 8 0  

92,'60 

93 .69  " 
94.'50 

It ~will be ,noted :that-some very nearly :':dupl:icate :runs 
were .made. ,This ~is because ~some~runs were :spoiled By ~such ~l%~lugs 
~as wave action ,on the ~lake, wind :on the Set o . . . . . . .  ,, r?~beeause ~he slack 
in the ,gate ~was not taken:care ~of properly,. ~Hence mome ,duplicate 
runs ~were made at ~approximately the ,:same flake ~ele~ation in ,order 

~r~bO get a ,cheek at~these points. 

~It ,was ~fotmd ineoesse.ry ire increase ~%he s e n s i t i v i t y _ : O f  • 
the/ins~ruments :somewhat !in order/to ge~li, reasonable d e f i e c % i o n s  
Of the oscillograph elements. THis ~was ,~one ~bY 
i battery voltage ;appYied ~o the ibri~ge circuit o~ 

/~ 'r ,. 

. r" 

L f/ 

Due •to the cool temperature of ~he :air it•was :foun~ ~ha% ~i~i~ 
the!accelerometer'units were:over'~dampe~d. ;i:That.:is, the ~.visc.osity " ?:~ 
of ~the ~oil ~inthe ,damping pots was increased.at ,,these ~iowi-~mper~ 
:atures ~to the extent ~that ~he ~units becm~e-~ery,sluggish, ~Henoe 
ithe -a d ~ustment ~on ,thee e 'dampiug~pot s'v~S changed .to, give ~)i es S :~ ' 'i 
,damping. ~The ~natural dampin~ of %he ~instr~aents ~were ' .recorded at : i~ ,';ii 
~frequent !imtervais ~by ~genbly tapping the :.accelerometer !box ~and Ob- ~ .... 
:t~iniug ithe i-resul~ing .~ibra~iOn ,Of ithe inst~ents onL:the ioseilic- 
:graph film. ..i! 

~Although ~the-pressure cells :seemed<~sens&tive ~enough ~to 
Of ~the-.flutter ~.of 

slight ~tha~ ~the 
~o~t  "~11 :most ~casos,. 
ounced ~ibration 
ra. These ~vibra- 

tions ~apparently .were ,not ,caused ~bY ~the flutter ~of ~bhe nappe ,as 
they~were--not of the same •frequency and often ~oocurred ,,when ~no 



i!. 

-flutter,il,was ipresent' CalcuIs.~t'im).S, based on ':the canbration of 
wathese/instruments, ............ Sh~withat~~the max~umiacoelera~%ion 0b.~vAd ...... ~' 
, s not :gre~%er :than ~'0.~008 .gravi'ty, - .-. c . .. 

~l'though runswere made,:.over :~lake elevat'i0ns ranging : 
Tree ~abcut 89;00 to 94.00 :this .did ~not cover the.,.,~enti.re '..range -over 
.which" flutter ::apparently~,.occu.rs. ,However, this ~range ,.of lake ele- ~ :~ 
vations 'was i:imited by :the ~water requirements ~of 'the .powerhouse ii 
~:and ::irrigat~ion system .which :had to -operate :as normal~y :a's poss°i- 
ble..~Ithough ,raising the lake ~o ,a~ elevation of ',94.00 :had...li't- ~ 
.tle effect ,on the operation.:of the power plant :and i.rrigation :sys- 
tem, itwas found,unnecessary .to .~o .beyond this ~oint-as ~h~ ,~,a 
mugs indzcated that the flutter would 'cease entirely ~at-:%hms point, 
regardless :of ithe ,position-of the .gate,. :i 

~t the lower lake ~ele~ation the .readLmgs ~still :showed .,a '~, 
slight :range ,'of lake :elevations over which flutter wo.vld probably 
occur, ~bmt on :extrap01~:ting %he,curves :it co.uld be :seen that ,the " : 
flutterwould 'probably ~cease at:a :lake .elevation of ~about ~86,50. 
~feet. !Hence, :it ~v~s .felt that ~by .obtaining ~he !. r, uns between '89...00 , 
~and 94.00, ~,data coulE ibe ~0bta~ined to.give sufficient: ~nforma~ion "r I':~'~ 
,abou~ ithe :!flutter .over the..!fUll range iat :~whioh !:it occurs. F :Since 
i'd lake elevation-.of :89.00 •interfered to some :extent :~wi,th normal 
operatim~ o ...... • : onditzons, .~t ~was decmde~ not ,.to go ~belew .this elevation. 

. ! 

8 .  Method of'rprooedure in ,atte~ptin~ to ob~in..the. -ii 
natural:!frequenc~ and-~damp ~u~ -of ~the ~dam In the ,transve~Ir.ec- 
tion. ' ~Ith0ugh it is possible to mak'e a .rough ~calct~ation of the ! 
~ i  transverse :~frequency of ~a: dam of ,this size :and shape.. :ithe .i 
calculations !become .somewhat involved :and might give :,somewhat un- !I 
,certain~res.ults because of probable errors in,a= nee, 
to .:obtain this figure, as well. as the degree of 
.prove,.of great value in.determining the.effect of.the £1utter on 
the,:dam .structure as,~,well as to .check computations that might ~be 

:A method of striking the ~d~ 
-resulting ,natural osoillationwas art, 
:cords were .obtained ,of .the movement o: 
:caused bY blasts of dynamite :.s et offr~ 
.dam. .These shot .......... -- .... 
crew o f  workmen 
Fisheries <at .~he 
south abutment o 
when ,they were ~.abo 
to !time the :shot s 

a 

Of- 

,ignals 
......... lograph 

- $ 

l O  . . . . .  . . . .  
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frequency was desired and the 'shdt ~011owed: the ilongitudinal axis 
~o£ 'the dam, :second, the Trequeno~es O~taine~'were ~so close to ~he 
natural frequency :of :the ii~us%numents .themselves ~.tha% it .was diffi' 
'cult ~.to tel~" ~whe~herii0r not :%he record ~udioa%ed ~he frequency of 
the structure. :~s a~: ,good :part of the force ~of :these !blasts ~tra~ele~ 
through the :air, :it is possible it~m.t :~the !res~'t~g concuss zon .may 
have actually acted on the aooelerometer-box ;i~Self causing~:~he 
ins%.r~ents :to give erroneous results :rather ithan ,actual~ly~picking 
~up ~Wibrations ,through the :dam. These :~lasts coul~ ibe ~elt i,v0ry 
distinctly :and the panel of th6 -oscillograph ~box could ~be :seen ,~o 
t t ~ 3  ~ - ~  ~ ' . ' 1  ~ - - t . ~ . ~  . . . . .  . ~  _ _  ,~  . . . . . . . .  

/i 

L 

:c, 

I Ienoe an ~ttempt va~s made :to eliminate any of ,these pos- 
'sible errors,, iPermission v~s obtained ire shoot off some ~dynami% e 
in %he :reservoir. This would strike :a blow on,the dam ,whidh would 
be in the :r'ight direction, and still iwould not be allowed .to travel 
through %he air to give any ,erroneous resul.ts. In order ,.to 'be 
more certain :of striking ~he :i~irst mode of v~braticn of the ~dam, 
• ~the !Blas~s ~were set o£f ~about !800 feet ~upstream l~zom ,the dam. 
:Severa,1 ,attempts :were :necessary ~bef0re~a reasonable deflection of 
%he 'accelerometer units could be !obtaine~.i ~s i~the accelerometor ':~' 

movem~'~v~.s_.~n~creased/unt, ~l.'the 'records~.:showed .a ~o~ small 
....... '~,-',,nu ~u~rumen~s. i~ was ~felt that .no possible damage i 

to the :dam could i,rosul.t. Two records were :f'inaliy :~ob%ained :when 
it was To~d that 7 sticks of No. 30 powder placed at ;a depth • of i 
abou.t 12 feet, 1800 feet upstream Trom the d~m gave 'a reasonable 
deflection. ' ..... 

^ 9. Procedure followed in an atte ~-~ ~ ......... ~-.- 
- -  ~ i ~  ,uu ~ . ~ ' ¢ ~ . V ( d Z l l ;  '~LLU~el 

o r : n a p p e . .  ,From general obs~v~tions n ' f  ~ m , , * - ~ - -  ~ - ~  -; ' . -~ ':'" " - " 
zt seemed tha ~ . ppe _ t the lcglcal cause of ,the fluths~.-~ . ~'~..~ 

3 

:wel I as .at ,the ends. 

A 6 - b "  8 - "  " " ' ~- . . . . . . .  ~ . n c h  l o g ,  6 f e e ~  t o n  . w a s  r ' , g fas.tened ,to .the 
middle of ~a ope slung ~bet~veen No, ,l and No. ;2 :piers, :if!The ,log 
was lowered in ~such a 'manner that i% . . . . . .  

,stream. The No. 1 gate v~s ~then Iowe 
was about 3 ~inches ~of water o~er ~the re 
flutter ~was !present. The ed 

-% 

ii 
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~et were<taken both t h e  f o r e  
s, a s eoond tri~!, the ~,log 

of the :,dis~ cer :ibet~ee~ r :~ "%h~ 
:2 ~piez. .Here :ag~~u .,rec 0rds ~and photographs",Were i~.~kon to. ishow 
the effect ,of ~aerating ~the /jet. . . 

IO. ~Photographs .and...,m_ovin ~ DiCtures :~ta~. - I u  the 
!hopes ,of igettin~:a clearer conception ~of~the :character of the 
flutter :~of ~the mappe :and ,also.,!to iTac±T±tate :!in -m~king ~urther 
studies ~ef its ,action, several iphOtographs and moving ipio~ures 
~were itaken. The :fel!owin~ is :an r OUtli1!e of %he pictures ,taken 
a t  ~Black Oanyon :Damz 

(b:) ~ie~s of No. I and ~No, 2 gates while ~flut~er ~s prescott. 
(o!) Views of all ~three gates :fluttering,- No. smdlNo. 12 

gates on!~, .fluttering;- and No. ~'i gate onl~, ~when flut- 
~tering, 

~i(d) Vie~ashowing instruments as sot ~UP for measurements. 
~e) View~of log -breaking jet ~on ~No. ~I :gate :~t ~midpoint , and 

ane-thir~ ~point, 

For :~II movie shots taken thereLwas ~:a ~uplio~te :set Of 
st~ll pictures - : t~en ~at :the same .'.time and place, : ,i~, ~reoor~ ~of 
these .Tilms ~may be :fomzd in the :files .of the !Bureau~'~s i~hydraul~c 
laborato~° 

:~ few of :the photographs:are include~ fat rthls !pOint 
ishowing va~rious ;interestin~ :sho~s of the :f!u~ter ~of ~he :!nappe ~on 
different gates., Some ~of~these show just what takes ~plaoe~when 
more titan one ~gate is down and £1utte r is pressmt ~a ~all the 
gates. 

j 

fQ All osciIlograms and data obtained in the • ~eld ~and 
:computations made are filed im the analySiS :section filea® : i 

ll 
curves 00111 d ii ~ 
the readings 
As ~pointed o 
s~ack~ in ~ the gate i gage an~ \where t~is gage ~v~s ~ehecked ia~aims,t 
the lake gage the i~o did no,t agree. ~iso ~the ~direction of ~he : 
moti~l of ~the E~ How- " , ~  
ever, ~y taking n t o  
~heek ~the gate ~@ fac- 
tors were found~ ~ono ..for ~the ~gate ~.bo~Ing-l.owo.rod and ono for .the.- " 

~satisfaotorily and irosultod in ~obt~ining rather smooth our~os. 
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I n  the following pages curves have been :drawn to show 
; %he ~ariations in,the amplitude and Trequenoy of %he Tlutter for 

various gate and Llake ~elevations. 

From these curves :it can~ e seen that ~i% is oess~blc 
to o~ta~in a ~flu~ter :of ~he nappe !from ~ake e~evations Jran~ing 
• rom~bout 87,00 feet to 94.00 leer. 'The frequency of ::the :flut- 

which the maximum range of Eat, positio~s pro~uc~img flutter :is 
at about 191~00 ~ee/~. 

feet. the range ~over ~which :flutter occurs ~increases up to ~bout 
i 91.00 feet ~and thea~ begins to ~ecrease. //~Iso these same curves 

show that the flow over !the gate when the flutter starts decreases 
:from High lake !.elevations :ihntil at 89,00 :feet ithe flutter starts 

~ii ~ith , a  ~ery thin jet of watdr ,:o ver • ~he E~te. 

The cur~e of pressure exerted ~by the !flutter versus :the 
lake elevation indicates ~hat the i maximu m ipres sure oc curs ~at 
about 92 ~00 feet lake ~ele~ti on. This maximum is about B,7 pounds 

~ perlsquare foot. LFrom ~he ~shapeiof the curve it seems quite Cer- 
~.: :LU ~hat this is the maximum pressure ithat can be e~ec%ed ias .'the 
pressure ~drops off ve~j !rapidl~ as the ?lake elevations iat which no 
flutter will occur are~anoroache~. ~lso !it vtil~l be noticed that 

" the our~e showin~ the :~ato e~evat~on~at wKichimaximumampl:itude 
r ' ' O f t]~e flutter 'occurs versus ~lake 01,ration :lie ~a ~straight line 

andlalmost exactly mithone foot d~ffCrenCel in ~ciov~tion bot~veon 
tho :gato :position and lake elevation. 

f i n d  the -..natural 12. Results obtained i~',in., ~attempt . t o  

ing records might be ~interoreted. Some of the records obtained 
indicate a :frequency o How- 
ever. as this figure ~i .... ,f the 

Some movements '~ of the ~acoeler0meter units recorded idur- 
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indicate that these may be caused i by the natural ~vibrabion of ~the 
dam, They definitely are not related to the flutter of the ~et 
and isome occurred while no Clutter ~as present.' But here ~a~ain, 
the frequency of this vibration is around 25 ~cycles per second 
and • close ~enough to ~the ~natural ~frequency of the instruments to 
be confusinG. Some records ~show a ~arked ibeat note superimposed 
uoona fund~aental vibration v~ich seems to be the natural fre- 
quency of the instruments. Analysis of ~his beat note might~be 
interpreted as a b,,~at between the natural frequencies of the dam 
and instruments, ~iC the dam were vibr~tin~ at ~its natural fre- 
quency. This interprets.t ion would ~ive ~a figure for the ~na~tural 

F " " ° " ~ ' Crequenc~ of the .d~m el a0out 23.8 cycles per second. Some rough 
calculations were made for the natui'al £requeney by asstmCu~g the 
cross ~section of ~the dam to be a wedge-shaped ibeam, ~canti!evered 
at the base. These calculations give ~a frequency of about i2i cy- 
cles per second. Hence, it might be .concluded that the natural 
frequency of the dam~ is Somswfl~ere ,betwncn 20 and P,5 cycles per 
second. 

IS. i~esults of aerating the jet. V~en the :jet is 
aerated at the midpoint bet~een piers as described above and 
shov~ in the accompanying pictures, itbecomes ~apparent £rom 
the oscillogr~ms obtained of the action of the pressure ~cells 
and the oictures obtained ~hat the flutter cease~ almos~ entire, 
ly. In:order to eliminate any possible doubt as to ~whether or 
not the aeration of the jot at ~this poin~ di~ affect the ~flutter, 

' W "  " " the log was removed and ~e Flu'~ber returned ~th the same ~n~en- 
sity as before the log v~s put in olaoe. ~Upon replacing tho~log 
to break the jot, the flutter stopped. ~on the lo~wa~ p!acc~ 
to break the jot at the ono-~hird po'int ~a study of the pictures 
and oscillogr~u.~s obtained sho~vs that thO t~vo-tNiFds portion of 
the jet still continued to flutter while the one-third portion 
had stopped. 

Hence it might be concluded ~ that the cause of ,the flu-b- 
ter is probably a question of air de1~and ibeneath the jet and that 
proper aeration beneath the~jet has ,a ma~e~d effect .in reduc~mg 
or eliminating the flutter. 

14. Possible effect of ~et flutter o11 stresses in the 
Grand Coulee an~Dams. The following e~timates were cal- 
culated bY i~. R.~--T~ o v i d  ,checked by J. Parm~ukian: 

, The max~aum amplitude of the pressure variation ob- 
served beneath the overflowing jet ~t .the Black Canyon diversion 

0%, dam was 8.,7 pounds per square foot, The stresses at ~the base ~ 
the dam due to this pressure appl~ied as a static load on the ver~ 
tical projection of the raised dr~ gate are ,as follows. 

• -d 
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Grand Coulee ~Dsza 0,0285 ~Ib. 

:Shasta~,Dam O)0278 lb.. ' 

The~figure for the'GranG Coulee Dam :~is .for ~elevation 880 °and is 
estimated ~.on the :basis of .~'~ 138-!by %ES-foot drum.gates ~actimg 
on a 800-foot length..:of dam. 'The ~.Shasta -~rum ~gates 'are ,~ll0, ~b 
28-P~.et .but s ~nc e the • drum. gate :c rest 0c cupies : only a ~relative 
,small part.~of :the!total .crest ~length, :.the ~oomputations are.'ba~sed 
upon a tu~it ~length of dam and ~drum. gate. 

The stresses given.above ~il,l 'be increased '~if%he ~pe- 
:tied of jet 'flutter happens to coincide .with.one.of the',hatural 
frequencies-of the dam, '.Under :these.~conditions ~resonance-i.wil:l 
oc cur and the :maximum :ampl:itude :will t hen. depend .upon ithe amount 
of<natural damping ipresent. ' ~ - .... - 

D ata 1 o r  the present c o m p u t a t i o n s  wore .0brained from 
.~mbra ~lon measurem ' -, ' " ~ . " ' :' - o n t s . m a d e  b .  ~ o , U  S C . . . . .  " 

A . . .  . _ , .~ • • cast and Geodetic Su-, . . . .  - 
!.v~ 'on the Baker..~liver Dm,~ .in Washin~hn~ ~,,~ .~----"--~, ~ ,-' ~ r 

..fornia, and ,from ..vibratioh-measurem~nts made .by ,the ,project ,per- 
onnel, on che ->muta 

t" BoulderDam. ~The :.interpreta-. . 
ion. of .the data v: office in all <.casea.. ~The 

<analysis .of the data yields "the follov~inE results: 

:De, no ing 

Baker RiverDam 
Morris Dam 

Boulder intake towers 

I/ISth., c tit ical 
i/gth .critical 
1/10Oth, critical 

-.The factorto.apply to the s~atic ,load stressos:to.~ta~in the 
~maximum stresses under dyn~nic-conditions is.givenby the simple 
formula: " " " 

whore ' 

S m represents %he:~ximum stress under .dynamic,eond~tions 

. S s• .repres. ents .the ..sires s (lue to .the maximum 'force .applied 
as ,a s'tatic ~Ioad . . . . \~ . - . 

n represents ~the .ratio of :.the.aetua~l to .tile .critica'l::~d~mp.. 
in . 
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The critical d~apinG is the :least~amount of damping :required %0 
completely suppress :;khe tendency of the structure %o ose~l;la~eo 
The multipllers eorrespondiz he tBaker River and Morris i~Dams 
and -~the Boulder intake tow.: ng ~rates are ~therefore 8.O, 
4.5, and 50.0. ~respectively, a~d the corresponding stresses are: 

Sz 
Grand Coulee :Dam 0.I15 to ;1.27 lb./in. 2 . 

Shasta Dam ' 0-<124-hn " l : : Z a  lh_l~Z _- 

The upper figure is regarded as beLug improbable. 

In making the above .st!mate, ~ze data obtained r ~ t  ~he 
Black Canyon Dam were used vrithout modification. It is pr0babiei~ 
however, that the maximum pressure fluctuation under {the jet will 
increase' with s~ increase in ~he size of t]~e :gate 
Canyon drum gates are 64 feet long by 14,5 feet ~. ' 
therefore, approximately half as high as %he Grazid ~Coulee and 
Shasta gateS. Any reasonable allowance for this fact.r would, 1 
however, hardly be sufficient ~o ~ :make the ~ibrationTstresses~as- 
sume h~portanee froma st~actural-or stability standpo:iut, - '  

The relation be~;een the ma~:imum pressure and the height 
of the gate and tlne influence of the gate dimensions on %he, flUt' 
ter ;frequency are, as vet, un/;nown andit would, therefore, add 
greatly to the value of the present data if <measurements :on j gates 
of other.d~nensions could be obtained, i; 

The estin~ted natural frequencios for the Grand CoUlee= 
Shasta, and Black Canyon Dams are: - ' 

D8/,~ 

Grand Coulee 

Na%uralFrequency 

4.7 cycles 
:see. 

Shasta ;4,1 ~ cyc!es 
see= 

S . C .  

15. :Some:general remarks ~as to the probable cause of : 
the jet ~lutter as concluded from obse~tion ~de at BlackCan- ~i~:L 
yon Dam and ~various other similar structttres: " -i: 

Although vibration of the o v~rfallLng sheet of~water from 
drum. gates 'and weirs has been noted, :little 'is knovm Ln lreEard. :~:,, 
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~" r The critical ds=nping is the least amount of damping required to 
completely suppress .the tendency ~of %he structure ..to osc±l'late. 
The multipliers corresponding to :the Baker River ~d ~!or~,is Dams 

and the Boulder intsd:e ~ower ~damping rates' are .therefOre 8.0, 
4.5, and ~ 50.0, respectivel3t ~ ~and the corresponding stresse'S"are: 

Grand Coulee !Dam OjlI5 to I~27 .Ib./in~2 

.Siesta Dam 0.12~ to~ 1.38 lb./in. '~ 

The upper figure is regarded-as being &morobable, 

. . . .  In making o the above es~Lmate, t~te "data obtained a~ the 
Black ~Canyon Dam were used v~thout modificati on, It :is or0bable, 
however, that the ~nm-ximtun'pressure fluctuation under"~the--jet will 
increase with an increase In he size of tJ.e gate. The:Black 
Canyon~drum gates are 6 4  ~ '  " ~  . . . . .  " . . . . .  

.therefo re, approzimately 
-Shasta gates. ,/Any tease 
however, hardly be suf~Iclen~ ~o ~ ' " z~ce ~he v~Ibratl, on sire s Ses ~as- 
sume importance from a structural or stability standpoint, 

The relation between the-m~z:imum pressure and the height 
a - * " " • • of the g te and the ~fluence of the ~ate d~nensl n ..... , , g  , ,  ons o the flut- 

~ter frequency are, :as yet, un/~1owm and iti.v~ould, therefore, add 
greatly to the ~alue of the present data if measurements on gates 
of other dimensions could be obtained. 

The est~mted natu~l".f:requencios for the Grand ~Coulee, 
Shasta , and Black Canyon Damsare: 

D~n 'Natural Frequ~ 

Grand Coulee a v cycles 
SeCe 

Shasta 4 . 1  " - .  ~c.yql es 
sec, 

: Black C~lyon 20.] cycles - 

: s e c o  

18. :Some general remarks as to bhe probable c~.use of' 
the jet Tlutter as concluded from observation li~dem at Black C~u- 
yon D~m and various ~ other similar structttres: 

Al.tl~ugh .vibration o f the overfalli_ug .sh.ee~.:of ~,r~.ter 'from 
drum gates and weirs ~has been noted, little is knov~ Jnl regard 
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to the'mechan:ics~:of the phenomenon or the .causes~ Paucity of 
data c~ncernin~ the subject •forbids ,broad conclusions but cer- 
rain deductions m~ybe dravm from the observations that have 
~b e en made: (l') .Til e, r i b  rati ~ on is ~c on fined to 't he~o ver fal lin g 
sheet ,of water ,0niy instance ,Of a structure vibratin~ as 
~a ~result o'f the ~conditiOn has been'repo~tea; ~(~,) the ~bration 
may occur with a number, of combinati ons ~o f drum-gate :iel Ovations 
sa~d heads over ~ ~he Gate:; :(3) the Vibration :is ,caused by an -,in- 
sufficient air supply to theunder side of the jet. 

• ?~ile .tests were being o0ndueted on ,a sectional model of ,.:,, 
the "Grand Coulee :cres~ and ~piers a vibration0f.the jet w~S noted 
at low'£10ws v~enthe gate was raised 86 percent < of its total 

of the~pier. This conclusion ,was very-probably influenced by 
the f~ct that the jet:flowed over the backs ~f the •pie rs•!'when ,~ 
the gates were at high elevations and ,the reservoir level was 

" d normal, thus causing the •region ~under t?~e flow ~O !be seaAe 
from abmospheric pressure as ,can~be noted in the following ~ 
photograph. The overfalling water evacuated :the :air andi~the 
pressure under the jetT~as reduced to the' extent, ~hatii~the flow 
v,~s drawn back against the gate and tl~e/level of~.the v~ter,'i~nn- ~ 
der the jet was raised. The model tests indieated~that some 
prov~smon should be made to admit air t o  the under slae of ~l.e ;~ 
spil~lway ,jets when the ~ates operate inthe upper region of their. .. 
travel. Installation of-air vents in the sides of the piers on 
the model elim~mted ~he vibration and recos~nondations were made 
that such vents be installed :in the prototype6 :(8~e memorand~n 
~o J. E. Warnock by J. W. BaIl~ dated ,July '7. 1988, "Model Stud- - 
ies Concerning the Aeration 02 the Grand ~Coulee Dr~n Gates"~). 

Durin~ the 1957 flood over the spillv~y at 'Norris Dam, vi- 
bration of the jets from all three dr~un gates ',~s nobed for 
se_verai flow conditions. Lu the report '"~Perfor.mance of ~Iorris . 
S~illin~ Basin During 1937 ?iced", h~.r. '~ O. H. Y~ickox states: rela- 
tive ,to the ~-ibration !,For small : discharges up t0;~,6,O00 cubic " 
feet per second, wa~es occurred: on the :iface l of thB spiIlvmy .... . 
The waves appeared ~to be caused by v~bration ,o~ ~he Sheet Of 
water falling over the gate. This vibration of the nappe does 
net show in the photographs but man, be seenclearly in ~hs motion 
~pictures, It was thought the vibration might ~be due to an insuf, 
'ficient supply of,air to the under' side 6f the nappe. :Figure i8 
shows debris lodged on ~he ernest o~ .0f gate I, caus:in~ a" l~rge open- 
.ing in " e.ina pe al .ov g acoes  ofai.rl. 
of the nappe and the ~ormation of waves was not pzeven~ed." : 
Again in ~he .Summary.,, and Conclusions. 0f! ' .the ~sa~e: report, ~.~r. ~! ,- 
Hickox s~ates At low discharges ~s-hd~,v.-lth ~ater:~16w~a~g Over-.bhe ' 
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raised drum gates v~ves exist on the face of the spillway. They 
b . • are caused: y v~brat~on of the nappe as it falls over the gate 

to the •crest of the dam° he v~bration of 
ly not due to a lack of air supply benea%h 
not knovm., '~ The motlon!pictures referred t. 
loaned to this office for review. The vibration of the m jets ovsr 

the drum gates was ver~notioeablo for the iowflows. Thc~data 
con%ained :in the repo~ by Mr. :Hickox show ~hat the Vibratiau co' 
curred when the gates were from 50-,to 70-percent raised and the 
head ~- was be~voon I and 3 foot. F l o w  conditions for %he gate,. 
raised 62,1 percent and~.7.foot head on the gate ~are Shov~acn 
the follovdng page. 

There was a very noticeable vibration of ~he nappe~ from ~he 
"I ' )  _ ' e , / ^ 4 - . . ~  . . . . . . .  _* . . . . . .  _. . . . . . . . . .  

of the jet at all flows, lhe ~ibratisnw~s ~app£rent for h~ads i . . . . .  

from approx~aately one-tenth to tw0-tenths, of a fOOt. For higher 
heads there was no apoarent vibration. .,~'~ The movement ~s conf~n~ed 
to~the jet off,rater flm~:ing over the weir and no st" ......... 
preach channel or vibration of the vertical steel ~ 
forming the weir was noted° !~o measurements of amplitude or fre- 
quency ~are available. 

Engineer J. E. Warnock of this office reports: observing vi_ i ~ 
brationof the nappes from the movable weirs on the crest of a 
dam across Cedar River at Cedar Rapids, lowa,; The crests of 
these weirs were at different elevations. ~ the 
vibration ~v~s observed to~,be I o es~ for ~he ~ great- 
er ihead. In some insta~uces the jet ox~r the weir was separated 
by debris lodged on the crest :but vibration was present ~_u some 
cases ,even with a very short length of free crest. Ph0t0~raphs ! 
of the vibration are sl~vm on the following pa~c~ 

!:i'i 

...... ~ 2/~ ~ ~ A A  ¸ %J~A~ S 

severe, causing much ,noise and vib~ Al~,er 
........ completing pla~s for revision of the d~ the•trouble~vaS elimi_ 

nated by chaining logs to the crest tO break:the jet, thus allow, ~ 
ing aeration of the under side of the nappe. 

While vibration of the nauoe h~s b~n ~h.~v~ ..... ~ 
~ruc~ures as mzscussed ~bove, there have been several s~ilar 

structures from which there has been no report of thi's phenomenon. 
The drum gates at Black CanyonDam= Easton Dam, and Guernsey Dam 
are all 84 feet by 14.5 fee~ zn sllghtly aif£oront se~tt~ngs~ Vi= 
bration of the Jots is evident at :Black CauyonDam for certain 
flows ,but at Easton and Guernsey I~ums there is no report of :vi- 
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FLOW OVER BACK OF PIER - 1:40 MODEL OF 
G}~D COULEE SPII,L%VAY CILF~ST 

D~S~,~GE 0! '~ 2,000 SECOI~-FH, E~ O~R NO~,IS DA~. SPILI~L~Y 
RESE}IVOI]~ ELESTATION i030.4 - GATE C~E~ST ELEVATION 1028.7 

FLXED SPILLWAY CREST F_J.ZVATiON 1020 
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brati0n~at ~any ~ime. ~At Easton iDam ~he ~under side e'f the ~et 
is sealed from :atmmspherie ,pressure Tot :low ~,~lo~s, v~.t}: ~the gate 
completely raised, due ~to ~the ~spread :of ithe ijet ~over ~he ~backs 
of the end piers. ~This :may~be ,seen in the ~acoempanying ~photo- 
graph. 2he Tact that ~water is ~ raised ibet~veen the '~et ian~ the 
drum ga'~e ~shews ~that ~a ~negativo ;pressure exists~iin ~th~t region. : 
The :~ibbed:~appearanco ,of thelupper,surface of 'the jet is :also 
indicative of a :low ~pres sure under the ~nappo, iNo '~ibration of 
the jot has %con :r0pertod~ 
were operated at the into: 

, . t " ' " ' over thu . c r e s t . . H o r o v o r  , ~s'~incO Eas am i s  ~a d i v e r s i o n  dam, ~the 

jets from the :~rum ge.tes ~at<Guerasey 'Da~ has 'been ~reper~odo 
This may again !be duo ~to i ~ operatin~ conditions :!but ~sinee ~he 
~atos •have ~been in operation for o~r ten years it seems logic~l 
that if ~ vibration were ~ pro sent 'it :would 'have beon~reported ~'s one 
time during that period. • 

The drtum gates at ~Norris ~Dam~are 100- v~ " ., - . . . .  ~ ~by!la- f e e ~ a n d  ~the 
jets vibrate, hlle ~at Ma~den Dam no vibration has ibeen reported 
on the I00-by 18-foot ,~dx ;ions at Mad- 
den Dam are such that th~ erated in 
the,zegic~ where vibration'~would occur. Ainegative pressure !un- 
der ~the jet at Madden ~Dam~ ~ am0unti~g to 8 :~in~hes of imercur~, oc- 
curred just as the r i ed  tho  se t  on/i  e 
crest. No other~negative pressure~vas ~reporbed. ~N0 ~vibraticn 
ef ~the jets from the •65-by 8-foot ~drum~&~tes ~at ,Tieton ~Dam has 
been reported. Theunder side ~of :the i~et is sea'led from atmos- 
pheric pressure at ~iow flows wi~h the gate completely :r~ised as 
can be seen in the~ac, condit~on~ 
causes the jets ~to ~st~ at the ~base 
of the ,gates ~res - 
aerated at the 
.but vibration might ,result. 

cate that the ~vibratica ~is Confi~ed ~o the over#!owing 
~ter,and tl~t ~there is n0 vibration of the d 

re~ ion~!be~ween  t h e  idrum g a ~ e  a n d  : the  ~ Q v e r f a l l ~ g . ~ s h e e t  ~Of~water  
i s  ~ .  a ..sense an a i r  co~dult., ~.~Air ~Qwin~ -into ~ t . ~  icOn~u~t at  
t h e  e n d s  o f  t h e  g a t e  ~is %absorbed b y  ~the j e t .  S i n c e  ~he a b s o r p - ~  
~ion ~of air by the jet iis not at a constant ~rate, fl~ctuatim~e 
in the velocity of the,air passing ~hrough ~the cenddi~ result ~ 
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in changes in pressure. These ipressure unbalance the 
natural flow over the lip;of th an oscillation ::results. 
Once the oscillation has~?been s all forces ~acting on ithe ://' 
jet will~aintain it in motion. :Iu long gate inst~llations a 
pressure below atmospheric must exist jnear the , c e n t e r  ,,0£ t h e :  gate 
i n , o r d e r  tha~a rflo~v o~f air from the ends of the , g a t e  may :be zmin- 
tained. The vibration may result from m~balanced forces caused 
y this low pressure on the under side of ithe ~e~.near the Oenter 

crees aetlng on the jet as lit leaves ithe;lipof of the gate.. F 

the gate iare. (I)A force duo ~to the forward momentum of the 
water and, (2) gravitational force acting dovauward, i The ~resul- 
rant of those forces is in an oblique direction dovmward. The 
forward momentum and ~the force of gravity both re,main constant 
for given flow conditions. The water, due to its initial veloci. 
ty in the forward ~irection, follows a parabolic path to the face 
of the d~m. If rthe pressure ~Ider the jet is lowered, atmospheric 
pressure will act on the upper surface ond~bend the jet Item its 
normaZ parabola towazd the drum gate. The force added by the at- , 
mosphere wil! move the resultant ,force dovm. Atthe same time 
~the decreased ressu , ' ' _ p re under the naope will result in a ~roat~r 
veloczty of air entering at "~he ends of the gate and the addi- 
tional quantity of entering air will tl~en allowl the je%to re- 
urn to its normal pesition.-~ The inertia :o£ ithe jet probably 
o.aLrie  it. slightly  above para'ooia it 

of the vibration is greatest near the center of the ,gate and :les- 
sens t o  t h e  e x t o n t t h ~ t  i t  i s  v o r y  s l i g h t  a ~ " ....... t zhe ends o£ the gate 

of the air as it enters at the ends of the gate and the decrease 
in ~oloeity as the center of the ga~o is reacllcd. 

iThe conclusion that the vibration of the jet is caused by an 
insufficient air ~supply on the under side is contra~r to il{r. 
Hiokox's ~statement. However, tlle example cited by,him shows :~he 
debris lodged appro~-Lmately 20 feet 'from the right end of the 
gate. If the jet is considered to be wel~l separated at :this point 
there woul(l be• 80 feet of gate in one section and:20 feet in anoth- 
er, The ;!80-foot section would i:be of such a length that the open- 
ings atleach end of th0 section Would not bc great enough ~ tO sup- 
ply sufficient air to the rudder :side and hence would.not cease to 
vibrate. A similar circumstance was ~emon, trated/during the Black 
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at the ends of'hhe gate~ :the confoz~ation 0f the:Eate, the'dov~- 
,stream slope of ' t h  e i'd~.~l., rl b S low  :the gate, " and ; s imil ar ~cto rs 
would :gove~ ~the :air: supply 'to the under r S i  de " O f the ~nappe/and 
hence would'affect ~the "vibration. 

T~ oonsiderin~ :meez,.s of aez'~t :Lu~ the j e t s  :£rom ; : d r u m : g a t e s  
to eliminate ~the-vlbra~ion, some of the previous conoluszons " 

should be reconsidered. According ~to more.~recent observations, 
the proposed vents in the piers for~61~inatlng th~ vibration 
• would not be ~ effective ;for :long i gates andlproBably would ~not 
relieve the condition on medium-length gates. 

Head over the drumgate plotted against Ithe'amo~nt the Eate 
was raised ~ percent o f the total raise for Blaok Canyon iDam, 
Norris Dam, and the 1 to 40 model of Grand ~CouleeDam is ~sho~% 
on the following~page. The vibration :of the ~et at Biack Cs-nyon 
Dam occurred when the gates were raised from 28::peroent ~o 78 
percent, o f their total t ravel: m~d :~he '. head'was from 0,26 foot 
to 1.40 Teat. There was:no vibration~of~the jet when ~the :gates 
were raised ~,abo~e 75 percemt~of theirrltotal lif~. ~Extrapolation 
of ~the?data shows that ~no vibration occurs~whsn the gates .are 
raised less than 25 percent of their total travel. Although the 
data from:Norris Dam are few, the available points indicate that 

",,/J 

/i ' 

and 3~0 feet. The~vibration of the jet on the,Grand Coulee model 
occurred ~ when the gate was ,tso total travel raised 8 6  rpercent :of ..:i 

• ~ J  V and vrzth~a heaa o er the gate of O,l-f0ot~mode! 0r~0-feet P re- ": 

retype. The prototype data indicate ~ tkat the vibration of the 
jet occurs when the~z~m ' gatns ~are v~thin ,the middle one-half of 
their total travel, hon~e, vents~previded~to~aerate ~the :jet for 
the upper 30 peroe~t of the gate travel as indicated Lby tho~modo!, 
would be only partially effective. 

,The problem should be recognized to exist and not be over- 
looked in the design of',structures. ~The.causes o~ the ~bra 
tien sl~uld be further investigated~ Test ~equipment ~should be 
an:integral part; o f  future drum-gate ins~allations..._.~_.:;~ntil . . . . . .  ~:suffi-_, 

damage ~the structure~ or ~ cause vibration of Surround~g~pipos ~and 
~ r . d ~ w s ,  ~hav~mg a n a t u r a l  
br~tiug :'jot, ro!ief r~y ~b. 
to the lie:of the,drum gate to divide the jot and admit more ~alr 
torthe u~er side. In the case o f:Grand Coulee iDam, Shast~ Dam, 
a~d other structures equip~ped vrith mere :than one ~drum gate, !the 
desired quantity of:water'can probably ~be passed by manipulating 
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the ~ates in such a manner, %hat-~none o ' f .  ~them wil'~l be operated .~in 
the range ~in~.whioh vibrati0nof the jet wi~ll ~occur® :Probably 
the most .important.matter to ~be .observe~ ~iin cormeotion with the 

vibration is 'to infomnithe 'operators of drum-~a%e Structures in 
regard to thelnature of ~the i~problem, .its effe0ts, ,'and ~the fact 
that ,the condition 'can '.be relieved b~ proper manipulat'i~n of the 
gates. If amy vibration is ~observe'd .lit should:be promptly-re- 
pc fred. 

116. iSummary,:an.d'conclusions,. The ,results of tliis ::in- 
vestigation :may 'be :summarized as follows : 

..~Ai The fluttor,:of the nappe,,occurs over a.defhl'i'~,e range 
of lake elevations. In ~the ~ case :of Black Canyon !Dam, ~his range 
is . f r o m : . 2 4 8 6 , 6 0  to 2494.~O0.Tee~, .  " -  

,Be In this range of lake elevations :men~i'0ned :above, flut, 
ter occurs over a definite range of iga,te poslit~ons. ' :,The ir~u~e 
of ~ate ,positions over which flutter occurs depends on ,the 'lake 
elevation and Was found ~to be a ~maximtun of ab0ut:-l,2 feet at~a 
lake • elevation' o f about 91.00/feet 'at Bla0k Canyon ~Dam, 

C. The :frequencies found range/from about 17 to ~18~0 ,cycles 
:per second. . . 

D. '.The amplitude ~of :the flutter measured as ~a pressure ,ex- 
erted.on the dam reaches~a maximum of:about ~8.7 pounds per square 
.foot. • 

E. The maximum pressure was ~found %0 occur.at al.l olovat~ions 
of':tho flake, whore flutter was ~prosont. ~whon the difference in 
elevation between the lake an~d the crest of the gate ,v~s about 
one foot~ 

F. Proper aeration/of the jet, such ~as aliowin~ air !to en- 
ter at .the-~c~Iter ,of the ~!spillway ~te, has :a marked effect in 
eliminating :the :flutter cf :%he r~ppe. 

Go The ~sl~lght vibrations found in Black Canyon .Dam were 
not caused by %he ,flutter of the jet. 

II~ :/Although lack .,of :sufficiant inf or.~ti~ ~regarding ~he 
characteristics o f ithe ~'jet flutter lhat might i:be expected at. 
Shasta and ~ Grand ~ Coulee~Dams, pr0vents accurate icaleula ~ions ~as 
to :the :stresses in these st~otures tha~ might resul:~, it Seems 
quite probable, ~from:present estimates, .that ~these stresses %~ill 
be of such magnitudo~as to assume little importo~nce :from a sb~c .... 
• tu~l standpoint. 
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I. ,,Observations -,made not only• at ~Black ~ Canyon -Dam ~,bu't on 
various other • s~imilar/structures ~ seem ',~o 'indicate ~that.~the cauBe 
of the ~flutter is a ,question~ Of ~air demand ~beneath the ~,,.iet,. - How- 
ever, Turther .i:ihvest~ig~,tion ,,of ~and ~reperts on ~t~iis ~sub'jeet-~are 
notes sazy 'before deflnite ~conclus ions ~oan be ,drawn as ~to ,~its 
~eau~e and prevention. . 
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