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PREFACE •

The prototype tests described in this report were conducted

during the period 28 March throug h 1 April  1977 by personnel of the
Hydraulics Laboratory ( H L ) ,  U.  S. Army Engineer Waterway s Experiment

Station ( WE S) ,  for the U. S. Army Engineer D i st r i c t , Baltimore , and

Office , Chief of Engineers , U. S. Army .

Acknowledgement is made to the individuals of the Baltimore

District who contributed substantially to the completion of these

tests. Mr. T. L. Fagerburg, hydraulic engineer , Prototype Branch , ilL,
was Project Engineer. This report was prepared by Mr. Fagerburg under

the supervision of Mr. E. D. Hart, Chief , Prototype Branch; Mr. E. B.
Pickett , Chief , Hydraulic Analysis Division; and Mr. H. B. Sinunons,
Chief , HL , all of liES .

COL J. L. Cannon , CE , was Commander and Director of WES dur ing
the course of the study and the preparation of th i s  report. Mr.  F. R .

Brown was Technical Director.
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1
CONVERSION FACTORS , U. s. CUSTOMARY TO METRIC (si)

UNITS OF MEASURb2~tENT

U. S. customary units of mea~ urt ’ment used in this  report can be
converted to metric ( S I )  units as follows :

Multiply ~y To Obtain 
—

cubic feet per second 0.02831685 cubic metres per
• .

• 
second

feet O.30I~8 metres
feet per second O.301~8 metres per second
gallon (U.  S. liquid) 3.7851;12 cubic decimetres
inches 25. 1k millimetres
miles (U. S. statute) l.6O93 1~~ kilometres
pounds ( force) per I~7.88O26 pascalssquare foot
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SPILLWAY VELOCITY MEASUREMENT AND FLIP BUCKET TRAJECTORY

Raystown Darn, Juniata River, Pennsylvania

PART I : INTRODUCTION

Pertinent Features of the Project

1. Raystown Darn (Figure 1) is a major element in the Susquehanna

River Basin flood control system. Project purposes include providing

flood control and downstream flow augmentation, as well as related

benefits such as public recreation and enhanced fishery .

2. The structure is on the Raystown Branch of the Juniata River

approximately 12.0 miles* south of the city of Huntington, Pennsylvania

(Fi gure 2) .  The project layout is shown in Plate 1. The reservoir

extends almost 27 miles upstream of the darn .

Description of the Structure

3. The darn is a rock— and earth—fill structure 1700 ft long that

extends 225 ft above the streaxnbed. The spilivay consists of two b~ —r t—
wide chutes separated by a smaller 8—ft—wide by 7—ft—high rectangular

warmwater chute. The spillways are controlled by l~5—ft—high by ~5—ft—

wide conventional tainter gates and have a crest elevation of 768 .6**
Flows in warmwater chute are controlled by a 14—ft 9—in, by 6— ft 9-in.
vertical slide gate. The intakes for the warinwater chute are located

in the upper pool at el 766.0 and 750.0. The water is drawn from these

different elevations for the purpose of controlling the water tempera-
ture in the downstream channel. The hi gh walls surrounding the warm—

water chute and the spiliway contain the flow and allow the flip bucket

to throw the flow away from the base of the spiliway.

* A table for converting U. S. customary units of measurement to
metric (SI) units is given on page 3.

** All elevations (el ) are in feet referred to mean sea level (msl ) .
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FIgure 2. V ic in i ty  map

Purpose and Scope of Tests

Purpose

~~~. At the request 01’ the U. S. Army Engineer District , Baltimore,
the U. S. Army Engineer Waterway s Experiment - Station (WES ) conducted a
scrie~ of spiliway operation tests at Raystown Dam . Specific objectives

of these tests were as follows :

a. Study boundary layer development on the spillway and
warinwater chutes.

b. Determine the equivalent sand grain roughness of the
spillvay sur face.

c. Determine the water surface profiles on the spillway for
various discharges.

d. Derive the f l ip  bucket characteristics from the field
data.

5. Very little information i~ available on the full—scale perfor—

mance of controlled splllways. The information gathered at Raystown is

6
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in ~: - v ~ ~~~ ~n~’ ~i t o  ~ct~ or !  ¶ ~- r i t  i c r  fu t u re  }~~~~~ec t  c: I ~c

‘~ ~‘ not ~‘ro

Vro:~. .~S ~~~‘ch l A~~~i 1 1 ‘ ) ‘ ~~~, el -hf  t cot  wc:~~’ luct t’d in

~~~~‘ p u rt  :. l’he f r o t  ct 1’ t ~~~~~ I — i .)  ~~~~ ~‘ j u c t  ~‘d on 1’lowo in  t Ic ’

‘c’:’ w ’ t  • i.’1. ‘ ~lr t  C arid ~ no o t ~-d o t’ I he fol .1 cv i  ii~ : mc now’ c:i e I l t  o :

: ‘ u r c  .111 ’ f er e  nt  1 ni ri tour t9nen t . o bt’i woen ut  :~~~~~~~i~i c
h : ‘oou:~c a~ d •~ t en tot  a.I head t ul ec on each of ’ the four

~~~ ~~~~~~~~~~~~~~~~ ~~~~~~~ ieo in the ch u t e  ( 1’b~t ~ :‘). ( P c —
n i 1 c t ’ e ye  1cc it v ~ r o t e  ar e  ! ‘ eoeut  ed in paragraph ‘~ . )

h .  1 o t.c~ 
z.~tph ’ - and ne~ u r t  ‘nel it  c i ’ wa ter  ow’ fn cc e.1 eV~i t lou  o

t i  f ou r  ~co a t  i~ . dcv~i t he wa rmwa t  er chute (Plate A )

- • • r~. 1 on of ’ t he ~~~~t r n t , ’ t cr 1 t 00 0 i ’ t he fl ip bucket
I i , h c  cry  !‘rom I hot  ~~~r~~pLo taken d u r in g  t Ia ’ t cot

J. Y~’~t c  t ’ : ~: ’ : :t  0 0i ’ 1 :cc . l e~ evn t  ion , ( 2 )  t a i l w~t t e r  e lov a—
on , t~ t e n t  :t~~ , and ( 1~ di c I n t r ~’e .

‘ t h e  ,~~~‘ ‘ . n t  ¶ o :’ t c ot  0 ( ‘~~h~ wa c  c~~~i o t  ed i n  t he l et ’t cpu 1—
way ‘h.~t t ’ (look i i i - ’ .l~~.not r~’~tm~ and ocuw i oted ci’ he ~~~ low in ~

~‘e to  u rer~ent  0 t’ pre  0 cure di f f c r e nt  i a1~ between a re t’ere: ice
I r t  our~’ and the t e n  t o t a l  ben d t u h o  on each of t h e  five
velcol t y probe ~~oembl leo i n  t he lef t.  ~i1 lwny  I i  n t  e 2)

1. . }‘hc t ‘t ~~t ~ t io  and t i t ’t o u r e m e f l t  0 ci ’ wn t or sur f n c e  ci evat  10110
at. I ~ I ~~‘n t I onc ~io’w n the op i i  iway ( i i  at  e A )

c.  P e t er m i n dt  ion of t he  charact .criot  i c c  of t he fl i r bucket.
ra~ ect  0 rv from phot o g rn p luo  taken thur lug the t o o t

o ac decor  il-ted in t: ’ n~u apIi ~d
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FART II: lE S t’ FAC il l  Ti ES ANU E~ U 1 } MEN 1’

Mounting boxes

Par L U O  coxis t .  ruct  l u l t  of  the  dam , 13 mount.  i u i c  boxes for v e lcc—

i : y  ~rct ’eo were instaJ.ied in the  spiliway f l oor  (Plate 2). boxes 1, 2,

A , and 1 were .1 co I ~ntt ted f o r  pres sure meao urement s in the l e f t

spillway hu t  c ; boxes 5, ~‘, , and 13 were used in the waruwat er chute.

-~es ‘-) th rough .12 wer e used only for  a c c e s s  to t h e  warmwater chute

y e i cc !  t . y probe t ub  I no .  Conduit s  cciuui ec t I u~ t lie op 1 . 1 lway moun t i n~-~ boxes

were  aoe i t o  puos  t h e  t ubes f r o m  t in.’ ve loc it y  prob es to the r ecord l :p~.

a rca Located  In t h e  :: :auuomet .er well adj  acent to t ti e Ic  t t  t r a i n  i :i~~ wall

Veloc i t v  Probes

• s) t’he ye b c  I t~-~~~r o be n’s cembi I es , ic cloned and fabr I cat e51 at

W ES , were used to  measur e  p re s su re  at 10 poin t s  ran~ inc  from 1/2 t o

Ll~~l,’t~ i n .  ver t i ca l ly  above the sp iliway face .  E i c a r e  ~ pu’ ese~ut  a

voloc ity  probe be fore  and a :‘t er assembly . Sta~mat t o t i  r e s s u r e s  are

t m acn it t ed  by the c i  ~ iu t  sh or t  aPes t . lurcu ~ tu t h e  p1 is to  i nec c a

recording bocat  ion.  Each of the two lono p 1 t o t  ) . t ubeo on each robe

encases a dual ,Line for stagnation and static pressures. the v e l o c i t y

• head was obtained t’rcn the di ff e r e l i c e  bet weeut  the  st aOnat ,  ion and s t a t  Ic

r res  cures

10. The gates to both the spi llwtty and t h e  w u m m w a t e r  c h ut e s  were

Lo sed t o  allow access of cii and e s lu i pm e nt .  The cover  plates were

:‘eno ved f ro~:u all of the  moun t in~ boxes and pull wires were installed f~~
.

pullin 1 the plastic hydraulic lines through the  embedded co nd u i t s  ~Fig—

ure l~ ) The i n st r um e nt s  were installed t’ I r s t  in the  wu m nwn t c r  chute

(F I care 5) , and the leads :‘rcn each probe terminated in t lie nearby

boxes (~)—12, Flat -c 2) in the L e f t  op 1 llway chute left . refers to left

side of the  spi l lway when viewed in a dowust  :‘ea~:: direction ’)

8
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Figure 3. Splilvay velocity probes (one assembled and one disassembled )
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PLASTIC TUBING 
-
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- .~~ - ‘~~~t” -. ‘

Figure 14• Plastic tubing extending, from the embedded conduit
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STAF~~GAGE

A

1” 1 gure  ~ . I l l S  t a l l  at ion of I u st ruinen ts  111 t hi ’ warrnwat .er ~‘hut e

- Pressure M C a O U r e m e i u i S

11. PPCOOUPOS from each I i no of each v o i ce  I ty probe were recorded

for :ill t o o  t o . The static and u; tagnat ion  p r essur es  were nuonsuurod  wit Ii

a d i f f e r e n t i a l  mercury manometer.  Dur ing  t.e~ t o I —~ in  ( I i i ’  wurmwater

c h ut  e the readings Were t aken  (‘porn a manometer set u p  i n  t h e  loft

a p1 .1 iway c h u te  neal ’ the  cc r r e r~pond I ng ti~’t ’co S If lOflh )  t I t ug  box. A spec1 at

manometer stand (F i g u r e  b ) was uuoe l that  a I owed t h e  manomot ci’ lt :i ci’ t 0

be I evol od ouu (lie steep icpo . ‘rht ’ j ’re . icuu r c ’o mea iuuired duir  tug t lie w arm—

wate r  ch u t e  tea t o  were ri ’t ’o rence l  t o atmosplier I c  pros cure (one  leg ci ’

t he  ma nometer open to the a tmosph ere )  . The j’t’o’ssuui’~’o recorded for
t o:; t o  ‘,—ii were measured i n  the manom eter  w e l l  ( P1 at e 2 vhe re ii min i I —

t\ i  Id  ::•v stem WIt S arr an ged to separat e t h e  probes anti t h e  11’ luy d raul 1 c

I i no:;. A Pc t ’ou’ i ’ t i e ( ’  pt’ ( ’0O1I t ’ (’ , created by 1,1 1 1 1  ng a ‘ ‘ ‘— g:u I drum wi t lu

water and p l a c i n g  i t .  u t  a sp ot ’ I fi( ’d ci eva t. i o u u ~ was app I i  c~I e the

opp osi t e  c hic f t h e  manomet et ’  , tft I s Pi ’i ’el’ t’ l i ce l~l’ e : c % 1 r e  , wh I i’hi was

a 1.wayi; leo: ;  I l u a u  t in ’ pee I p r000 u I’ ( ’ , was moved to va l’I ou i s  ccl  t~c I i i

c i  e v:I I. l o tus , when t l e t ’( ’O:St i ’V , t o  p r e v e n t  s tv ol ’ — l ’ u I i g  I t u g  I hi ’ m ’un ’m t

1(1

I
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I
WARMW ATER CHUTE
TRAINING WALL

MANOMETER
STAND

PROBE

- 

. . c 
MANIFOL D

‘ - . 5

Fi gure (~. Down otre ;un view of adjustable manometer stand

Other Measurements

12. Water surface elevations were measured in both test chutes
for all approprIate tests. ~$taff gages (Figure 7) were painted on the
inside wall of each test chute. Plate 3 shows the locations of the
staff  gages for both chutes. Photographs were taken of the f l i p  bucket
trajectory (FIgure 8) for all tests .  These photographs were used to
determine the height and length of the traj ectory for var i ous discharges
and taliwater elevations. The I) . S. Geological i~urvey obtained the dl:;-
charge measurements dur ing the tests , u tl lL~ing  the velocity—area method
of discharge determinat i on . The location for the measurements  was ap-
proximately one—half mile downstream of the dam itt  a permanent st-ream

gaging station.

1 1
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[‘AR T I [I :  TEUT CONDI TI ONf AND PROC EDUREi -~

‘l’e:; t ~ oti ~i it. i Oil ; ;

1 ~~. Ac mentioned previously , e igh t  t o o t s  W ct ’ t ’ conduc ted  In tw o

parts at Ray~~town Darn . In the 1’1 ra t  four t est . : ;  (w armwat e t ’  chut e ‘I mea—

surements were made of pressure p r o f i l e s  ( fot ’ det ermi r u i n g  vel Oc ’ I t  y

pro t’I lea), water surface elevutt1 cnn , and d isc har g e .  Too t o  ‘‘—s were
conduc ted In the left sp 1 1 iway chut e Rut i  t h e  same t .y poo o t’ mcu: ;uur emen I s

were made • The (‘ci lowl tug t abu l a tI on  1 1:; t o  the t cot .  ocuid I t - I  o t i s :

l’Ot ) I ‘l’ai iwater
Test Open I rig Discharge E leva t ion  r~1evat. i & r i  I 077
No. ft  c t ’s ft  ins t f t  nia l 

— 
P a t e  T i m e

Warmwater Chut e

1 7.0* 11460 787 .00 n02 . 87 ~-713 I ~~ O
2 3. 8 731 7 7  . 27 (~0 I . 13 ~ — . ‘a ocoo
3 2.b 14 146 787.70 h’O l . ~~~ ~_ 7t)  1 14A0
14 1.0 1 13~ 787 .88 ttOO . t~n ~— ~0 ~~ t ) ~~~

L eft  ~r 1 11 way Chut e

2 . 1 1996 71313 .00 . ~
— ~io i Ii OO

6 5 . 14 14970 788.12 not ’ .08 ‘i—s i I ” ~o
7 8.8 78142 71313 .02 . 1— 1 1 t~
8 1 ~ .0 17 , i,78** 7137 .00 t 10. “-~1u Ii — 1 0000

* Full open.
** Uncontrolled (‘low.

l’eo t. l’u’c~ oduii’ t’;;

114. Procedures for l e o  t o 1 ~~ were  as I ’c i i  ow:;

a. Close gat e s  t o  warmwater chin tv; remove Os ‘vt ’r p t a t  cc mid
install  veicci t.y probes.

h. Open the  warunwater  a l l  tie gate I o .ib t. n l i i  tie :; I red ti I :;s ’ hu : i  rge .

c. Purge a i r  from a l l  l i n e s  •

d. Ope n each l i n e  ci ’ each ye icc I t y  prs ’bt ’ assemb l.v ( iit’j~~t~~
ra t .  e I .v ) and record t h e  d i  t’feren I I a 1 ci’ t h e  mor on ry
manometer.

H
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t’ . Record the elev at ion  ot ’ the manometer on the spiliway .

t’. Photograph and record the wat e t ’  :;ut’ face ei tWiLL t o r i  I I I  t h e
warmwater chut e at the staft’ gages.

~~. Photograph the f l i p  bucket trajectory .

h. i~ecord t h e  upper and 1 ower poo l el evrtt 1 er ic  , gate opening
he ight , and d i sch arge  rate.

l’t . Procedures t’cr t e st s  ~‘ — R were ’ the follow i ng :

a. Close gates t o  t lie ’ warmwater chute , remove ye!  cc I ty
probes, and I t i c t a l l  them In ii ’ ft . op i t  iway chute .

b. Open the tainter gate to the desiz’e’st position.

~r . Purge til r.

. Op en each 11 ne of each Vi ’  let ,’ I t y  probe assembly ( sepa—
rately) and record the thl  f fe’re’n t . lal sI ’ the mercury
manometer.

c. Record the elevation ot ’ the water  sur face In  the refer—
t ’flOi ’ pre: isUl’ &’ barrel

r. Photograph and record  the water surface e l e v a t i on  In t he
op 1 1 iway chute at the a tat’ f gage:;

£~ 
Photograph the t’li p bucket I. raj cot o

ii. Record th e’ upper and lower poo l ci evat I sil l: ; , gate s ) j s t ’ l I  I ng
height,, and disch arge rat. t ’

114
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PAR T IV: TF.ST RE13ULT13 AND ANALY~ 1O

Velocity Prot’lles

Velocity calculations

16. The v e l o c i t y  t’oi’ each s tagnat ion p re s su re  tube  was calculated

from the total head measurements obtained t’rom t .hie r ianom et  ci’ read i ngs .
Stat Ic htrt’c:;ures front t hi’ aide port.s of’ the two p it c t ui’e:; were in—

adetluate to purge thie’ p1 e~ cme t.er h u e s  t .h e i ’ t ’ t’cre , t hese preo 5U1’ e’O were

not recorded . A hydrostatic pr essure  d i  st r ihu t  I o n W 5:  aasunied . The

resulting veloc i ty VtL lueo are shown i i i  Tables 1 ar id 2 .

Velocity diut .rihut-ion

17. The velocity pro N lea at various test di : ;ch i ;t rgt ’:; Q* a t  (-he

pu ’cbt ’o t’cr bo th :; e tc  of t e:; t. o are presente’d in Ph at e;; 14 itnd ‘‘. The

veloc i ty di:; t r  ih u t i c u i o  are well represent ed by a I ogar I Lhim i c equa l i o n .

The bes t t ’1 t.L lu g  logar I t.hmi c curves (‘or t he ’ data were determIned by I hi e

method ci’ least . square ’s . The curves  art ’ ot’ t . h -ue form

U = a log
10 

y + h (i)

w lut ’r t ’

U = lo ca l  veloc i ty

y V er t. I cii 1 d I stance  above t hue c hiu t . t ’ N ocr , t’t.

a,b = d imens iona l , constants

18. The equivalent , :;~ uu~i gm I a u’onghrie:;o K auisl t h e  v ;u t ’ i at I on c I ’

botrndary shear stress to 
it lon~ the spi llway :;uin ’t ’:ice t ir e of consider-

able interest. However , in order to estimate K and r t’cr the test

data , some analogy must be inferred between the flow ovci’ the spillway

crest and the flow In a more thoroughly researched situat ion. Three

such analogies and the resulting values are descr ibed in th ie’ following

paragraphs.

* For conven I eliot ’ , symbols and unusual abbreviation:; are ii:; t ed and
defined in the Notatls-t r-i (Appendix A).
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10. !~cugh~ pi~se v e l o c i t y  d i s t u ’ i b u t i o t u .  The rough—pip e  v e l o c i t y

d i s t r i b u t i o n  law ‘‘ s t a t e s  that

A log10 
- + l~

wh ere

A , l~ = d [mesa i cu l t ’s:; O ou:~ tar i t s

100*1 1 Vi ’ I Ot ’ I t v , t’t - ‘see

11* = shear vol cci t y  , f t  / st’O = —
~~~~~~ wh ere t 0 is the bounda ry ,shea r

stress , lb  ‘ t’t.~ and 1i Is the t ’lu id d e n s i ty ,  siugs/t’t ~
y = distance from the wall , ft

K = equivalent :;and grain roughiness , ft

For Equat ion h to be i d en t i c a l  to Equat i on 2

a = A U *  (~~)

and

h = U *(B — A log 10 K )  (~~1

When the rough—pipe value:; ot ’ A nuid B , ‘
~~. 7~ arid 13.’~ r e sp e c t i v e  l~v a re

assumed t .c apply t .c the ap i  l.lway , then t1~ may be evaluated from Equn—

t i cti and K , from Equat I on ~ These \‘fl hues  ar e l i s t  ed be low I’d’

t est 8 ( f re e—surf ut ce , ungated flow ’t .

l~ou . gh—l ’ I Ia’ \‘alues
Parameter I’u ’obe ’ 1 Pi’obe 2 Probe Probe u

a !2.t~~ l t-t .’Tl 17.17 17. ’,’
b 5(~.65 &~2 . Ots  t~’-).(’O 13o. 17
U~ , fps 2.20 2.91 7. 013
K , ft 0.00100 0.00588 o.oo~~i

S

20. Moody diagram ( e s t a b l i s h e d  (‘l ow analogy ). The K for each

rrohe was also computed by N ndi tug t lie rcs I stance coo t’t’i ci cut , ~Iet t ’t’ —

mined from t h e  energy Icc:; between each probe , and us i ng :t ~Iccdy .1 Ingram

to obtain a relative sand gra in  roughness value K P . The’ l’o 11 owu rig

values of K were ob ta in ed .

— — .,,~~~~ ~~~~~ ~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _l i ~~~~~~~~~~~~~~~~~~ ~iiIl ~
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I
K , ft

Test S
No. Probe 1 Probe 2 Probe 3 Probe 14

5 0.00032 0.00365 0.00363 0.001410*
6 0.00032 0.00920 0.00780 0.009214*
7 0.00022 0.00106 0.00061 o.ooo 146
8 * 0.007148 0.003140 0.00152

* These data believed inaccurate, due to air in velocity
probe lines.

T u e  average K value obtained in th is  manner was 0.0062 f t .

21. According to Schlichting ,3 the equivalent roughness decreases

with distance downstream due to the increasing thickness of the boundary

layer. Therefore, the K~ value that would most likely represent the

surface of the spiliway would be the value that is obtained where the

fully developed velocity profile occurs . The equivalent roughness value
(K = 0.00152 f t)  obtained from data measured at the fur therest  point

downstream of the leading edge of the spillway d u r i n g  test 13 is the

value that is most representative of the spillway surface.

27. Rough flat—plate analogy. The local skin t’riction coeff I—

d ent c , is defined as

_ _ _= ( c )
~ l/ 2p  m

where U is free stream velocity. For fully rough flow along a f la t

plate , c~, is evaluated from

_ 1 r ~

c~~= (2.8 7 + 1 . 5 8 lo~~~~) 
(6)

where x is the distance downstream from the l e n d i n g edge of the plate.

Combining Equations 5 and 6

= ~ l/ 2
[(2

.87 + 1.58 log ~_y 2.~;ju2} 

1/
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is assumed to equal the v e l o c i t y  of the water sur face * and K~
is  assumed to he’ it ooni :; t ten t . (0.001 ‘ t .’ ft its described In paragraph 21

then the following t e s t  13 valuet of U~ are obtained from Eq uation 7.

Rough Flat—Plat e Values
Parameter Probe 1 P ro be 2 h’ rot ’e 1’rol e 1~

’

x , ft 1137 .‘t”)

~
‘
, ft—datum i’ll ” 7. ’.’ ts$0

U~ , t’ps ‘~$ ( ““ ) ‘‘~ ft’’ ) 133 t ’(O) ‘k’ ( 130 )
t~~ , (‘pa 1. 7 . .‘~~ 2 .130 3. .‘0

Note: The values in parentheses are d irectl~y from velocity
p r obe data; not e that. at. p i’~ l’e’ 3 and 14 ci t iter the
energy los:; ci’ I he (‘low curvatw’e cause the ideal—
flow va,lues to d e v i at e  subat ant i all y from the ri eti—
stired values. I nce t lie cal cu.I nt - cd values ci’ iI~ are
r elat i vo l  v in sen s i t i v e  t o  the v ;ei tie’ ci ’ K 5 F’qua—
t ion 7 appear s to he a rea :;onabl e means 01’ e’:;t imat ing
boundary shear u n t i l  t lie’ ideal—flow v a l u e  01’ U be—
comes valid.

hioundai’y I .ayer Thi .i cknie: ;  a

3. The t lice ret i cal boundary lay en’ thickness ~S ~a a comput ed

according to the t’o h l  ow t r ig  equ at ion for a rough bed

.0. 1t s14 ~~iS = 0 . 01 4 1 4 K , x

The fol low i r ig tnl ’u lnt  ion 1 1s t t i t t ’ coinput Ccl bc’t iiidat’y .1 :lyer I l i i  ,‘kiie: aec

at t lie probe 1 coat I C’tt: ; accord i rig t o  (lie two value~
; of N

K , = 0 .OOf ,’,’ ft K , = 0.00l~t .’ t’t

Probe 1 1’robc .’ Probe 3 Probe 14 rrot~e 1 Probe 2 Probe 3 Probe 14
l.(-t ’T 2 .32 7. o~s 

~ • ‘~13 1. $~‘ ‘i .137 7. $~)

F I gun ’ 0 shows a l’ .l 0 t - 01’ (-lie ’ h’oiuid;u u’v 1 ny ci’ (iii okni ec and t lie men a ured

dep t hi ol’ t’l ow ~i ven’sus the .1 cngt ii ci ’ t h e  apillwny channel , fly dr ;iul I c

* = V . ‘g~ ~~~~ t’ot’ Ito e’uit’u’gy I 0:::; at t u e  ant’ face where g I :; nocel  —

erat ion ~liie to gravit y hi I a el ev ;it .  I Ot i of up:;t ream wa t er sum t’n~’e
and ~

‘ I a e.l evttt tori ci ’ the local  wat er :;iit’ fact ’ .

‘113
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* • LOCATION O~ CRITICA L POINT AS
OBSERVED IN PHOTOGRAPHS

~ I - —— —,— . —- L .. _ ._~ -

- . 100 ZOO 300 400 500 S0O •oo 1000
• TOTAL LtPIGT$ TO SCCTION, V T

- Figur’e 0, lo c n t  ion of or’ it i~’tel  po in t .

Design Cr i t  ci’ i t t  t, 1IPC ‘~ 7hieet I ll at tel  c:; ( t in t  I I ’ t hit’ comput ed bound ary

lay ci’ t .li t cknt’ss become:: l.arger tea I lie dc’pt hi of 1’ lc~w ~1t’ci’t’ti;;t’:: t hen t ire

- 
cr . i t  ion I p o in t  I- l i t ’ h i t  er seOt .  ion ci’ ( l i e ’ va t er atit ’ faee and t i l t ’ b~Mul~tary

mn y t’t ’ , can be’ I,ocat.ed .

.‘~i . I t  inca been ot’st’rv ed t’rom vat’ i ~‘us prc ’ t o t y  pe:; t ha t  t h e ’ f ir : ;

oc’ctit’ renl¼ ’t’ ci’ ( lie ’ “ foam tr ig I h i t ”  ci’ “wit It e w at e r ” I t hat  point. ~It ’ t ’ I ::t ’d

r it t e a l  point .” where ( lit ’ tu r’t ’u lent- 1 a,,v ci’ rcteo t ies t h e ’ Wa t t ’ i’ SUI’t ’tt o c •

Pli ot ogr tcphi : ;  were t tekeni din’ tug t’a~’~i of t l it ’ s p i l l  way t t’at a at various

‘1o~’at .  I or n~ t o dete rmin e  t h e  p o si t  Ion:; o r ’ ( lie’ o r i t  t e a l  pot nt  . Figure 0

liows t i l t s e 1 o:;t ’ re~ i’eement bet we’t ’il I t ie s ’hst ’ cv ~‘d tuid t h e  oomput t’st or ~ i t  icre I

po in t  t’cr t e:;t a 
~~~, 7~ tUISI 13. ~‘ht ’ s ’i’ :ie ’ i ’V e ’,i or ’ it tot e I p o i n t  for t e a t  13 d Id

not . teppe’ar t c reach I he ann fact ’ m it. I t  ( lit ’ p o in t  at whi I cli th e t’I cw t ’\ i t  ed
(hit’ :;p i l l  way s ’h i ~~ t -c ’ . ‘i’hie s’ i’i t I ca l  p0t  i t t  ~‘5’i~1 d not t~t’ ot ’aen ’ved i l l  t I l t S
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ot l id ’ t c ’ :;t :1 because the i’l ow oon ;d it ion:; were such that t.hi ~ i’oanhi ng line

W as pre ’-.:t’ n ;t t hin’ ough ;otit the (‘I ow re gime .

Fniergy lo a ~~e~

7’ -s~ The s ’t it ’rgv b : .; Se ’S III th e l e f t  :1p i l l  way ar id warmwater chute:;

we’re~ eomput e~I an~l are :‘ iiowi i I n  1 1  at e : ;  i’ and 7, respect ively , i t  has

l’e’en ; common: pra~’t i C e ’  in the past t c  use e i the r  ~anning ’ s ii or sonic

ct lien ’ cp cr :— chann el  oquat  to r i  1 c detemnn i tie the energy los:; in overl’low

spil j wav :~ • I nec !‘~:lv st owni Pam i s ii g:et. ed ap i llway and is not a high

oVerflow ap t liway w i t h  a un I foi ’m ,ly a I cp I n ;~ downstream face appl icat ion
or ’ the met-hod of oPt a m u  r ig  cn;erg,v losses discussed in IIDC Sheet

l1l—l8/ ’~ Wa:; atils,l cot to question;. The h ead loss at cteoui  spiliway probe

was comput ed u sing  at:  ;evot ’age \‘eioo I t.y obtained ñ’onri 1 h e ’ veloc .it probe

~i :i t.a and t he wat en ’ d e p th mea: ;ut’enni enrt old aimed from the staf f  gage read—
I r u g s .  P int -c  ~ shows the accumulated head loss  w i t h  inc;’cna~ rig di st ance
along the 1 el’t :;p I l l  way w i t h  70 ft 01’ head above t h e  o r’cst . T h e  same
procedure was used (‘or t e st : :  1—~ in  t h e  waz’mwater chu te  (Plate 7) ,  cx—

oept t h ut ,  the .1 os:;c:; through the t rash rack and wet well were not con ;—

put-ed . The energy I ca :” i’ompul :i t . i on s 1’or’ these test:; s ta r t  at the

vert, tot e I I i  ft  g:i t 0 ;u;d pt’ccee~i down:; t re ;un . The di’:; ign curves from

Ihl’ d’ 111— 113/3 fot ’ a h igh  ov e r f l o w  sp i ilway  w i t h  a de sign head of 20 ft

are pre st’nit .cd in i i  i i i  ca t ’ and 7 and sh ow good ngi ’coment between the d c —

si g n  curve’ and t he’ measured data , even t hough the ~aystown spiliway

pro i’i 1 e’ lii q uit e d I f ferent  I’rom that ol’ a high over i’low sp .1.11 way

Water Surface Profiles

2t~. A:; a t itt  ed pt ’ov I ~‘u:;d y , at a It’ gage’s were painted at various

locations along ( hu e inner wall ci ’ e’ach; test . chute. The at .ti t’t ’ gag es

were oriented p e r p en d i c u l a r  to floor of the chutes to  enable a direct
visual reading o I the water  depth and t o make p h o t o gr a p h s .  i t  was (‘rou t
these phot. ogr ’;iphi :; t hat ( h it ’ crit Ic ;i l point.  di  :;c’iissed i i i  paragraph 714 was
determined. Table it st- s the water de ’pt.h s and the cor ’r esponidi rug staff

-
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gage locations for all tests Plates 8 and 9 show computed water sur
face profiles plotted along with the measured flow depths of representa—
tive tests for the spiliway and warmwater chutes. The computed profiles

8were obtained from a WES computer program for determination of flow
profiles in a straight prismatic channel. In the program , Manning ’s

resistance formula was used and the value of Manning ’s resistance co-
efficient and energy correction factor were 0.013 and 1.15, respectively .
Some fluctuation can be seen in the plotted data; this is attributed to
the d i f f icu l ty  in measuring a rough water surfac” te to wave s created
by the side walls and construction joints (see Figure 1).

Flip Bucket Trajectories

27. The length and height of the flip bucket trajectories for

all tests were obtained from photographs. The camera and a range pole

were positioned at known elevations and distances from the center line

of the spiliway as shown in Plate 10. Several frames were taken of

each discharge once the flow was well developed. From these photographs

the measurements of the throw distance and height of the trajectories

were estimated by geometric ratios and are plotted in Plate 11. Photo—

graphs 1 and 2 present the associated scales for throw distance and

height for tests conducted in the spiliway (test 6) and warmwater chutes
(test 1). For convenience, not all photographs are shown. The trajec-

tories of some of the tests were compared with the maximum predicted

trajectories from the Raystown Design Memorandum (DM)9 and trajec-
tories from Raystown model studies.3’° Plate 12 shows the comparison

of the actual and predicted trajectories of selected flows. The actual

throw distances were less than those predicted in the DM even in the

case of a higher flow versus a lower flow. This difference may be par—
p.
1

tially due to wind resistance not considered in the computations. (See

comparison of actual trajectories for Q 12,178 cfs versus the DM
predicted trajectory for Q 10,000 c f s .)  The comparison of the proto.-

type and model trajectories shows good agreement at various discharges.

The height of the trajectory was consistently higher than the predicted

21
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height . This difference may be the result of inaccuracies in scaling

the trajectories frL m the photographs. Some distortion of vertical and

horizontal distances does occur in photographs that are taken from long

range, and inaccuracies can result.

5
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PART V : CONCLUSION S

28. The following conclusions resulted from analysis of the test

data.

a. The theoretical boundary layer thickness 6 computed
according to the following equation

6 = 0.01414 7 K0.154x0.846 (8)

is generally confirmed by the photographs and computa-
tion of the critical point.

b. The equivalent sand grain roughness K 0.00152 ft
determined for the Raystown Spiliway agrees veil with
results of previous investigations.

C. The performance of the velocity probes was satisfactory.
However , a more accurate determination of the boundary
layer location could have been obtained had the probes
been long enough to encompass the entire depth of flow .

d. The flip bucket trajectories obtained at Raystown agree
well with those values obtained from the model investiga-
tion and design data. However, an accurate determination
of trajectories is difficult .

e. The energy loss data presented in Plates 6 and 7 show
significant agreement with the design curve from 1-IDC 111—
18/3, although the profile of Raystown Spillvay chute is
quite different from that of a typical high overflow
spillway.

23
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Warrnt rater Chute Velocity Profiles , in Feet per Second

Distanceprom
Spiliway Probe Probe —
Floor , ft 5 6 7 8 _ 5 6 1 8

Test l Tes t 2

142.91 * * 62.80 147.27 * 53.88 4o.4~0.81 41.95 48.10 57.43 63.20 46.53 53.94 53.79 39.18

0.69 28.37 147.20 52.25 6i.i14 314.142 52.79 148.15 33.90

0.56 * 143.72 53.25 60.53 * 52.29 148.07 29.148
0.44 * 143.69 51.43 59.25 38.99 149.61 48.57 214.33
0.33 34.09 42.88 56.38 57.29 141.18 149.04 * *

0.23 33.56 39.47 59.69 * 38.0 45.18 50.57 ~o.48
0.17 31.40 38.10 58.50 * 36.88 43.98 50.08 74.94
0.10 31.20 36.03 514.46 55.33 34.73 140.90 148.92 514.51

— 0.04 27.75 30.56 49.44 49.52 31.28 36.41 47.90 148.93

Test 3 Test 14

0.94 46.51 * 57.83 57.47 * * * *
0.81 46.41 148.87 58.12 61.78 * * * *

0.69 * 48.77 * 58.07 36.83 33.34 * *

0.56 * 47.31 * 55.77 36.lE 42.50 47.61 48.68
o.44 * 45.22 * 47.64 34.16 42.04 45.73 40.77
0.33 40.34 43.85 48.71 51.52 33.49 41.32 47.24 45.56

0.23 38.80 4i.8o 46.58 53.20 31.04 38.12 42.96 43.19
0.19’ 36.70 39.65 1414.06 1414.60 29.214 35.97 140.87 37.45
0.10 34.69 36.90 41.19 40.70 26.68 33.76 38.04 34.22
0.0 1 4  30.50 32.89 37.39 36.17 24.49 29.79 314.25 31.67

* Piezometer line clogged.

, ~~~~~~~ ~~~~~~~~~~~~~ ~~~~ .g. ~~ ___ ~~~~~~~~~~~~~~~~~~~ __ A_.____ ~~~~~~~~~~~~~~~ - 
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Table 2
Left  Spil l  w;t~ Cli nt  e Veloc ’! ty l’re - l ’I 1t’s~_ I mr l” t•t ’t j ~vt ’ :0’o ’n ;d

Distance
t’rom

~Jp illvay } r,’I ’ ’ ____________ 
I’ robe

Floor , f t  1 . ‘ 3 13 1 3 14 
_____

Teat. 5 Test 6

* 70. I . ’ * l ’ T . ’(O 7 1.71 52 .30 70.05 02 .L’  85.0~ ‘)0.014
0.81 * ‘(0.7 14 t ,0 .c,’ ‘(0.00 13.71 53 .15 70.15 80. p ’ *

0.69 t ,0. Q0 70 .0~ ‘(0. 71 ~‘‘ .88 7 1 4 . c )  50. i:~ 69.95 78.60 814.51 OQ .’ Q

c .214 cl..’’ ci .114 ‘ i . ’ ’~ ts .i~ ~~~~ 6( . c-i ‘
~~
. ‘, ‘ 8?.Ot’ Oo.50

L~ii . 0 (  (,1~.52 t ’( .  I ) t ’ ) . 0 I  (14 .01; 145.148 - ‘ 14.o ‘(c.14c 80. ~‘ 0 ’ ( .Q ,
0.33 c. .86 (~b . ’t ’ ‘ . ( 5  ;.‘0~ 7 . 0 14 14 .7 - ( ~~~~ * ~$. j l ~ ~i . ~

0 ., ’ 6i .OQ cl, ..’ ’ t~1i .87 cO . Ot , (5 ..’ 14 .16 c ~ c’~ (0. ~14 7 5.7 , ’ 08 .7 14
~i . 11 ‘ ‘) .88 1 . 1o’ 8 . ~n ’ i t ’ . 01 (~~. 0’) 14 1 .03 c. ’. 05 r ’( . ‘0 (; ‘. 8’) 814. 1
0 .10  ~8.5  ‘ c . . ’i , ( . 514 c14 .5 2 ‘ ( I  • 1 37’7 1t ‘c) .0 c . o0 ‘‘).71 8o.’~’
0. o14 5c. N 55.0. ’ ‘ 0) . ) c it ~. I I t O . ’ ’ 3 . ‘‘(  Sc. 1’) (~0. 07 ( 5 .77 (( ‘ . Oc

Test 8

i__ I. )14 * ‘ ,( .c (  ( . I (‘ ‘t O . 1’ 8 .01 * (‘ ~~. ~c 70 .03  78. ~) ‘( 80.  cO
0.81 ‘ ‘1. PT ‘ ‘( . 17 (. ‘.0.’ O’i . 0~ ii’ , . 82 ‘, ‘• 

e)~~ 10 . cO ( , ‘) ~ f.’ 70 20 0, ’. Oc

‘~o.8s 5(’ . (1 (0 .22  0c.0~ Oc ., ’o “14 .31 ‘~O .lcc 67.~’o 18.87 00.0 ’)

149. 140 ‘2 cc ’ .’ (, t) .0 (~ 0 .2 ’, Oc .57 ‘,J; .33 57 .cQ 6 1i .7 14 77. 5) ; 0 1 .20
0. ) ;14 143. ~0 5.’. i, ’ cc. cO 8. ’ . ‘0 83.53 5, ’ .Q’ , 51; . 140 c~~.22 72 . 58 (0 .60
1 . 145 147 51 . ‘)  ‘ , (  .101 (~ . (~ ) 814. or  50. ci r, • 1;I~ * ‘

~~~ 
I ~
‘ -

~~ 145

0 . 3  14.’ . 10 148..o (0 . 50 Ia . 20 Oc . ‘0, i ;7 . 30 50. 1414 sa . a 1; cO. (1 81. 10
0.17 I;t . i5 14’, . ;, , (“( .17 1 ~~~ 82 .( ’~ 14a . 62 148.08 s~ .o14 as. ~3 (0 .  (0
0. 10 10. 1;5 142. (~ t~1;. ~14 ‘ ( I.2 ~ (0 .0 ,  );

~~.3O 1;~~.;, , ’ 5 l . f ~; t ’2 .81
1 • 014 i ’ . 148 38 .57 60. ~0 ~5 .06 7 1.07 ~o • 88 140. 148 147. oO 5(  . 142 (01 .

I

C

* I’iezomet. er I I  rue  ‘ ‘ I c  ~g ’ h  

~~~~~. ~~~~~~~~~~~~~~~~~ 
. .  

~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ I
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Table 3

Staff ’  Gage Locations and Flow Depths

Warmwater Chute Wat -e n’ Depth s , it
Tes t ‘I. Pest 2 Test 3 Test 14

Ga te Gat e Ga t e Ga t e
Ope n Open O pe n; Open

Station 6.9 ft (Full) 3.8 ft 2.6 ft 1.0 ft

I~3+00 
1;.80 3.00 1.75 1.00

13+85 14.85 2.20 1.50 0.75

114+75 3.85 2.25 1.50 0.80
15+57 :“.OO 2.20 1.60 0.85

Lef t SpUiwa5 Chute Water Depthis , it
res t S Test 6 Test I Test 8
Gate Gate Gate Gate
Ope n Ope n Open Open

2. 1 f t  . 14 it 8. 8 rt 1~ . 0 ft

12+ ” ’ 1.20 2 .50 3.50 14.75
13+00 1.2’ 2.50 1.30 14.50

I ~+~~l 1.25 ‘.140 3.10 14.00

I ~+0’ -~ 1.25 2.20 3.00 14.00
2.25 3 00 14.00

114+7 ’ 1.20 2.25 :~.8o 14.00

1.20 2 .2 2. SO 3.80
1.20 2.25 2.50 3.80
1.30 2.20 3.00

i t ~+2O 1.50 3.00 3.75 ‘14 .50

U
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APPENDIX A: NOTATION

a Dimensional constant

A Dimensionless constant

b Dimensional constant

B Dimensionless constant

Local skin frIction coefficient

11 Depth a 1  flow , ft

~~ Acceleration , ft / sec~
H Elevation of upstream water surface , f t

K Equivalent sand grain roughness

K I D  Relat ive sand grain roughness

q Uni t  diocharge , cu ft/iiec/ft of chute width

Q Test discharge , cu f t / sec

U Local veloci ty, ft/sec

Ua ’ Shear velocity , f t/sec

U Free stream velocity , f t / se e

x Distance downstre am from leading edge of the plate

y Vertical distance from the chute floor; d ista nce from wall
Elevation of’ local water surface, ft

~ Theoretical boundary layer thickness

p Fluid density, slugs/cu ft

t Boundary shear stress , lb/sq ft
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