
/ AO —A0 41 945 CALIFORNIA UNIV BERKELEY HYDRAULIC ENGINEERING LAB FIG 8/3

SEDIMENT SUSPENSION AND TURBULENCE IN AN OSCILLATING FLUME. (U)

APR 77 1 C MACDONALD DACW72—71 C 002k

UNCLASS IFIED HEL—2—39 SUPPL CERC—TP 77 4 NI

~.1II _ _1 !PD~EU1

_ _  OATE



I 0 ~ ~~ 
(((j2.5

_____ 2 2
11 3 6

I . I

~ ~
HI .4 ll~ll~6

~ RI )I UI ~ N I~ SI U H A I I I



Sediment Suspension and Turbulence
in an Osc illatin g Flume

by
T homas C. MacDonald

TECHNICA L PAPER NO. 77-4 —

APRIL 1977

~~

Approved for public release;
distribution unlimited .

Prepared for

U.S. ARMY, CORPS OF ENGINEERS
>-

COASTA L EN6INEERIN6
_ 

RESEARCH CENTER
Kingman Bw Jd.ng

Fort Belvoir , Va. 22060

~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



C

e

Reprint or republication of any of th is material shall givu appropriate
credit to the t •~~ . Arm y Coastal Engineering Research Center.

Limited free distribution w ithin the t nited Sta tes of single (~~ }~~(5 of
this publication has been made by this Center. Additional eup ies are
available fro m :

National Tech ,iical Inf or mat ion ,~e r r ice
tI TTN: Operations J) i i is ion
5285 Port Royal Road
Springf ield , Virg inth 2~ I.  I

Contents of this report are not to he tsi~l for advert isir ig ,

publication, or promotional purposes. Citation of trade names ~~~ nut
constitute an official endorsement or approval of the use of ~t ic h
commerc ial products.

The findings in this report are not to be construed as au official
Department of the A rmy position uun le~s designate d h~ ot her
authorized documents.

(~ .



—

- 
:‘ ,~ _________________

SECIJRLc c C L A S O~~CA ~ ~ O F  ~~~~ P A G E  (1R~.n D~~. Fo~~~~odl

REPORT DOCUMENTATION PAGE
I. - REEO&E. MUMki~

R 2. G O V T  A C C E S S I O N  NO. 3. R E C ~ P~ I N  T 5  - L OS.  NUMBER

~. T I T & E ~~~~~~~~~~~~~ 5. T Y P E  ~~ REOC PE~~I SC COVE RE D
/
1 

~ l I ) !  ( I ~,U’, l I 1( 1 \ I I  F I J RBU I  ~( I \
l l \ I  ~

‘
~~; r: l lJ~lI: 

‘l e c h n i ca l  Pap er ~
- 

6 . PERFQRM4 N~~~O~~~ : POW~ , NU M B E R

l l l -~~-39
7 S U 7 R O R ~~~ . - - 4.. CQMI.R AC T~~~~~~*$W~~I4)JM 9 ER (.)

1. l i o r n : I s  C • ! ’ i - I S .O h l l d  
.

9. P E R F O R M I N G  O R G A N I Z A T I O N  NAM E AND A D D R E S S  IS .  P R O G R A M  E . E M E N T  PRQ ~~E C T  T A S K

U n i v e r s i t y  of C a l i f o r n i a  A R E A  W O R K  U N IT  N U M B E R S

l lv d r a u l  1 K’ Lu g I n eon  r ig l . a b or a t )rv
R c r . c l e v , Ca l i f o rn  j a  b-I ~~~I ) 13 1 1U3

I I  OO ’ I T R T L L I N S .  S K F ! C E  N A M E  A N D  ADDRESS 2. REPORT DATE

K p a  r t  me r i t  of t Army A I ) i ’ t J  19~~
:t1 Lng i  f l e e r  i ng P ’ :~o :t r~~h I~~ n t  or ( C L R R L  ~~J) ~~~~~~~~ GE P AG E S ’

L i n g o a n  [li i i  i d i n g ,  For t  d~’lv o i r , V i r g i n i a  2 0 ( ( )  ~O — -

14 M O N I T O R I N G  A G E N C Y  N A M E  & A DOR ESS( I1  dIll~ renl ire,,, ContcollIng Off ice)  5 SECUerr ~~~~~n9S,—4.L.34I. , po,t )

t lLJ.A SS I F I L l )

IS,,  DE C L A S S I F I C A T I O N  D O W N G R A D I N G
SCHEDULE

16 . D I S T R I B U T I ON S T A T E M E N T  (of 151, Reporl)

Approved  for p u b l i c  r e l e a s e ;  d i s t r ib u t i o n  u n l i m i t e d .

7 . D I S T R I B U T I O N  S T A T E M E N T  (of the AhA(r .c l  y nt eeocI I,, Block 20 , If dltfere,, 1 Iron, Rnporl)

1 4. S U P P L E M E N T A R Y  N O T E S

IN. K E Y  W O R D S  (Conl in ,e on ,, ,A eRie If ~~~~~~~~~~~~ end Ide,rIly by block nen,be~)

O s c i l l a t i n g  f l ume  S e d i m e n t  suspens i on  T i i n l u u l  ence ( , ; 1 \ ’O

2 0 AB S TR A CT (C,,nIIno. on ,eo.,.e ,id. If n•c~~~•O ) ’ ~~d Identi fy by bto~ & 0,01,6.,)

• \n ex p e r l  :1011 t II St  ids - measu red  ~ I I s 1 I 0 i d s ’ d — sod i mont concent  rat  ions  and t i l r —
l i t i l e n c o  :ll , l \ c  t h e  l i t  t o rn  of a s p e c i a l  l v  des i gned  0 5 c r !  l a t  in g  t IlIllIc .. . \ t o t a l

t ~‘5 c o f i L I l i t  r at  i o n  d i s t  r i h u t  i on s  too. m e a s u r e d  f o r  :i s i r i g l o  f~ ~~d — l 1 o t t o t n
r u i : ’ l oss and t lie s ame - p c  f i  C g l ’ : Iv  I t y  11 ~5) n t  s e d im e n t  • ‘lii roe di  f fo r en t
sod t o t) t s i  :~~ . - s o r e  used  , (6 e x p e  r I l IelIts ~ 2 l l )  t lIE’ S 51150 5 I . 0. l’)ie~ c ex pe r i  —

t15’tt I ‘ dm 15 SI S 211!) l v  ex p o n e n t  i i i  di  t r i b  I t  I o n  , e X c e p t  n e a r  I l l s  ho t  I I ’ l l , 55

p r o s  i ( i i i - ;  I Y ~OIll5iI h~’ It  her I I IV i ” t I ~~I t  I I ) ’ . . the sI op It ’ t he co ncent rat o’i
( f o n t  i nued)

DO FOkI 1473 EDI1I.3N OF I NOV A S IS O BSO LRT E lCc( l \bb I F I L l )
SECURITY CLAU IFICAIION OF TH IS PAG E (WP...~ f).. ~ nI*,.d)

:i: .‘1~ ~~~~~~-J -~~~~~~~



—~~~~~ —-- - ‘~~~
-‘ — —‘-~~-—‘—- ‘ ‘

105( 1 ~O,s51 I L I J
S E C U R I T Y  C L A S S I F I C A T I O N  OF THIS PAQE(*~~~ 0.1. Mni.r.d )

d i ’  t r I l im it  1011 i s  i n  t I l e  i’ SI II )~K’ o t  —~~ to  — 15 pe t ’ t’I I I I t  (— l( i t i  — 5 ( 1  per imm e t i - n )
t’or  t he  c x j l e r I r m e I I t s . For  th e  l i m i t e d  i ! : i t a  on o t h er  s i  :es , t h e  s l o p e  of ’ th~
co I I s ’ K-tI t rslt  On ( 1151 r hu t  ion  becomes mo nK ’ n( ’l~:It  i s o  as f a l l  v e l o c i t y  i n c r e a s e s .

I u r o m m i e l  K i 1~~ e i  i ,  i’I a ct u a t  i o n s  m e a s u r e d  w i t h  a h o t —  f i l m  a n e m o m e t e r  are
n o r m a l l y  l i t ~~~~~~~~ w t  th n’ e jj i z e r o  for  measu remen t s  at t w o  e l e v s i t  l o t s S 1 F O \ L ’
t h e  bed , se l l  o m i t  s i d e  t h e  v i s c o u s  b o u n da r y  1 av er .  The root  mean s q u a r e  of
t h e  ye l oci  t v f l  uc t  m i st  i o n s  d e c r ea se s  e xp o n e n t i a l  ly Is i th  d i s t s i m s  cc above  t h e
bed , and at t h e  l i ed , i n c re ases  app r o X i m a t e l ~ ’ I i n e a r l v  w i t h  i n c r l ’ a s L -  in f l u m e
v e l oc i t y .

l i e n  e X t  rapo l i t  esi  to  t y p i  c a l  f i e l d  cond i t  i ons  s e a w a r d  of the  hr e 1 er  ,
t he se  e x pe n i n e n ts  detn ons t  r at e  t h e  impor t  III  c~ of f a l l  v e l o c i t y ,  m a x i m u m  w a v e —
induced  b o t t o m  v e l o c i t y , and t u r b u le n t  v e l o c it y  f l u c t u a t i o n s  i n  c o n t r o l l i ng
s e d i m e n t  Suspens  ion by  shoa l  in g  w a v e s . Ins os o r , c o m p a r i s o n s  of dat a obt  a i n e d
w i t  h i I m c  1 i g i it se  i g h i t  s e d i m e n t  in  t h e se  e spe r i m e t i t s  and t h e  proh ab le met ion of
q u a r t : s:ind i n  t h e  f t  L I  d sm i g g e s t  t h a t  s o d )  C i m ’ i I t  su s p e n s i o n s  c a us ed  by shoal  i ng
w a v e s  o f f s h o re  of the b r e a k e r  are l i k e ly  to  be l i m i t e d .

N,

2 l l ’ ~l ; I \ bs l  1 1 1 1 )
SECU R ITY  C L A S S I F I C A T I O N  OF THIS  PA D E ( W 1~en (I.,. F,,Ie,ed



PJ 1J)FACE

This  report is pub l i shed  to  p r o v i d e  coasta l  e n g i n e e r s  w i t h  an a n a l y s i s
of d a t a  on suspens ions  of sed imen t  produced b y o s c i l l a t ory  mot ion  in a
spec ia l i zed  lab ora tory  f a c i l i t y  at the  H y d r a u l i c  Eng i n e e r i n g  Laboratory
(IIE L) , U n i v e r s i t y  of C a l i f o r n i a , B e r k e l e y .  The work was c a r ri ed  out
under the coas tal  processes program of the  U . S . Army Coas ta l  Eng i n e e r i n g
Research Cente r  (C ER C) .

The report  was prepared by Dr . Thomas C. M acDonald , a former  graduate
student at the  Hydrau l i c  Eng ineer ing  Laboratory , and now an eng ineer with
Leeds , lu ll , and ~Jewett , San Franc i sco , under CERC Contract No. DAC W 72 -
71-C-Oo . 4. The report is a mod i fication of report No. HEL 2-39 w h i c h  55(S
ori ginal ly issued by the h Iy~~ii’u1ic Eng ineering Lab oratory .

The author acknowled ges with sincere gratitude the active supervision
and counsel of the late Professor 1I. A . Einstein , th e advice and the
opportunity to Participate in this project provided by Professor J.W .
Johnson , and the assistance of Professors J. Harder and L. Talbot during
the experiments and in the preparation of the report . The cooperation
and assistance of the staff of the Hydraulic  Eng ineering Labora tory are
gratef ul ly  acknowled ged , espec ial ly  W . A. Hewett , J. C. Allison , at R.W .
Cambe II.

Dr. M.M. Das, former Hy draulic Eng ineer in the Coastal Processes
Branch , and Dr. C.J. Galvin , Jr. , chief, Coastal Proce sses Branch , were
the CERC con tract moni tors , under the general supervision of R.P. Savage,
Chief , Research Division .

Comm ents on th is publica tion are inv it ed .

Approved for publ ica tion in accordance w ith Pub l ic Law 166, 79th
Congress , approved 31 July 1945 , as supplemented by Public Law 172,
88th Congress , approved 7 November 1963.

‘~~OHN H. COUSiNS

~ Colonel , Corps of Eng ineers
Commander and Direc tor

3

—~ 
- “ 

‘ “ ‘ -
‘ - iO~~~ I~~~~~~~~~~ l~~~~~~’~~~~~~~ ’,T - -

” 

*~~~
fY

~~5~
.c5I(

~
5o -‘



CON ’l ’hi’5 ’I’S

Page

CON\’l RS1 ON FACTORS , U.S. CUSTOMA R Y TO ME TRI C (S I )  . . .  7

SYM BOLS AND D E F I N I T I O N S  8

INTRODUCT ION 11

II  CON CENT R A ’rI ON DISTRIBUTIONS 13
1. Exper imenta l  Apparatus 13
2 . Exper imenta l  Procedure 18
3. R es u l t s  23
4. Experiments Using Sediments of I)ifferent

Settling Velocities 33
5. Summary of Experimental Results 42

I l l  DISTRIBUTIONS OF TURBULENT VELOCITY FLUCTUATIONS 44
1. Experimental Apparatus 44
2. Experimental Procedure 48
3. Results 55
4. Summary of Experimental Results 62

IV THE SUSPENDED LOAD IN OSCILLATING FLOW 64
1. Suspended-Load Theory in Unidirectional Flow . . . . 64
2. Similarities Between Oscillating and

Unidirectional Flow 66
3. Sediment Suspension in an Oscillating Flow 69
4 . The Base Concentration , C0 70

5. Net Transport of Sediment in the Ocean 71
6. Additional Investi gations Needed to Complete

the Suspension Theory 71
7. Conclusions 71

LITERATURE CITED 74

APPENI)IX EXPERIflENTAL E)ATA 77

TAB LES
Concentrat ion distribution data for V~ = 0.035 foot per
second , ampl itude > 0.693 foot 2”

2 Concentration distribution data for V~ = 0.035 foot per
second , amplitude < 0.693 foot 31

3 Concentration distribution da ta  for
= 0.1)626 and 0.0498 foot per second 1m m

4

- “ - -~~ - - ~~~~~~~~~~~~~
‘

-
‘- -

- - ‘ -



_ 
- _ _ _

( 0 N l [22 5— — ( l I l t  i l i m e d

I - I  ( l l !Rh i-i
l a p o

1 Se t a p  f l ume • lb

2 Upt  i c : i l  c o n c e n t r a t i  on m e t e r   19

3 Yo k e s up p o r t  fo r  con ceo t rmi t i o n  se t e n  20

I Calibra tion curve f o r  sediment dia m eter:
0 .41 7 m i l l i m e t e r  < I) 0 . 105 m i l l i ’ : m e t e r  22

5 Examp l e s  of  measured c o n c e n t r a t i o n  d is t  ribut i on  c u r v es  25

6 M versus 1,Jo (eq. 4 I f o r  amp i i t u d e s  eq u al  to or g r e a t e r
than  0 .6 9 3  foot and sediment-settlin g velocity ,

= 0.1)35 foot per  second 26

7 M versus  U0 for optical equipment moving with the flume
and stationary in space , using a 0.925-foot amp litude
for all measurements 29

8 M versus U0 for sediment-settling velocity ,
‘C = 0.035 foot per second 32

ii M versus location of optical equipment for identical
flow conditions , V,r = 0.035 foot per second 5-1

10 Concentration distribution for run 81-1 .01 35

11 Concentration distribution for run 814.02 36

12 Concentration distribution for run 814.03 37

13 Concentration distribution for run 81-1. 1)1 35

14 Concentration distribut i on for run 81-1.05 39

15 M versus U0 for V~ = 0.035, 0.408, and O .062o foot
per second 11

16 Functional schematic of hot—wire bridge circuit 15

17 Hot-film sensor and probe -16

18 Hot—film anemometer calibr ation t a n k  17

10 Ilot—fi lm probe extension assembly 

5

_________ 
- :- -~

- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~ T ’ ’ -b~~~~~~

- - “ ~~~~



____________________________________ .— - - -  -~~~~~~

iS  )‘~ I [N H

I I C I I R I . 5 -- - Cont  i n u e d
Page

21) ) m m t m m m t t  v e r s a - vL ’ l o c I  t~ c a l i h i r ; t t  ion  c u r v e  for l in t—l i in
iI l efllO i t  m r  l i t  u r e m  - - m m t s  51

2 1 \ o l o c i t v  p r o f i l e  m i c m ’ n s s  c a l i b r i t  ion  u - i : : l e  52

22 h i s t r i b u t  i on  of’ t u r b u l e n t  v e l o c i t y  f l u c t u a t i o n s  57

2 3 Ve l o c i t y  s c a l e  v~ rs m i s  el evat ion for f l u m e  v e l o c i t y ,
11 = 0 . 333 toot per second 55

2 1  V elocit y Scale versus e leva t  ion for f l u m e v e l o c i t y ,
11 = 0 .510 foot pe r  second 59

23 V e l o c i t y  s c a l e  ve r sus  e l e v a t i o n  for  f l u m e  v e l o c i t y ,
= 0 . 7 - 15 foot per  second 60

2o V e l o c i t y  s c a l e  ve rsus  e l e v a t i o n  for flume v e l o c i t y ,
li ) = 1 .930 foot per  second 61

CT ’ Base ver t i cal t u r b u l e n t  v e l o c i t y  s c a l e  versus f lume
v e l o c i ty  f o r  a c o n s t a n t  ampl i tude  0 .925  foot 63

28 C o m p a r i s o n  of the t h e o r e t i c a l  and measured exponent
of c o n c e n t r a t i o n  d i s t r i b u t i o n  in un id i roc t iona l  f low 67

6

_______ 

___  

~~~~~~ ~~~~ 

- ‘-- - - 
_.__-_-_ ,_, ,,._ ._ ,



_

I O N  FACTORS , U. S . CUS’i OMARY TO Mi l  R I  C ( S J j
u N I T S  OF M E \ 5 ) I R I M l N l

U . S .  cust  oi’ a rv units of m e a s u r e m e n t  u e d  in t h i s  r epo r t  can be c o n v e r t e d
to m e t r i c  ( S I )  u n i t s  as f o l l o w s :

Multiply by To obtain

i n c h e s  25 .4 m i l l i m e t e r s
2.34 c e n t i m e te r s

S q U i r e  i nches  6.4 52  squa re c e n t i m e t e r s
cu b i c  inches l ü .  39 c u b i c  c e n t i m e t e r s

fee t  30.39 c e n t i m e t er s
0 . 304 8  m e t e r s

square feet 0. 0929  squa re meters
cubic  feet  0 .0283  cubic  meters

yards 0.9144 meters
square yards 0.836 square meters =cubic yards 0.7646 cubic meters

miles 1.6093 kilometers
square miles 259.0 hectares

knots 1.8532 kilometers per hour

acres 0.4047 hectares

foot-pounds 1.3558 newton meters

millibars 1.0197 10~~ kilograms per square centimeter

ounces 28. 35 grams

pounds 453.6 grams
0.4536 kilograms

ton , long 1.0160 metric tons

ton , short 0.9072 metric tons

degrees (angle) 0.1745 radians

Fahrenheit degrees 5/9 Celsius degrees or Ke lv in s 1

1To obtain Celsius (C) temperature readings from Farenh eit (F) re ,idiimg ~m ,
use formula: C = (5/9) (F -32).
To obtain Kelvin (K) readings , use formul a : K = (5/ 9)  (F —~ 2 u • 2:;. l S .
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e x j X i n e f l t  i m i l dec~it rat of  t h e  v e l o c i t y ’  s c a l e

C se d i m e n t  c o n cen t  r a t  ion

C, c a l i b r a t i o n  n o : zle  c o e f f i c i e n t

C s e d i m e n t  c o n c e n t r a t i o n  at the  base e l e v a t i o n

D r e p r e s e n t a t i v e  roug hness d i am e t e r

d sat en  de p th

E s e d i m e n t  exchange c o e f f i c i e n t

output v o l t a g e  of h o t - f i lm b r i d ge

EQ output voltage of hot-film brid ge with sensor in still water

g acceleration due to gravity

H crest-to-trough wave height

I output voltage of photoelectric cell

I’  output voltage of photoelectric cell for ambient light

output voltage of photoelectric cell with li ght beam passing
through clear water

K ’ constant of proportionality between directional components of
t u r b u l e n t  ve loc i ty  f l u c t u a t i o n s

k wave number

L amplitude of flume oscillation

1 length of surface wave

length scale for oscillating and unidirectional fl ow

exponential decay rate of sediment concentration of oscillating
f low

n Mann ing ’s roughness coefficien t

R hydr aul ic rad ius

r horizontal oscillatin g velocity
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S ‘iNI  I J E F I ’  u~ I C c S _ _ C o i t  in ued

S s lope o f  the m i l e  rpy r ide I in c

s v e l o c i t y ’  s c a l e  f o r  o s c i l l a t i i m p  f l o w

v e l o c i  t~ scale at  base ele ’ c~i t i o n  for  o s c i l l a t i n g  f l ow

F p e r i o d  of ’ f l u m e  o s c i l l a t i o n

t t i n e

U cf t ’ect iv e  h e a t  t r ans f e r  v e l o c i t y  f or anemolne t  or s e n s o r

U~ o s c i l l a t i n g  floe v e l o c i t y

u h o r i : o n t al  f l o w  v e l o c i t y

u ’ l o n g i t u d i n a l  component  of t u r b u l e n t  v e l o c i t y  f l u c t u a t i o n s

u~ shear v e l o c i t y

V peak v e l o c l t \ ’  of o s c i l l a t i n g  senso r

V e f f e c t i v e  h e a t  t r a n s f e r  v e l o c i t y

mean v e l o c i t y  across c a l ib r a t i o n  j e t

c e n t e r l i n e  v e l o c i t y  of c a l i br a t i o n  j e t  as de t e rmined  from v o l t a g e
measurements

s e d i m e n t — s e t t l i n g  v e l o c i t y

v veloc i ty  sca le  for u n i d i r e c t i o n a l  f low theo ry

v e r t i c a l  component  of t u r b u l e n t  v e l o c i t y  f l u c t u a t i o n s

w angular frequency

X ho r i zonta l  d i sp l acemen t  of f l u i d  pa r t i c l e  in o s c i l l a t i n g  f l ow

x horizontal distance , Positive in direction of wave trave l

Y elevation above base elev ation

y vertical distance , pos itive up from mean water surface

2 theoretical e x p o n e n t  of u im idi nec t I onal fl ow coticent rat ion
di str ibut ion
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w t e r  d e n s i t y

shear s t r e s s  a t  c i t - i - i t  io n I i n  u n i d i r e c t i o n a l  f low

shea r  s t r e s s  , i t  bed i n  u n i d i r e c t i o n a l  f l o w

phase an g le
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SLI )  1 M 1 0 F  S1u5i ~i N S  I - IN - \ ,NI )  T I J R B U L [N C l :  IN  AN OSCI Ll ,A ’l I NC F L u M E

~~i0r7a8 C. 1’i l ~ Do°~Qid

1. INTRODUCTION S

S e d i m e n t  t r a n s p o r t  b y waves a p p r o a c h i n g  t h e  shore  has  been  a n a l y z e d
in two sat’s . Inshore of the breaker zone , the  ex t r eme ly  complex  f low
pa t t e rn s  and t u rbu lence  r e s u l t i ng  from the b r e a k i n g  wave :  h a v e  necess i -
t a t e d  onl y’ a q u a l i t a t i v e  approach to s e d i m ent  t ranspor t  w i t h  q uan t i t a -
t i v e  e s t i m a t e s  ba sed  on f i e l d  me asurements . O f f s h o r e  of the  b r eake r
zone in r e l a t i v e l y  deep w a t e r , the  prob lem of s e d i m e n t  t r a n s p o r t  can be
approached in a more t h e o r e t i c al  m a n n e r .  I t t  t h i s  zone , s e d i m e n t  t rans-
port studies are simp lified because there is no turbulence in the flow
field from breaking waves and the flow condition near the ocean bottom
can be better estimated from linear wave theory . This report concerns
sediment transport offshore of the breaker zone.

Laboratory and field observations indicate that , as in unidirection-
al flow , sediment transport at the ocean bottom offshore of the breaker
zone is of two different types--bedload and suspended load . The dis-
tinguishing feature between these two types of transport is that in
suspended transport the entire weight of the sediment is continuously
supported by the fluid; whereas , in bedload transport the sediment rolls ,
skips , and jumps along the bed and therefore its wei ght is partially
suppo rted by the stationary bed. For moving sediment to be supported
by the bed means that the regime of bedload transport is contained in a
thin layer adjacent to the stationary bed , two-grain diameters thick as
proposed by Einstein (1950). The majority of the sediment in m otion in
this area is bedload and thus n~ st research has concentrated on the
turbulent boundary layer and the oscillatory hedload rate due to w a v e
action (Li , 1954; Manohar , 1955; Kalkanis , 1957 , 1964: Ahou-Seid a ,
1965). Sufficient advances in the theory of bedload movement in an
oscillating flow have warranted studying the suspended load to deter-
mi ne : (a) Approximately, what percentage of offshore movement is due
to suspended load , i.e., a second-order approximation to total trans-
port ; and (b) if any of the now-predicted bedload is partially suspended
load.

Th is investi gation develops , from an empirical approach , a method
for predicting the distribution of suspended—sediment concentrat ion
based on the h y d r a u l i c  f low c o n d i t i o n s ; i.e., surface save amplitude
and per iod , depth , s e d i m e n t  c h a r a c t e r i s t i c s , and b o t t o m  roug hn e ss  con-
d i t i o n s . A l t h o u g h only  one bo t tom roug hness  was  s t u d i e d , the  r e s u l t i n g
method is genera l  enoug h to be e x t e n d e d  to o t h e r  roughness  c o n d i t i o n s
by additional experimentation . The suspended d i s t r i b u t i o n s , when  used
in conj unc t ion  w i t h  the  h e d l o a d  f u n c t i o n  of K m i l k a n i  s ( 196-1 ) , s h o u l d
g ive  a b e t t e r  a p p r o x i m a t i o n  of t he  t o t a l  sed i ment transport .



--

‘ii l i i  I k a n i s  ‘ bedlnad f u n c t i o n , t h e  ap p t ’ll I e- !i to  t Im e suspended
load i s  based  on many of the  same p r i n c i p l e s  p roposed  b y T i ns t  em ( 1950)
in I t is  theory of he d load  and susp ended— load t r a n sp o r t  in un i d i r e c t i o n a l
floe . Att ;il ys i s o f s usp en ded l o ad i n o s c i l l a t i n g  f low is more c o m p l i c a t e d
than th at of unidirectional f l o w  l l e c imt s e of two f a c t o r s . F i r s t  , in min i —

d i r e c t i o n a l  open channe l  f l ow  the  e n t i r e  depth of f loe  is t u r b u l e n t  and
the  re l a t i v e l y  h i gh t u r b u l e n t  v e l o c i t y  f l u c t u a t i o n s  a l l o w  the  s e d i m e n t
cxch iimp e c o e f f i c i e n t  to he ap p r o x i m a t e d  b y the  momentum exchange  coeffi-
cie n t w h i c h  can be o b t a i n e d  from t h e  s h e a r — s t r e s s  d i s t ri b u t  i o n .  I n
oscillator y flow this is not possible. Both laboratory and field obser-
m- ations indicate that suspension of sediment occurs to depths considerab l y
Ciove the boundary layer in an area where the  shear stresses due to the
oscillating motion are ext remely small and difficult to measure . Althou gh
it may he possible to express a sediment exchange coefficient in the
boundary layer as a function of the mean shear stress , this would not
provide a means of estimating the sediment exchange coefficient above
the bom~i~dary layer. Therefore , a sediment exchange coefficient which is
not based on a shear—stress distribution mus t be found.

The second factor concern s the magnitude of the turbulent velocity
fluctuations . Offshore of t h e  breaker zone where the flow velocities
near the bed are low , only a small part of the wave energy is dissipated
by friction at the boundary . The remaining wave energy is lost inshore
by the breaking waves. Because of the  relativel y low intensity of tur-
bulence in this offshore area , the vertic al velocity fluctuations are of
the same order of magnitude as t h e settlin g velocity of the sediment.
Under these conditions , the sediment exchange coefficient is high ly
dependent on the sediment..settling velocity. Therefore , measured dis-
tributions of turbulent velocity fluctuations and sediment concentrations
must be used in analyzing t h e  upeard turbulent flux and downward turbulent
and gravitational flux for each sediment-se ttling velocity.

To obtain a relationship hetiseeti sediment suspension and flow hydrau-
l ics in an oscillatin g f low , concentration distributions for v a r i ous flow
conditions mus t be measured. The sediment exchange coefficient i s deter-
mined from these measurements. N e x t , the turbulent velocity fluctu ation
distribution ~ ith time at a constant elevation and its distribution t ’ith
elevation must be measured. This measurement will yield the information
necessary to describe the fluid exchange . The distribution with eleva-
tion will yield a velocity scale , one of the too variables composing the
sediment exchange coefficient. From the sediment exchange coefficient
and the velocity scale , the second variable (the length s c a l e  or i t s
:is ;ociated time scale) can he calculated. Knowled ge of these fundamental
van a) I vs of suspension as a function of tim e flow hydraulics s i m  o i l  d l e a d
to a practical method of estimatin g the suspended—load d i st ri h i i t i ‘iii , andm i  c ite tie important variables of suspension in an os ci 11 i t  m r ig fi lie

The only other requirement for a so I l i t  i ott to the s t i spend ed  I m i d  is a
know I e l gi’ of a muse concentration as a f un c t i o n  of fi m m i ~ hydr ati i i  c’~ . ‘ft c
lao ’ concentration is determined from K a l k a n i s ’ ( 1) 16-1 )  b e d l o a d  t h e o ry ,
be in g the concent rat j Olt ~i t  th e top of t h e  bedload layer.

12
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C o m b i n a t  ion  of the bedload and suspended load w ill predict time total

mumm o un t  o C s e d i m n e n t  in not ion unde r  spec i f i  ed w m i t e ’  and b o m i n d a  m c o n d i t i o n s .
By supe rim Posing a comm stan t u n idi r e ’ct  i onal  f’low , such as the  mass trans-

port  or a coa s t a l  cu r r en t  , the  amoun t of sedi  mn ent  t r a n s p o r t  c m i i i  be
s e t  incited .

In  t h i s  i n v e st  i ga t  i~on , as i n  nai l research  pro j o c t s  , time experimen tal

r e s e a rch  p receded  the  de v e l o pme n t o f m i s u i t ab l e  method  of d e s c r i b i n g  sedi-
ment suspe ’mm s ion . For t h i s  reason a d e s c r i p t i o n  of the  e x p e r i m e n t s  and
t h e i r  r e su l t s  w i l l  he g iven  fi rst , fo l l owed  by a d i s c u s s i o n  of how t ime
r e s u l t s  can  be used to p r e d i c t  t he  s e d im e n t  s u s p e n s i o n  load .

II . CONC I ,N ‘FR,\T [1)\  1) 1 S’FRI BUT I I )NS

1. E x p e r i m e n t a l  App ara tus .

Expe r i m en t s  and  obse rva t ions  i n d i c a t e  t h a t  l e a r  t ime  ocean bo t tom mi  o f f —
shore  of the  b r e a k e r  zone in r e l a t i v e l y  deep w m i t ’ r , s e d i m e n t  is h e l d  i n
s u s p e n s i o n .  This is  due to the  turb ulence r e s u l t i n g  fro i mm t i m e  d i s s i p m i t  ion
of wave energy on the  rough ocean bed . For w aves  w i t h  mm s m a l l  s u r f a c e
slope , where  a/ a x  < <  ~m/ 5y , t im e f l u i d  mot ion  car t he ap p r ox i ’m s - i t e d  from
l i n e a r  wave theory . The equa t ions  d e s c r i b i n g  t h e  h o n  :on ta l  mind vert i ca l
d i s p l a c e m e n t  of a f l u i d p a r t i c l e  are g iven  by the expressions f r o m m  Lamb
(1932) :

X = (ii) {cosh [ k ( m ~~ d u ]  s i n u i ( k  d l )  co s (k  s - t I  (1)

= (4i i) ~si nh ft (y+di 1~~s l i m b  (k dl } S in (k t - is t )  (2)

sb ere

d = time water depth

y = the distance from time mean w a t e r  s m i r t m i c e  mea s mired negat i ye l v

downward

ii = time crest-to-trough wave h e i gh t

k = 2~’/ l

= the length of time s ur t’m ic e w i

w = 2Tm / T

r = the pert od of time sti r t’a c m  e m i  ye

3
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l e  co r r e s p o n d i n g  v e l o c i t y  e’on i p on e rmts  a re  obta  l ime d  by d i  I fm rent i mit  i o n
o ith r e sp e c t  t m m  t i mmme ’ of time above equation it to give :

o = (~~ i )  is {cosh [K (y+d) J/sinh (K dj sin (K x - w t I (3)

I . 
r = (-~~ i ) w  { si t h [ k & ÷ d ) ] / s i r t h (k d ) }  cos (k x - w t )  ( - 4 )

I r n  t h e s e  c j m i t t i o n s  i t  i s  e v i d e n t  that the v’’ rt ic al c m l l ) l l e m m t  -~ f t h e
d i - ~ m ’ i l c e t : l e ’ ! l t  a mid ye’ b c  i t~ becomes smal Icr mis the di ~ t m i m l : e  f rom t h e  sur-
face i t m c m ’ e’ m i s e ~ . \ t  the bottom , where v = — d , t h e  not ion ei e ge ’ iis ’r mm t e~ m t

mm simple m : i r l m m o l i i c  o s c i l l a t i o n  in the x—dir e’ ctio n . It is th is horizont al
harmonic o s c i l l m i t i m m i i  which is of first—order i mport ance in producing tur—
buience and smisile lis ion of sediment. ‘lime eq u a t i o n s  also indicate th,it t h c
mmign i t udes o f ’ t he h o r i z o n t a l  d i s p l m i c e ’ m i i e m m t  and velocit y cimmi nge s l i gh t l y
is t i m  depth near t h e  ocean b u t t  o~m m and can ti me - re fore be corm s i dered cons ti n t
i n  the reg ion  of sediment suspension. For examp le , consider a S-foot--hi gh
sa v e  w i  t i m mm wavelen gth of 151) fe et m i n d  a per iod of 10 seconds in a water
depth of 50 feet. IT quat ion (3) indicates tim e hon zontal veloc it y ;~ t
y = -d is u = 0.393 sin )kx -e t ) feet per second and that for y = -d + 5
(5 feet  above time bed)  , t ime  h on  :onta l  v e l o c i t y  is u = 0 .4 0 1 s i n ( k x - w t )
The s e d imen t  s u s p e n s i o n  measuremen t s  w h i c h  w i l l  be d i scussed  l a t e r  ind i -
c a t e  that time regime of measurable  sediment concentrations is well with-
in the bottom 5 feet of water depth for this typical wave conditioim .
(~1easurable sediment concentrations were actually found witimin 1 f o imt
of ‘the bed.) The change in hon :ommtal velocity in time bottom 5 fe’et of
water depth is omm l~’ 2 percent. Therefore, to desi gn an experir mental
apparatus to s imulate time flow conditions near the ocean floor , the ion  -

zontal flow velocity above the boundary layer can be considered c o m m s t a m i t
arid equal to tim e va lue given by equation (3) for y = —d. Fm qmm at ion ( 1 )
indicates timat for tim e wave condition discussed above the vertical flow
velocit y’ at y = -d is zero , and at an elevation of 3 feet above tim e bed
is 11 .082 cos (kx-wt) . The fact that the vertical velocity ’ only increases
sli ght ly in time 5 feet above the bed and that its motion is symmetrical
suggests that time vertical velocity’ imas no effect on the suspension of
sediment .

im lith time above assumptions of a constant horizontal oscillating
velocity and zero vertical oscillating velocity above the boundar’v layer ,
time turbulent flow conditions wimich exist near the ocean floor ai’e easil y
approxim ated. By super imposing a constant velocity equal to timat g ive l l
by equation (3) for y = -d hut opposite in si gn , there would be no motion
in the fluid above tim e boundary layer , the di strihut ion of velociti es in
the boundary layer would be inverted , and the bed would he oscillating a t
time simple harmonic given b y equation (3) for y = -d .

It i s now onl y necessar that time phys ic m i 1 appa ratus wh i vim dup Ii cat es
these flow conditions conta in s  a water depth greater than time’ thickness
of tim e b o u n d a r y  I mi y er . Ku Ikami is (1957) made ye b cit distribution measure-
ments in a flume contain jug a sti l l  body of water w i tim an oscillating
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rough bed. Kalkaimis (1964) showed t imm i t  t ime  v e l o c i t y  d i ’  t ib ut io n iii an
os ci limit ing flow w i t im t ime same m i s s  mmq mt  i o n s  as des c r ibed  aim ove c a lm he’
a p p r o x i m a t e d  b y’:

u / em = [1 + f~~(Y) - 2f 1 (Y) cos f~~( Y ) ] ’2 s i n ( wt  + b )  (5)

w h ere

f 1Ct’) = exp (Y~~l0
3 / a fD ) , (6)

f 2 ( i~ = 0.5(51) 0 . 6 7  (7)

and sin( us t + ~l) describes the variance of the velocity i~ith time and
pimas e ang le .  In equa t i ons  (6) and (7) , I i s  t ime e l e v a t i o n  above t i m e
bed measu r~cd p o s i t i v e l y  upwards ; a is time amp l i t u d e  of bed o s c i l l a t i o n ;
o = ( w/ 2 4  ‘m ; v is t ime k i n e m a t i c  v i s c o s i t y ;  and )l  is t ime representa-
tive roughness diameter. For the flume roughness cormditions used in this
investi gation (D 0.05 foot), and tim e flow velocities studied (0.67 foot
< a s 2.0 feet and 2.0 seconds < T < 15.0 seconds) , equation (5) indicates
the boundary layer thickness is no more than a few millimeters th i ck .

To approximat e the shear stresses arid there fore the turbulence condi-
t i m m i s  n e a r  the ocean bed for a given water depth , w ave period , and amp l i -

tude , a flume having a moving bed under a still body of w a t e r  was used.
The frame of reference , which describes tim e prototype fluid motion unde r
tim e above assumed conditions , is then moving with the bed . It is only
necess,1 r~’ to oscillate the bed in the harmonic motion described by the
linear wave timeory for y = -d. The s w i ng  flume used in this investi ga-
tion dup1icates , on a one-to-one scale , these conditions .

The swing flume is shown in Figure 1(a). The flume bed is simaped to
an arc segment of a circle with an 8.92-foot radius , a 13.33-foot chord
l e n g th , and a 12-inch width . The flume , suspended from the ceiling of
tim e laboratory , is free to rotate about its center of curvature . The
flume is o s c i l l a t e d  about  i t s  center  po sition by a 1.5-horsepower
variable-speed motor connected to a drive wheel with an eccentric arm .
‘The e c c e n t r i c  arm i s  connected by a 10-foot con imect ing  rod to m m l i n k a g e
fi xed to the  f lume  b o t t o m .  The l inkage  at t he  f lume i s  a d j m i s t a b l e  to
a l l o w  cor rec t  ion of the  asymmetry of mot io rm whi c i m w o u l d  r e s u l t  from a
change  i i m e c c e n t r i c i t y . V a r i a t i o n s  in  e c c e n t r i c i t y  and motor speed ml b o o
time amp l it imde amm d frequency of o s c i l l a t i on to be va r i ed  oc m r  mm w i ~1e m’ange
of ~ rot o type  w a v e  cond i t ions.

Km thin tim e f l u m e i S  1 stationary hon : o l mt  i i  h o a r d , si i gimt l y less than
12 i riches i~ i de , 8 t’e ’m’t i ommg , and at an e lev m i t ion  of 12 inci tes ;mimo v e time
lowest po i mit o t t h e  c mm rved hot torn. The board , oh ich is separately sm ip—
po rted from time cm ’ i Ii rig m m f tim e build in~ mind is  not connected to the  fl m i me ,
smii m i m r e sscs mmm c  s t mi n d i np e m i t ’ f , i c e  waves in t h e  t’lmime c m i i m - m ’ i  by time flume
mu tm i m m mi , The I’i m m m i i  i t  t i m  i s ci  c~’m mt ion must re mmm i n  e tm i t m o n a  ny t m  conform
to ti me fI no m mi i i  t ions  h ’ sm i ’ m  m o d  m mh ov e
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The simap e of t ime a m ’t i f i c i m i l  bed r o e i gf u im ess  ( F i g. 1, i m )  sas d c - t e n - m i n e d
by experimm ents . -\ la rge  q u a n t i t y ’  of th e  a r t i f i  c i  m u p la stic s e d i m m m e - m m t  used
j im conce imtr at  ion mtm easurerme m mts  was  Put  into the sm oot h—bo ttm ,m:med flume .
Time f lume i~mls o s c i l l a t e d  at e,mn iomms ampi itmid es and pen m ds  c r m y e r i  ng t h e
r a r mge  of fb i5 co imdi t  i ons  to he s t u d i e d . Aft e r t ime f l u m m e  m~~m n o s c i  11 a t ed
at mm constant rate for a period long eimo’nglm to e s t m i i m l  i sh  a m i a t m i r a l  bed
shape , time flum e m~- ;is stopped and tim e imed dm i mme s is c-re m ’m e- - L s lm red . ‘lime bed
s h a pe was found to he aop ro x irna t e ly  s i  n u m m o i d m u l in  ‘ m m , ’ c r os s  s e c t i O m i  Lm nder
a l l  flow co imdi t i  ons . The mean wave  l e n g t  :-~ of t i m e bed ~i m m i me-  i, ms 3 .5  m m m c i m c s
w i t h  a range of -I . 5 to 5 .0 i nc im es  ; t h e  mean m~ ave  1 en;~ in — to—dep th  rat  io mcas
8 .0 i c i t l m  a range  o f 5 .5  to 12 . The f i x  u ’ )  a r t  i f i c i a l  m ’ ig ( im l e ’ s s  u s e d  approx-
i mates t h i s  slmape . The a r t  i f i c  i m l  du r m e s  w e - r e  con st  r m m e t e ’ d of  wood ar id
fas tened  to a f l e x i b l e  simeet of p l a s t i c .  ~a t u r al  sed im ’ m e mmt  w i t i m  a mean
d i m e i c t e r  of 0 . 3  millimeter was g lued t i m bo th  t h e  dunes  an d p l;nt i v .  ‘lime
p l a s t i c  simeet  was f ixed to the f lume b o t t m m m , c e m v e- r i r m g  t h e  c e m m t  r a l  m~ 33
feet  of t he arc .

The as~’nn e t r i c  end r om mg h mm ess c s  sho m-a m in  F i g u r e  1(c)  we re used to
el 11 m m m ate  secondary cu r ren ts  in time c en t r a l  m easu r ing  s e c t  ion of t h e
f lum e . Proper p lacement  of t ime a s y m m e t r i c  roug imn e ss  e l e m e n ts depends on
the f low c o n d i t i o n s  of the f lume . The o p t i m u m  p 1ace ~ em m t of time roug h n e s s
e l e ments  for a giv en f low con d i t i on was de te rmi n ed b y ’ drop p i n g  pot m m S s i m i f l m
d ich ronate c rys ta l s  throug h ho les  in the  h o r i z o n t a l  w m m v e  s uppressent  board
and observ ing  t ime n m ove m m me m mt of the dye s t r e a k s .  m’hen no t ra im sverse  move-
ment of the dye s t reaks  in tim e cen t ra l  par t  of time f l ume  were  observ e d ,
time roug hness e l emen t s  were  considered to he in time op t im t mm b ea t  ion .

.\ l i gh twei ght , b l a c k  p l a s t i c  m a t e r i a l  w i th  s p e c i f i c  grm i ’c i ty  of 1. 25 ,
w h ich had bee n c ru shed an d s i e v ed , w as used as a r t i  f i c i al  sedi men t in the
exper iments .  The gra in  diameter  of the sediments  was u n i f o r m , b r m m c k e - t e d
by two con s e c u t i v e  s i e v e  s i zes  of a p p r o x i m a t e l y  t ime sane d i a m e t e r  as time
nat ural sediment  g lued to the flume bed.  Only a sma l l  q u a n t i t y  o f tim e
sediment  was used in the f l ume  du r ing  an expe r imen t  iim o r d e r  to  l i m i t
t he deposi t ion of sedi m eim t wh i ch wou ld  a l t e r  time f lume  bo t t o m geometry .

When t ime  sediment  was f i r s t  put  in to  time f l ume  i t  was found t ima t  a i r
b ub b l e s  ad hered to t h e sedi ment p a r t i c l e s , thereby  cha ng ir mg i t s  s e t t l i n g
velocity. To eliminate t h i s  buoya n cy e f f e c t , deacra ted  wa te r w a s  u sed .
The water was deaerated in a 60-cubic foot-capacity t a imk loca ted  on tim e
wall of time laboratory at an elevat i on above time swing flume , heated by
a 5—kilowatt immersio n heater to a temperature of 900 Faimr emmhei t , and
timen cooled to room temperature. Time demmerat ed water sm u s transported to
time swing flume b y g r a v i t y  t h r o u g im a h ose to reduce a i r  e m m t  rain mm mcrmt.

The O p t  ic ;ml conceimtr ation meter used jim time’ experiments s m;; developed
by Das (l~)7 1) for measmi ning m~; . .; -~ 21 conc emmtr mi t ions in I ahor m it m m ry fi mim es .
The equipment consists of a b i gimt source , a beam c o ll i mm m ,m tor , m m r c ceiv m ng
mmit , anmi ne ccs - ;mm ry recording ummits . 1 c o l l i ma t e d  bea m o f I i g i m t  , 5 . 5—
m i l l  m m - m i ter average diameter , is projected throug im the glass mcmi i ls of t u e
f l u m e  to a duo—p imoto d  i mmd m ’ m ounte e i  on the oppos it e side u m  f time f 1 11m m’ .

7
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l i m e u m m o m i - l e c t i - i c  c ell p r o d u c e s  a s i gnal m~imi ch is p r o h m o r t m ona l  to t ime
,i ”2 ! i l t l  of I i g i m t  i’ i i - e - i ~~m - d  o h m  i c h  , i i m  t u r r m , is  p r o p o r t i o n a l  t m  t ime  amoun t
of i m  C I m t  b l o c k e d  o m i t  by  s u s p e n d e d  s e d i m en t . ‘lime s i g n m m l f rom t i m e  ph o t o —
e led  1’ i v  c e l l  i s  t r mmn ms nn m i t t -d , amp 1 i f i e d , and  m’ ecoreled on an m i m i mi l og p a p e r
cim . m n t  m’ccor’d~’m ’ a m i d  aim ; i m m ; i l u m g — t o — d i g i t a l  da ta  a c q i m i s i t l o n i  s y s t e m  set  to

mi mm h mit ’ mit time r a t e  m m !  35 s a m p l e s  m e n ’  se commd. ‘J’h c li ght source ’  an md
rc ’ce i e m  r mi re’ ~ i m m s  m m i nm i - i  g I l l - c ’ 2.

liii’ 1 i ~b i t  - u m m i r c o  m m m d  r e c e i V e r  are n mio ui mted  on a r i g i d , m l  unn m nmum y’ imk e
i m i g .  3~ h e l d  i ’ s -  f r i c t i o m m  brackets; h~ b o o s e n m n g  t in t  t im uni) sci ’d’is s

t h e  e l c V , i t  i on  o f  t b m ~ - - . m i l m h l m r t  ca im he v m m m ’ i e d  f rom b e -  los t i m e  f l um e  h i t  t o r n  tmm

m m m c c  t ime  f ’ l (nI le top  oh i i e nmm i i m mt  a i n i n m g  p r e c i s e  m ml i n e r n e m m t  of time optical
v m ) u i i p m m ie mmt . Th is  f i e x i b i l i t ;  m i l I m O s . e’mil ib r zm t i o m m  of t i m m  op t  m e a l  equi pment

m m m d  f l  dime ’ co n c er m t r a t  ion  meas ei rerne n mts  to  be made ’ is i thom it removing tim e
u - O l i n  t m tmm e ’ m m t f’ro rmi t b m e si m ç i t m m m ’t~ . l im e ’ y oke  m i p h r t  i l l i h r ’ ; i c k m - t  mi re - p i n n e d
t o  t i c - i th om m t  ore c c i i  i m g - m m ;  t i m e  s lime ’ a~~i s as time’ fi min i ; so timm i t the
opt i ca l  m l i i i  t u n i c  m t  c an  no i n g  with time f l u i m t m e -  i i lie h e l d  s t a t  ion i n ’y- in
SP Ice ’.

2. ~~j m e n ’ i i m u e ’n t a I  P r o c e d u r e .

m m .  S e t t l i n g  \ e i o c i t y  of t i m e  S e d i m m m e n i t  . l ’ime s e d i m i m e n t  used in  t h e  f i r s t
s e r i e s  of cm .\gm. ’ m’ i m en t s  w a s  t i m e  m a t e r i a l  w i m i c i m  passed  t i m e  0 . 4 P 5 — m i l l i m e t e r
s i e v e  ar id  mcmi . r e t a i n e d  oim t i m e  m i .4 L’— m m i i l l i m m m e t e r  s i e v e . Time f a l l  v e l o c i t y ’
of t h i s  s e d i m e m m t  sas memisu i ’ed in a 2— i n c h - d i a n m e t e r  g lass c y l i n d e r  f i l l e d
i s i  t i m  de m e r a t e d  w m m t  e r  at a t e l m m p e r m m t u r c  of  ~2° Fa im r’c n i m e i  t . Time t une re —
m i t i i  red for 220 pm i rt i d e s  cimosen at random to f a l  1 5,  51) i n c i m e s  w m i s  m e m m s u r e d

th a stopis mi t chi . l i m e  ave n ’ mige  s e t t l i n g  v e l o c i t y ’  (V , )  , time m - m m i g - c  of
velocities , and the standard deviation were timen cm i i~~mi lmm t e d to be 0.035 ,
.0213 to 0.m3 32 , and 0 .0059  foot pe r  s e c o n m d , m’ e ’ s p e ’ c t n v e l y .

b .  Ca 1 ih m ’ a t i o n  of Opti cm i i Commcentrat ion Meter. Cal  ib rat ion i f  tim e
I t  i c m u l  e e iu i p men m t  is is clone i nm a 0.5— by (1.5— by 1 , 1 ) — f o o t  c l e a r , p l a s t i c

c m u l ~~b r at  ion  tank  p l a c e d  on time top of the  55 i m m g f l u m e . ‘lime 1 . 0 - f o o t
cii mens i on  of t ime t a n k  0 m m  ~ 05 it ioned p m m r a  l i e  I t o  t i m e  ax  m s m m f t i m e  I i gim t
- m m  u r c e  unmd m’ece’ i ver; i . e’ ., the same is i d t i m  mis t ime so i img fl mime . Time tmm nk
was timen filled mci t im mm me ’ m m s  mired qum mrm t i ty of de’;ie r;ited isa t m r .  -\ s m m m i i i
measured amoun t of c l e a n e d  s e d i m e m m t  was added to tim e t m m m m k  and  the

~e’d i m m m e ’ m i t  — w a t e r  mi x t u r e  mcmi ; ;  s t i  rred m e chm u m i cm i 1 b y  to g i v e  a on i t ’i m r m  ~~~ —

p en d ed  c o n c e m m  t rat  i o n .  Time c o i l  i ma t ed  1 i gim t beam mmm d r ece I vu m’ is e i’e rn -. i —

i mined  and m m 5— secoime l  reco rd o f  t i m e ’ v o l t  m u g e  f ro nm t ime  n’ece I v e t  wa s  recorded
o mi t ime  m m i i log  c - i m m l  m ’t r i ’c o m ’ d i ’r  mm m d mnm agn m ’ t  i e t a p e .  thu fo m’mi t v  i f  c o n c e m m t  n m ! —
t ion  i n  t i m e  t m i n k  was  checked  i my meas e mr i  nm g t ime  f r m c  t i m m m l  of i i  gh t h l e c k e ’ ul ‘

by ’ t ime  s e d i m e n t  m t  v ar  I t i l ls l o c a t i o n s  i n  t i m e  cross  sOi l i m i mi  of t i m e  t m i n k
‘lim e mecha r m 1 ca l  s t  i r re r u~ mis  s t opped  m i n d  t ime  se d i  m en mt  m m l i  owed to ct tIe.

Records  is- c’ re then mmmdc m m f time’ v m m i  1 m m  ge f rom t i m e  I i  g im t b eam pm i s s  u n m g t i m  m ’oug h
c l e a r  m c m i t c r  and t i m e  V o l t i m i ’  o f  t im e  m m m b i e n m t l i g i m t .  T ime f r i c t  i on  of l i gimt
p lmsse ’ eI w a s  t i m e n i  cal c i ii mu ted m i s  t im e’ r a t  i o  0!’ t i m e ’  Co  i t  age w i t i m seei i me n m t i n

-
‘ m l s 1 m e ’ m i s  i o n  t o  time el i  f f e m ’m m i e e ’  i t  m m m l ;  t i n e  co  It mum ’ s  of t i m e  be m mmm m t im r ’oug im
c i  e ar  i c m m t m , r mmcl time mmmii ie ni t li ght , Mm m n m m r e l amounts m m l ’ sedi mmciii were

8
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m m d d c c l  to t i m e  c m l  I I  r i t  i o m n  t mmml m im md t i m e  I m m ’ o c e ’ e h m i r c  n’ e - l m e m m t  ~-d unm t i i  t h e  r m m n m g u
of t ime  op t  i c m m l  eI~m i i p m m l e n m t  m c m u s  cove  r e d .  ~l e - m u ~~u i r t u I Ie  c m m m w e - n t  m ’ a t i o n m s  r a n g e d
from m u . 1 to 2 .3 grams ge m’ Ii te - m .  ‘rime ’ iin ;gir ’ m h u m  of  t h e  f m ’ m u c t  l u l l  of I i  gu t
p a s s e d  v e t - S m i - - t i m e ’  c o m m c e ’ m m t  n : u t  i o n  m m  ; - r m i u ; m H  1cr I m ’ e’ - i s  plu tt -c to ~ m vL ’
t b e c m  I ihra t ion  c u r v e  s h un s  a 1 mm b - i  gm ir e ’  -I . ‘ Ih i e ’  1 e’m m s t s q u m m  res , Ime ’s t fit
eq um m t i omm fo i’ t i m  is cci i’ve i s

C = ( - o . 5 S h  i n  1 1/ b  1 , - 1’)] , ( ;~~j

where

C = c o n c e m m t  n - mit i o n m ( j i m  g r m m ; m m - n m ~ n ’ l i t - r i

= memm n vol t m m g e  fm’om time re ceive r i s i m e ’nm 1 ) m -  I i  m t  hrn mmm is I l m us s e- e l
t i m m’ oug i m t h e  s ed i  m e n m t - m - m i t e - ; -  a l it  m m c c

I . = me aim v o l t a g e  f r o m m m  t i m e ’  n’ e c c i v e m ’  m i l m e i m  t h e  1 i g a t  ! m e ’ m m n m  i s  p a s sed
t bm roug im c l e m m r  m s m m t e -r

m cm iii vol tm ge f’r mm ; m- the- m’ece i ver wimen the I i  g imt  I m ea m n is  turned u~ ff

‘l ime ’ ~m m 1  i h r a t  ion curve ’ , w h i c h  m- , m m s  c h e c k e d  tl e ’r i  e d i c a l  b y ’ dmu m ’ i m ; m time e x p e i ’ i —
men t s , d i d  not c h m i n m g e .

I nm s e’ t t  1 nmg up the cmi li i n- mi t ionm e xile-ri m enmt s , i t m cmu s  fo unmd t ) m ; m  t mm c h ange
i nm t I m e  focus of t ime  o p t i  cmi i e q u i p n m l e n m t  w o m m l d  c i m m m n g e  t im e n ’ e s m m l t i n g  c ; m l  i h r a —
t ion  curve . To e l i  mmmi r ma te  t im i s  p r o b l e m  a hrmmce m emis nmiaele to hole 1 time equ i  p —
mni er m t in focus . A c imeck of tim e focus was  mm m m m ei e dun n mg cacim c o mmc c m m t i - m t  i on
meas m i r e m ; m e ’ m m  t by mu w i r e — s c r e e n  f i  I t e - i ’  wh i cim , w h e n  p1 aced i n t i m e  i i  glut b m e ; t ; mm
b l o c k e d  out mu know n m and cor ms t m m n m t  m i rno ernt of  I i  g im t . I f a c i m m m n g e  i n n  !‘o c u i s
ii as ,let uct e e l  be the  f i l t e r  mmmc m i w m mr e- mm u e-mmt s , t ime  c u m m m c e n m  t r a t  m m u m meas ii  - e- ; m ; e- at  -

we- re ’ not use’d.

c . C o n m c e n m t r m m t i  on D i s t r i b u t i o n  ~i e m i s e i r e m e n m t s  . For c o n m e e m m t  r a t  i o n m  d i s —
t r i b e i t  i o n  m e a s u r e m e n t s  in  the  f l ume , mi dm itumn m e le vm i ti onm of time opt  i cmi i
equi p m e m u t  had  to he e s t m m b  1 i sheei . Time n m me m in ci e v m i t  i m u nm m i f  t i m e ’ c r e s t  of time
a r t  m f i c  i a  1 dunes u~ mis  use d m is  t im e h m m s e  c i  c e - m i t  ionm m m mci w m m s  el ete ’m’ r mm i m e d  lv mm
s c a l e  f i xed to tim e f l u m e  a n md a p 01 i n t e r  f i  isecl t u m  t i m e ’ o p t  i cm i i e q n i i  pn m ie nt
b ra c e’ .

‘lim e m le s i red p e r i o d  mm cl e c c e n m t  I ’m c i t \ - ice m’e se 1 c c  t e ci mind t i m e ’ f l mime ’ I i  nmk —

age adj u- t ed  to g ive ’ a sy’mmnet ri e’ osc i l l  at i o n m  . Ti m e ’ f l  lime’ w a s  f’i 11 eel is i t i m
deae’ r a t  e l  i s m i t e r  to  t ime’  c i  e ’V~i t i ) n 1  of  t i m e  m c m m e - e  su i i u p r e s s e ’n m t  h o m m r e l  ( 1 2  I i m c i me s
above time lowe’;, t p~m i n m t  of t u e heel) , mm m d time’ nmmc y mnnnet ri d ’ ou ch i ’oug l m n m e s s c s
ise re ~ OS I t i time d . D e p e n d i n g  on ime’ fI Os cond i t i onu s chose ’nm , 100 to  3( 1)1
grams of  we’d i men t is m i s ci e ’an m eel mm ci depos i ted in time’ fl lime’. lii e I ’ I lime’ ls m s
th en osci I l m i t e e l  unmt  i i time dist ri im umt ion of sedim e im ’ u n  t i m e ’  f l m m n n u e ’  u c m u s  at
e q u i l i b r i u m . ‘l ime eq u l i  I ii m rium con i diti oru was determine d by m m - r i m m d i c ’m m i  l y
m c m m s u r i n g  t ime ’  c’Oi me ’enm t n - m i t  m m m l  of  s e d i n n n e n m t  m t  mm f i x e d po i  nut  i n n  space ’ n n m t  I I
t he  conc - e ’m nt r a t  i o n  d i d  m m m l c h a ng e  w i t i n  t m mm c .

2 1
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1,0 I

0,8 — -

0 6 —  -

cD
LJ Q4Cr)
(I)

a-

I

C=-0 ,585 2n [I/(10-I’)]
o 0,2 -

0

r~~~ 0.1 -

ll_~ 0

~~ 0.0 8 —  -

ll_~ — -

0.04 — -
0

0.02 1 I I I I
0 04 0.8 1.2 1 .6 2.0 2,4

C CONCEN TRATION ( g L~~)

Fi gure  -1. C mm I i  b ra t iomm cu r v e  for  sed iment  eli m im e t e r :
(1.417 millimeter ~ I) 0.41)5 m i l l i m e t e r ,

= 0.035 foot  per second.
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‘l ime e’u r m e m m t  rmm t i on  e h i s t r i h i m t i o i m  i n  t i ; -  v e r t i c a l  m s m u w  t h e ; ;  nn me ’ mmsi m r e d  (
‘

I I

t i m e ’  f i  ow cormdi t i on we I e ct e -~l . A g m m i  mm , for e m m c h  e- le i mm i m u m  , vu I n  m m m i -  records
i
~ 

e’ m ’e mmmd c ’ l ’m m  r t i  - - s eel i mner mt— laden m~ a tom’ , ci  e ’mi r  m m m l ; -  r , ami) i c -n t  I i  g im I , m b
c l e m i m ’ us m I  - c  p1m m ;; t i m e  f i l t e r .  I f  t ime  o p t i c a l  e q u i p m e n t  0 m m h e l d  - I a t  i om mm i r
i tm space , t i m e - r e - c u rds f u r  clear o mmt ’r a nmei c l e a r  O mit c-n plus  f i  l t - - r  o c r -
mmmdc  i c i m i l e  the f l u m e  m c m m s o s c i l l m u t e d  mi t  such a long  p e r i o d  t h m m t  no s e - d i r e ’n t
m~ i - c  i mm s is pe’ni -; m m  m m . ‘lime t i ne i n m t e r v m u l  of the  record  for  s e ’ d i n m m e n m t —  l a d e - m m
o mu t e r , c l e a r  w a t e r ’ , anmd c i  cam ’ u~ it  er  p h i s  C m i t  e m ’  was m l  m c m m \  - an nit em b e r
m nl  t i p l c o f  t ime  f l u m e  o s c i l l at i o n  period. ‘Cii i s  p r o c e d u n - e- m m ml ;u u; m ml i cal ly

m l  I m m e ’el ane’ i r r e g m i l m i r i t  i e s  in t i m e  t r m m n m s m i s s i i m i l i t v  of the  f l u m e  w i n d m i m c s
t i  b e ’ c o m :u m m e ’n s a t e e l  for  m cim e n c a i c u i m i t i n g  tim e fraction of l i gh t  p m m s s e - J .

‘lime o e m t p u m t  s e g i m a l  of t i m e  p h m o t e m e b e c t r i c  c e l l , wh m i cm was recorded onm
m a g n e t i c  t m m m c -  m i t  t i m e  r m u t e ’ o f  5 m ~ sm mim m pl es  g e -n  s econd , was imot  c o n m s t a n t
w i t h  t i m e ’ , due t m  i n s t m m n u t  m i u l o l i l i s  c o m c e m m t  n ’ m i t i o n  f l u c t m i ; i t  ions . B e c m u u i s e  t i e-
c o m m c e n t r m m t  I l l  is r e l a t e - i to  t i me  I o g m i r i t i m m  of t h e- o u t p u t  v o l t m u g m - , i t  w a n
n e c e s s a ry  to  c m m l c u l m m t e  t ime ’  c o n c e n t r m m t  i on  for  each s a mp l e  a n d  t hen  a v e r a g e
t i me ’  conce ’nm t m ’ m m t i o n s  over  t h e  pe r i od  of record to d e t e r m m m i n e  the  t r ue  mOe m in
c o n c e n t r i t  i i ) ml .

The c o n m c e n m t  rat  ion  m e a s u r e m e n mt s  ice- re  m m s n i a l l y  s t a r t e d  as n e a r  t h e  bound-
ary as p o s s i b l e , m m b u m m i t  0 .3  c e n t i m e t e r  above t ime  c r es t  of t h e  roughness
e l e m e n t s .  ‘lime f l u m e  - c m i  S s t opped , the  e I e - v m m t  ion of the  op t i  c m i i  equ i  p menmt
was raised ammd recorded , mind new measu remen t s  were  t a ke n .  T h i s  procedeire
was fo l l om ced  u n t i l  an e i e v m m t i o n  was reached m i t  w h i c h  t ime c o n c e n t r a t i o n
was too low for time optical equi pment to measure. Time optical equipment
wmis then lowe red in a stepwise fashion un t i l  near  the  boundary  to o b t a i n
concentration measurements m it intermediate ’ elevations. rn timis manner ,
7 to 15 concentration measurements were obtained to describe t ime  concen-
tration distrib ution for one flow condition.

3. Results.

w m  e t c — f i v e ;  c o n c e n t r a t i o n  d i s t r i b u t i on cu r v e s  were ’  ob t a i n e d  of t i m e ’
fo rm , 

-

C = C0 exp (’-1 ‘m )  , (9)

wim c r c ’

slope of time curve (m m feet~~)

C~ = concentrmmti on at  t ime’ b i m u s e  e i e ’ i ’ ;it ion (in grams per liter )

C = concenmtrm m t mon of sediment (jim grmims per  lite ’r ) ; mmvc rm ug e of
t i m e  c o n c e n m t r a t i o m m s  ca l  c i m l a t e d  f rom equa t  i 0m m (8) f r  e’a clm
s a m p l e  of record d u r i n g  the pem ’iod

Y = c I ’e’ i t i o n  above the  c r e st  of  time ’ a r t  i f i c i a l  r oug i u m m e s s  ( 1 m m  t h ’ e t )

L 
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lime i ’i m m b le mused 1 cle- - ; c m m h m e ’  t ime ’ f1 ~ w comme l i t on is rime flow
Ce ’ l oc i t  - - , II  , d c ’  f i  n e d  as

I) = ( I . )  / ‘l , (10)

i s i i e n ’e’ I. i s  t ime m m r l i l i  i t m i d e ’  ( i n  l~ - - i m )  mm m d i s  equm i l t m  on m e—im al f t ime-  a rc
i c - S  t h ~m m c i m i c i m  passe ’s mm f i x e d p o i n t  d u r i n g  o n m e — h a i f  c y c l e - , and  i is  i m b u e
pe rm ad of osc i l l i t  ion (iii se’cumnds) . ‘lim e f i m m w  c o n d i t i o n s  s t u d i e d  ranged
front mm mni ni mn m c im of IL. = 0.235 focmt pci’ see’umnd I n u i n i m u m  to a l l o w  su s p e m m s  ion
of  5e’el i tl emi t 1 tm i a mmmxi nn mum of  II = 1. 15 fe-e- t per se’cond (maximemm mi ll owed
i my  f l u me’ c o n s t m ’ m m c t i o n )  . ‘ l im e m mn nmp l i t  m i s s  m ind p e r i o d s  used i n  t h m e - ~~c- ex p e - r i —
mn menmts r anged from 0 .  235 to l . ( m ( (  t ’e i t  mi n d I . ( m S  t u 15. 16 s e c o n d s  , respec-
t i v e l y .  F i g u r e - 5 sh ow- s some t y p i c a l  :o r le - e - r m t  n It  i on  d i s t r i b u t i o n  c u r v e s
t imat  we re  o b t m i i n e d .

For ti m e miS  d i  f f e r e r m t  f l u -. c o n m d i  t ionms s t u d i e d , tim e bas e c o n c e n t r a t i o nm ,
C (eq . 9) , c o u l d  not  h e  ccl r r e ’ l , i t c d  to m m m c ’  of  t ime  i m y e i r m u u m l  ic parameter’s
b u t  d e p e n d e d  o mm t ime ’  m mn moe mn mt  o f ’ sedi m e n m t  i n n  t b . e  f l m i m ; m  - - For d i f f e r e n t  flow
c o ; d i  t i o n m s  t ime s e d i m e i m t  i n  t ime ’ f lm inmme w ; m i l d  lie d i s t  r i b u t e d  d i f f e r e n t l y’
m m i o n g  t ime b o t t u i m u  of t i me ’ f l ume , the re- i c givi img m m d i fferent and uncontrol—
lab Ic ’ bmu sc ’  c o r m c e m m t r : m t  m o n .

lim e bS exp e- I’m nnme n m ts  also sim;i m s dci that tm s cli fCc r - m.t law s e x i s t  i n  two
ranges  of concl i t  io n ms  gove r r m i n g  sedimm u enut suspcmms 1 mm. For amt~~1i t odes of
0 . 1 03  foot  and l a rg e r , t im e c o n m c e i m t r m m t i o m m  d i - t n - l i m i t  ion is d e t e r m i n e d  b y
the flow velocit y alone. For m m m p h i t u d e s  l e s s  t h a n  m I . u i i l 3  foot , tim e con-
c e u n m t r u t i o n m  d i s t r i l u u t i o n  is mm function of the mm n ipi l te i de relative to time
wavelength of the m im ’t i fi c im i l roughness.

T h i r t~’ - s ix  of tim e 65 c o n c e n t r a t i o n  d j - ; t n i i m -e m t i o n  c m m r v c ’ ; ;  wem ’e de ter-
m i n e d  u s ing  a m p l i t u d e s  of 0 . u h u 3 , 0. ’70 , 0 . 9 2 5 , 1 . 25 , mind 1.60 f e e t .  For
the se  f iv e  am p l i t e i ie ’ s , it scas foemnd that the ’ slope of time eli s tr i i m em t ior m
curve is a function of the flow velocity , independent of ampli tude.
Fi gure 6 grap imica lI~ i l l u s t ra tes the  r e l a t i o n s i m i p he to-cen ~I , tim e slope
of tIme concentrmmtiomm d istribution curve of equm ition (9) , ami d Ii ,, ti m e
v a r i a b l e  of  equa t  ion  (1( 1) used to desc r ibe  t ime f l o w  c o n d i t i o n s  of t i m e
f l ume . These data are a l s o  tab u l a t e d  in Table  1 mci m i ch g ives  t ime p e r i o d s ,
a m p l i t u d e s , and use of t ime o p t i c a l  eqe m i p m en t .  lime l e m u s t  squares , he’s t
fit emj em m i tion for this re’l mm t i onship is:

~I = - 1 8 . 4 5  + (11.53) II (11)

w h e r e  Ii is j i m fe-ct per  s e c o n d , an m d M is time slope of the co nmcenmt rat ionm
d i s t m ’ i l m u t i oim c l o v e  ( i n  fee t~~). ‘flmere is m o  stmitisti cm m l evidence to inc h —
c i t e  th at tIm i s  rd m i t  i o m msh i p is si gn i f i  c r m n t l y  d i  f f e r e n t  f rom a h i  gi m e r  o r d e r
p o l y i m o n m i m i l .

R e s u l t s  of  e ‘ I t m e  r i m e n t s  I m y Sin i n m o l m m m r a , c t  m u . (105 8)  co n f i  rrnm t ime ’  ; u h m o v e ’
resm i I u- s . ft i - v  f i m m n u l  t i m e  smin ne linear Tel at ioims im i p h e’tweerm the iogmm u’i tim mi m of
c o n c e n m t  r m i t  ion m m m c l c i  e ’ v m m t  ion and q u a l  i t  mi t  ic- c- I c  c l e - t e  nmm i ned  th a t  m i s  t ime ’  n t  en—
s i t e ’  of t ime  flow inmm; reas ecl time s lope  of the c o n c e ’m i t  r m i t i o m m  c l i st  r i b e i t  i on
c l i r v I ’  , M , h eca flt ( ’ I i  m t  l u - n .
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‘fab le 1. C u i n m c e n m t  r a t  ion  c l i s t r i l m e i t  m a r m d a t m i  l ’or \~~ = (1 . 1)35 foot per second ,
m u n n m p l i t u d e  0 . ( 9 3  Coot .

Curve P e r i o d  A m n m m l i t u c l e  I )  S i ne- , Variance- in  
-

d(lnC)/el leas t squares R e m a r k s
N o .  ( s )  (ft ( t ’t / s )  ( f t ~~~) curve  

-

518 .01  3 . 0 0  1 . 25  1 .00  - 5 .6 1 )  0 . 018 2 o p t i c s
3 1 8 . 1) 2  7 . 34 1 . 2 3  U . b s l  -7 .99 0 . 0 1 8 - )  s t a t i o n m n r r
518 .03  10 .63  1.2 3  (1 . -1 7 m )  — 1 1 . 2 5  0 . 01 9( 1
518. 0-! 12 . 7 0  1 . 25  0 . 3 0 - 2  — 1 3 . 9 1  11 . 02 36
5 18 . 05  13 .16  1 .25 0.330 - 1 3 . 3 9  0 .0136

6 0 2 . 0 1  3. 2 1) 0 . 9 2 5  l . l 3~ — 5 . 90 0. u16 2 , 8  o p t i c s
(0)2 . 02 3 . 1)2 0 .9 2 3  0. 737 — 1 2 . 0 1 0 . 0 1 - 1 0  s t a t i o n a ry
602.03 7.3-2 0 .0 2 5  0 .5 0-1  — 1 1 . -IS 11 . 0 13 1
602 . 0-4 8. 82 0 . 92 5  l ) . - I 2 b m  — 1 2 . 0 ) )  0 .0 ) 1 . 2 3 2
602 . 0 5  1 0 . 6 1  0 . 0 25  0 .3 4 8  - 1 - 1 . 13
602 . 06 1 2 . 63 0 . 0 2 5  0 . 292 - 1 5 .60  0.017)
mC ) 2 .07  15. 1 m b  0 .92 3 0 . 2 5 3  — 1 2 , 1 ” ) ) . 0 3 1 1

612 .01 13. 14 1. 60 
- 

0 . 2 2 2  - 1 5 . 60  0 .00381 optics
o l 2  .02 12 . 70 1 .6)) 0.504 —11  .61i 0. u 3 3 3  s t a t  i u m m m u n’v
6 1 2 . 0 3  10. 68 1 .60  0 . o O O  — 1 1 . 2 0  0 . 0 132
6 1 2 . 0 4  8.88 1. 1 ) )  0 . ”2 l  — 8 . lo 0 . 00359
6 1 2 . 0 5  6 . 1 5  1. 60 1. 1 2 1 . — 5 . 4 3  0 . 0 53 2

705.01 3 . 1 9  0 . 9 2 3  1 .16  - 7 . 1)3 0 . O l s b u  o p t i cs  
——

705.02  2 . 6 1 0 .9 2 5  0. 802 - 8 .88  0 .0009 ) m o v i n g
705.03 6. 60 0 . 0 2 5  0 .360  - 1 3 . 1 2  0 . 0 0 1 20
“ 1) 5. 0-1 9 . 42 0 . 9 2 5  0.393 —14.2 0 )) . b l ( ) 1 Sbl

7 0 7 . 0 1  3 . 82  0 . 9 2 3  0 . 9 6 8  — 5 .
_

Il ) ) . 0 0 9S o p t i c ’s
707. 02 5 . 7 ) 1 0 . 9 2 5  0 .  o71 — 9 . 9 2  () .0 1119-1 m o v i n g
707.03 7.87 0 . 9 2 3  1 .4 7 0  — 1 2 .81  0 . 06 3 33
7 0 7 . 0 - 2  11 . 12 (1 .92 5  (1 . 324 — 1 4  . 1 2  ( 1 . 11 ( 1365

71 3 .01  2 . 6 1  0 . 770 1 . 1 $  ~5~~s m  0 . 0 - 4 2 2  m m p t i c s
713 . 02 3.83 0 .7 7 0  0 . 80 - 1  -8 . 58 0 . 01) 1 1 2  m o v i n g
7 1 3 . 0 3  5 . 5 2  0 . 7 - 7 0  ( 1 .558  - 1 3 . 6 5  ( 1 . 0 0 1 1 3

717 . 01 7. S(i 0. 77)) 1 . 392 - 13 .9 5  0 .0 36 O p t i c s
7 1 7 . 02 9 . 3 9  0 . 7 7 ) )  0. 328 — 1 5 . 3 8  (1 . 0 1 .2 6  moe’ i n g
7 1 7 . 03 6 . 58 0 . 770 ( 1.  268  — 1 2  . 4 3  1) . 0360
7 1 7 . 04 2 . 62 1 , 77 ))  0 . 6 6 7  - 1 5 . 5 1)  11 . 02 02

721 .01  2 . 61 (1.693 1 . 1 1 )  — 6 . 29 (1 .00 0 13  cipt i c’S

7 2 1 . 0 2  3 .83  0 . 6 9 3  0 . 723  — 9 . 4) ) o , b n b 2 : s m u ; m m m m ,- i n l g
7 2 1 . 0 3  5 . 5 3  0. 693 0 .5 0 2  — 1 3 . 10 0 . 0 (1511
721 .0-1 7.88 0.193 0 . 3 3 2  — 1 1 - . 311 0 .0 ( 1321)

k i t  c m m l c u i a t e c i .

2 7

- ~~~‘



‘l’h e’ sm ime r e s u l t s  us c - r u -  oh t m m  i ned more r e c e n t l y  by Kennm e ’dy  a n m d  L u c i m e  r
( l C l 2 )  , ‘l’i m e i r  i i m e ’ e s t i g m i t  i o n  u- xm ilm mi m m c ci t ime-  b e im e m e ’ io r  of t i m e  n m e a m m s e d i m e n t
co ncc m mmt em i t  i 0mm a n m d l t ime ’  pci’ j üel  ic se’ ch i nne m nt  c m m r m c e n t  r a t i  onm f i  u c t u z m t  ions . The’
e xile ci m:mc ’nt s  were condu cte d  m m  m m s u - m i t  i onmi  m ’y - f l ume i~ i t im m m f i x e d  bed on wh i cii
a I i m i t e ’d m mm m mo um nt of loose sedi  meri t  u c m m s  d i s t r i b u t e d  , ‘Fur iiulenmce for m m c c l i —

menu - s l i m - p e n s  i omm us- m i s  caused hu e ’ s m i r f m m c e  m c m i v c ” s  g e n m e r m i t  ed he ’ mm uc mi ve g e n e r a t o r .
• ‘lime s e d l i m m m e ’ m m t  concenmt  r a t i o n s  we ’ m’e measeiree i  m c i t i m  o p t i c m i  1 ee lu ipm en t  wh i cm

m n c o m ’ p o r m m t m ’s t ime same t h e o r e t i c a l  p r i n c i p l e s  as t h e  e m i m i  m a - b e - m I t  used in tim e
sw i n ~ - m l  mi m e e - x l m e r i  m e n u - s  l umi t  of m u meicim s m a l l e r  si :e. ‘lime s m a l l e r  si :c and
c o n t ’ n i mm m ’m u t  io n m of t ime equi p m ime n mt al lous ed m e a s u r e m e n t s  y e- m y ’  se- a m’ t h e  bed aime l
sam im i  ccl a m uc h sn m i a l l e n ’ vo lume of f l o w

K m’ nmim cil v mma m ci I ,och er ’ s (1972) experi menmts in mem m n sedirment conce -mmtr a—
t i on  d i s t r i l m u t  ion w ere  l i m i t e d  to a u cave hei gh t  of 0 .2 -1  foot , a w a c o
pen od of 1. 0 secoimd , m m m d mm m cmii i  w a t e r  depth of 0 . 8 2  f o o t .  The nmea nm
sed un me i m t c o n c e i m t r : i t j o n m  i s mi s  m e a s l i m ’ e d  at var ious  e l e vat i o n s  m i l o n g  f l u e -
evenl y- sp mmced  ve r t i c m m l s  in  the f low . The sp a c i n g  of t ime v e r t i c a l s  us-as
s e l e c t ed  to co ver one w a v e l e n g t h  o f  t ime bed dune shape .  A t o t a l  of ~‘S
data  p o i n t s  us mus  measured , and w h e n  the  l o g a r i t i m n r m  of t ime mnme an c on u c e n t r a -
t ion was  p l o t t e d  aga i ns t  e leva t  ion above the  bed mi u s e l  1 — d e f i n e d  i i  i m emm r
r e l a t i on sh i p of C = C- exp ( — 3 6 . 5  1) was ob t a ined .  This  r e l a t i o n s h i p  is
i d e n t i c a l  to t l m a t  o b t a i n e d  iii t ime s w i n g — f l u m e  e xp e r i m e n t s , w i t i m  tim e ex-
cept ion of time h i gh r a te  of decm m y’  of sediment  cotmceimt n- m i t 10mm , ( - 3 6 . 5 )
Kennedy and l,ocher used mm d l u m m r t :  s e d i m e n t  of 0.14-mil limeter mean c l i m m
meter in  timeir experiments. Time settlin g veloc ity of timis sediment is mms
not repor te d ; i t  was proh :ub ly  abou t  0 .050 foot per seconmd , wh i ch is 43
perce mmt grc ’m mter  than t ima t  of tim e p r i n c i p a l  p l a s t i c  sed iment  ( ‘m e t  t i l ing
velocit y of 0.035 foot per second) used in the swing- fl ume exlle’ni nmm en mt s .
Swing- fl ume measum’ennment s , musing sed i nnuents of different settling velocities ,
are discus se’el l a t e r  in tim is section . For a given flow velocity a hi gher
rate of decay of comm centrm m t ion i s  exi ’iecte cl , mis set t l i n g  v e l o c i t y  i n c r e m i s e s .

~Iucbm of t ime  m m n a l y s  i s  of  data  by Kennedy and J .ocher d e m m l  t wi t im t he
p e r i o d i c  sed imen t  c o n c e m m t r a t i o n  f l u c t u a t i o n s .  A l t i m o m i g im no s p e c i f i c  con-
c l u s i o n s  s e e d -  o b t a i n e d  r eg a r d i n g  these  f l u c t u a t i o n s , t ime  u i ; m t m m  d i d  ind i -
cate  t i m e ’  f l u c t u a t i o n s  we ’re on ly  appare n mt  near  t ime lied (us i t im in  m i i u o u m t  ( I . 05
foot of the  bed)  . ‘Iii is e x p l a i n s  time ’ l m m c k  of p er i o d i c i  ty  i n  c o m m c e - m m t  r u t  10 m m
f l u c t u a t i o n s  for the  s w i n g - f l u m e  m e m m s u m n e m e n t s , 1 mm t ha t  0 .05  foot  is ne -m u ’
tIme lower  l i m i t  where  the much 1:mrg er o p t i c m m l  e qu ipme mm t of t i m e  s w i n g
fl ume could be used.

Si mmii Ia  r e x p o n e n t i a l  c’on i  ce’nm t ra t  ion  curves uc e’r d’ oh m u -m m I n ed for  t i m e ’ I m u m
d i  f f e r e n t  methods  used in s i m c m l m m t  m u g  sed i ment  su s pe mm s  i on  i n  mum m m - m c i  limit-
ing  f low ; I . e . , an osc i i  l m m t  i n g  f low ove r mm f i  xecl lied mis  used by SIm i nm o i m mm r n
et mm I . ( i b m  58) m i n d  K e n n e d y and ) .u c he ’  r ( 1 9  ‘2 1 , m i n d  an usc  11 a t  i r ig h u ed  cinder
a ‘‘ m u - m i t  i o n m m re ’ ’’ bod y of wate’r mm a mm seei in tine sw i m g — f l u m e  c-c h ic - r i nents.

Fi g u r e  7 shows time ’ r e i m i t  i m m m m s h  ip  i m e ’ t us - e’c ’ l m  ‘1 a n d  Ii fom’ t i c u m  c’ o m m d i —
tions . One set i m f  d mi t m m  re’ imn ’cs c’nts t ime ’  c’oni,li t 0mm t l mmm t  t i m e ’ o i i t i c m u l  m - 9 i i p —
mont  is us t m i t I u m l i m m r v  i n  space’ : the u it im er d :mtm m pu i nuts Ci I’ d ’ (‘iii ’ th e  o p t  i cal
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e’u i c m b ; u m ’ me ’ m m t  ;novi ng us i t i m t ime’ fi  u mn u u ’ . Al  I o t h e r  c - cur  maim lo s  1 m m  - me ’~~c- C’ X~ m e r  1 rmei l t
w e r e  t me same . ‘l’he  mmmm mp l i t  i L ’  , m  f ’ c i s c  u 11 m u t i o n m  w a s  0 . 9 2 5  l’u ut  . P m ore- u s  no
s t n u t i s  u - i  cmi i Jy  ‘ m l  gim i f i  c m m n m t  e l I  m ’ l ’c - m ’ e n c c ’  i mm t ime  m’ e’s ul  t s , u m m cl i m ’ ni t i mu uni  I n n
s m i — p e n i s  i on  u l m m m g  1 1 m m - f l m m m m i e . None ’ of time ’ mm e’mis m i n ’m ’ m ’ me ’m mt s t o m ’ la rge’ ~m im m~m l  i t  r i m

( g m ’ . i ti ’ i’ t I m  - m m  m l  .925 roo t) (Tm ub 10 1)  mc e’m’ e’ m nmmic l e’ ls i t  Fu t im c’ opt m c m i i  ec i ei i pnme nmt

moe’ u m g u~’i t im m i m e -  f l u imc ’  . The rem m son  f u r  t h i s  i s  at  I a m ’gu’  m m m l i i i  t m i d e - — time -

e i j m t i c ’ m i l  e’ei u i p n n i e m m t  uc o uu l c l  move i i t o  an m i r e - m u  of time f l u i d  w i m e m - e  s econ ml i m’v
c i r c m u l n i t  i on s  d ud’ u - c ) t ime  m m s v n m m m e t r i e ’ r oug i u n e ’m ~s e ’ l e m i m e n t m m  m m m c i v  e x i s t  am id  t I m e - r e —
for e m m e t  g ive  ci m ’ c .- p n ’ c ’ - - c ’ l m t m i t i v e  commcerm t i m m t  mi ni .

f lue  I’e mm u i  rmin g  29 o f time ’ oS expe i’i ments  mc e’ n -c m m m : i c i e  m u s i n g  amp l i t u d e s  01’

0 . 235 , i) . I ( m 5 , a m id 0 . 1 1 7  f o o t .  ‘I’ ab l e’ 2 is  m m t a h m u l m m t i o n  of the’ d a t a , and
Fi guu m’ e’ S sb i u mm5 - the resin ! t s  e l f  t i m e ’ 65 exper i  mmmc rm t s  . As shown i n  Fi g um’ e 8 ,
t h e m e ’  i s  a gre ’mm t deal  of s c n m  t t e m ’  i n  t ime da ta  for  smal  1 a m p l i t u d e s  ; t i m e - r e’ —

fore , on l y  qu m mu I I t a t  j ye’ con n c l  us i c mmm m - i m m i c’ c ’  l me ’ e ’rm made. 1m m ge-l ie-r u 1 , t ime ’
‘m mcm l lc ’m ’ t im e m unm mp l i tue l e m time s n i m ul  i c r  t ine s lope  of the  c o r m c e n t m ’ m u t i o n  d i s t m ’ i -

b e i t i o n  carve’

i n x p e  r i n m i e n t s  , movi es , anmd p l m o t m m m m  mum- re ’ used to  dete ’ m’mi ne wi my t ime s nn al 1
imp I i  tudes  de) m m ot  ohm c’. time flow e’eloci ty re lat u onsh i p of t ime  larger a mmip l i —

tu n cles  gi e im i n  e q u a t i o n  ( 11)  . B ased p r i  fia T lv on v i  sem al  obse m ’vat  i emmu , tim e
fo l l e m w  m n m g  e ’ x p l a n a t  ioim is hypotimes i z ed .  Im or s m a l l  amp i i tu e l e s  , time ’ d i s t ; m m m c e
of t m’ mm ~‘el I) C t i m e  fi  umc’ b i t  t o m mm d m m n i  ng a h a l f  c y c l e  is m i s t  gre- m t enmoug im for
the  [- c m m m m m d m i r v  l m m y e r  to f u l l y  deve lop  d u r i n m g each st r~ kc’ mmm c l t u )  become t u r —
b’e u l e n m t .  O im ly ~u t  t i m e ’ end of t i m e  h , i l f  cycle  w h e n  tim e a c c e l e r a t i o n  forces
caem so e 1lni  r m m t  ion  i s  S e c h i m ie n t  throw n u m m t o  s usp e n s i o n .  S e p a r a t i o n  onl y
occurs  n i t  t ime  downs t  ream fm i ce  of t I m e  m m r t i f i c i a l  d u n e s .  ‘lim e o b s e r v e d s c m - -
pens  i u l i l  p m mt t ernm wh en a 1) . 23 5— foot mimp l i tude of osc i  11 cut ion w m m s  used cm m mm-
s i s t e d  of p lumes  of m - ; i i s p c’ n m s i o n m  s e p m u r m u t e d  by areas of zero concentrmm t ion.

— These  p lumes  were acce’ i i t u m i t e d  b e c a u s e ’ , on t h e  n’eturn , t i n e  i m m u l  f - c y c l e
separa t  io m m n i t  t i l e’ clowni streamim fmice occemrre’d such that time succeeding h mim ’ m- t
of s e d i r m e - n i t  was  tim ro wi m i n t o  ap p r o x i  n m m u t e l  t ime  s mmn m m e reg io im o f  f l ui d mis i n
t i m e  f i r s t l m m m i f  c y c l e ’ ; i . e .  • tim e’ a l m m p l i t ud l e of m o t i o n  w a s  m ul mout equa l to a

m u l t i p l e  of ’ t h e  m~ aye ’ 1 c - m m gt i m m m )’ tI me  cl on e s h a p e .  ~imen t i m e  amp I n  t u md e ucmi ~
i nc reased  to 0 . 4 i m P  foot , mm 1111 m’ e’ f u l l y - d eve loped  b o u n d n m  m ’y I n m v e ’ r was
at t a i r m e d  . In  tIm i mm d’ m m s e  , s e p a r a t  m o nm o ccu rm ’e d  oe’ e’r a m~m nime ’ muIm m i t  l o ng er
d i s t m m n c u ’ of t r m m e ’ e ’I bu t  m t  i l l  l ess  t i m a m i  t i m e  us mm v c l e n m g t l m  of  t i m e ’ di u m mo m i i ) n i 4 ) e ’

I ’ c c m u u s e ’  l e s s  c l e ’ c e ’ l e r m m t j o n u  t o i’ce ’  isas r e q m u i n ’e’ci . The’ susp crmsio im p m i tt el’m m
Ic as t i me sanne mis w i  t h u  t i m e  0 . 235— foot  mm m i i i  i t ucle h u t  mucim ie ’ss di st I n e t
t i m e  p1 unm es use ’ m ’ e’ Is i c i e r  m i n d  oven’  l a p p i n g .  F I mmmi 11 y’ , us i th t h e  0 . 1 93 —  f u  m i t

mm m p i I tude , -- e - I l m m rm m t ion occu r r e d  ovem’ mm cli s t a n c e  e ’ u i m i m i l  l u l  or gre ’:une -r t i nm mi m
t i m e  w a v e l e n g t h  of time duties , mi nd a mi n i form 1 ong i tudi mmcm l ~ m i T m u m - mm t i’Ci t i i m n

was  m i t t  a i n m e ’cl

S in c e ’ m c m l c’xpe i i  n n e n t ’. w e ’ re conducted to  ye’ n - i  Ce- t ime m i b o c - e’ h v p o t  i m c s  I
‘flue VeT’ t i e ’ m i l  ci jst r j ln u it i mm mm of ’ commc ’e ’n i t r ; i t  i omm n u t  ya m’ i m m m i - ;  h m u m n ’ m : u m m i t  c m i  I o e : m —
t i onus  I t i  f l u ’ f l u i d  uc c i s  nu ie ’mm smm rcd to cld’tel’ifl i nit ’ i I’ time concentration cli st ri —

b u n t  i o n  van  c ’i , I I’ t ime ’  m m b m i v e  h m y p o t i m e ’ m ;  i s  i s  e ’ m m i ’i’~ ’ c’t  • t i i c ~ c’ ( i i i c ’ e ’n ~t r a t  i m m n
d i s m  r i i m u t  i m u m  s h o u l d  y m i  m~V mu l m i m m m ~ ti me’ imo i ’ i :uo mtmi I m m m d  i n  m m n ’ e ’ guu i m m r m a n n e r ’
e l m ’ t  e ’m’mi ne d h-c’ t i m e ’  shape ’  of the ’  bed d i m m m e ’ s  . I n  mm c id i  I i o n  • I t~ S u m s  j l e - mms  11m m

-~ 0



I nu h l e  2 .  mcu mmc em m t r u t  ior d j s t r , l m u t i u i n m  d m ita C u r  V.. = ( ( . 1 135 ( ‘e m o t  e r  second ,

- 

dm’ m p l i t m i d e - .m 0 . u 9 3  f o o t .

Cci cc c’ I’ m - r L od V ip  l i t  eu cle I S l op e  Va r i ance  in
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for  s m numu 11 anmn p lit ucles is a fu imc t  l o i n  of  b ea t  io im , t i m e  s lm c l i me  of tim e’ e o n m c e - m m —
t rmut ion  d i s t r i b u t i o n  e’ m u r c ’ c’ foi’ mm p m m r t i c u l a r  c- i - n t  i e m i l  mm i m ue - no t  lie t i m e -  s m m l m m i -
t’ I unn e v e l o c i t y , U , ,  hut u s itim mu imir ge- m urmn p l itmid e’ . ‘lime’ followin g is mu
desc r i p t i o m m  of  t ime  expe ’nimenmts .

l ime f lume ’  was  cudj  m i s t ed  to c i 1) . - I ( m S —  foot annmp l i tude  m m m d  a 3. 18—sec ond
P e r i o d  was se ’i ec ted . A s p e c i a l  b r ace  i c i t i m  m m t t m m c i m c’ cl s e n i l e  u~’m ~s cons t ruc -
ted  to I m o l d  t he  optical equi pment stmut ionm n ry m m  sp m i c e , m ind t h e re f o u’e-
s ta t i o n m u ry re l m u t i v e  to time f l u i d .  Tlmis b m ’ m m c e  m u l l o m s e d  r e - l o c a t i o n  of t Ime
o p t i c a l  eqm i i ilment to m u m m y ’  des i red new locm ut iou mu lonm g it mire us-in i le mmm i ri-
ta  i n i  ng  t I m e  fm’ e’ e ’do imm to c i mm u nmge  t ime  e l e v a t i o n  of t ime opt icm m l equi m m mm m-c mt
rd cut  lye to tim e bed of tim e fI  u mnue . \nm i imi  t i ci i  b eat  iomm of t i m e ’  p i t  i emi l
equl  pnmen t  u c c u s  c lmos cnn mm ci a vent  i c m u  1 c o n c e n t r a t i  on di st rib ut ion  mnu _ ’m ms u r ed .
‘fine op t iccu l equ i pment  was  then relocated to mm n ew p o s i t i o n  m m m d  n i r m o t h e r
c m m m e e n t r m u t i o n  d i s t r i b u t i o n  was m e m u s u r e d .  ‘Ii m i s  pro e e’durc’ u c mis  r e - p c - m u t e d
until fi ve commc eim trat ion distribution curves were ohtai ned . im m ici m u s m i s  c u t
a different hori zormta l location relative to the posi tion , m i t  mm fixed
p h c m s e , of t ine  f l u m e  bed , b u t  w i t h  i d e n t i c a l  flow c o n d i t i o n s  of t ime  f lunme .
Th e’ h o r i z o n t a l  range  of the  f ive  d i s t r i b u t i o n  curves w n m s  m u b u m i i t  eq u a l  to
orme w a v e l e n g t h  of the  b o t t o m  roug h mness  shape . ‘lim e r e s m i l t s  of t i m e - s e  ex -
periments (Fig. 9) indicate that the distribut ion of co nm ce nmtrmm t ion is umot
uni form along the flume bed for the 0.465-foot amplitucie studied. Fi gure
9 also indicat es that the rate of sedime nt concen tra t ion e i m,’c n i y ’  i s  l e s s  i n
tim e nureas  b e t w e e n  the dunes mind g r ea t e s t  at tim e c r e s t  of t h e  d u n e s .  i’I m i s
implies timat the plumes of suspension are cub ove th e t r ommg lm o f time ’ bed
shape , where it would be expected if time sediment is th rowmm uipwmm rd mm md
downstream from the downstream face of tim e clones.

Fi gures 11) to 14 are the concentratio mm distribution curves measured
for the locations indicated i n  Fi gure 9.  A l t h o u g h not c o n c l u s i v e , t h e s e
data indicate that the verticmm l distribution of sediment in t h e  plumes
does not conform to the exponential distribution of equation (‘dl. The
relationsin ips shown in Fi gures 11 to l’l disp lcuy mu sli gimt , hut stcmti sti-
cally si gnificant curvature mind were obtm m i ned at l o c c m t i o n s  i n  t i m e  p l um e ;
whereas , Fi gure 10 shows no curvmuture amnd wm i s obtmu m mcd at mu l o c a t i o n
between plumes . T h i s  could  he exp l a i n e d  b y tIme existence of periodic
stationary eddies , one located on emmch side of time plume mix is . Th e’ e d d i e ’s
would sweep sediment into the base of time- plume mmxis g iving ci n’c’ l mmt iv e lv
h i gh concentratio mu and cmu rrv sediment out  of t ime  top of tine p l ume , ccmus I ng
tin e concentration to be lower tb-man would be predicted in cm rammc lom lv tuir-
bu l en t  f low f i e l d .

‘I’h e small amplitude s studied rcpre serm tc’ci rmmr c’ pi’ototype’ c’om l c i i t lo i ns
t h e r e f o r e , m m l i  s ubsequen t  exp en i  m emmts  were l i m i t e d  to m imp i i t m i tes g r c m m t e ’ r
tin cin 0 .6 1 7  f o o t .

4. l i x p e r i m e n t s  t is i n i g  S e d i m e n t s  m m f ’  l ) i f f e m ’e nt  S e t t l i m m g  V e l o c i t i e s .

Two d i f f e r e n t  sediments  of the  s ame h lack p l a s t i c  were s e l ec t ed
and inves t . I gated to d e t e r m i n e  time ’  e f f ~- c t  o f ’ w e t  t I  i n g  c’e’l oc i t~~ on t i e
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c o i mc c imt  r at  i oim d i s t m ’ i h u t  ion . ‘fine f i r s t of t h e s e  s e d i m e n t s  es as t i m e  m a t e r i a l
wh i cii  pm i ssed t ime  0 . 7 1 ) 1 — mi i l l  m e t e r  si cc-c and u s m i s  nm ’ t m m i n e d  on tine ’ 0 .589 —
m i l l i m e t e r  s i e v e ’ . S e t t l i n m g — v e l o c i t y  mnea sure m e mmt s  of 225 r a u mdom ly  c imosen
p a r t i c l e s  c l e te r n mined  t ime  mean s e t t l  iimg v e l o c i t y ,  t ime  v e l o c i t y  range , aimd
the  s t c u m m c i a r d  d e v i a t i o n  nus 0 .0 62 6 , 0 .0387 to  0 . 1 1 3 , and 1 .0131 foot  per
seconne l , r e s p e c t i v e l y .  ‘fime second sed ime nm t  w m i s  t ime m a t e r i a l  w h i c i m  passed
t i m e  0. 5 8 9—m i m i 11 i m e i t e r  s i  ce —c cumd was  r e t a i  mm c d on t ime 0 . 4 9 5—m i m i i l i m et e r  s i e v e .
S e t t l i n g — v e l o c i t y  me a sur e ’mn u eruts  of 240 p a r t i c l e s  of t h i s  m a t e r i a l  deter-
mine d t h e  b aum s e t t l i u m g  v e l o c i t y,  the  v e l o c i t y  rai mge , and the s t c u m d m m r d
c l c v i m u t i o m n  to  be 0 .0498 , 0. 0285 to 0 .0754 , ari d 0 . 1) 1) 885  foot per second ,
r e s j ’e e t i c - ’ e l e ’ .

‘Fable 3 g ives t i n e  exp e r im e in t a l  r e s u l t s  o i i t c m i n e c l  fo r  t i m e  two  sed i n u e u m t
types  and Fi gure  15 sinows how t inese  r e s u l t s  em o - m p m m re us i  t i m  t i m e  r e s u l t s  for
sed iment  w i t h  a s e t t i i u n g  v e l o c i t y  of 0. 0 35 foot p e m  s econd .  As expec te d ,
for sed iment  w i t h  m u h i gimer  V~ , time c o n c e m m t r m i t  io m m of - - e - c l i m e n t  decreases

w i t h n  e l e v a t i o n  above the bed at a h i gi m e r  m i t e - . 0 mm Iv  t h is q u a l i t a t i ve
comnclus ion  W a s o b t a i m m e d .  8ot eunoug im d a t m i  w ere -  ob t  c i i  m e d  to  d e f i  inc cm1u a n m t i —
t a t i v e l~’ t i me  r e l a t i o n s h i p  b e twee n \‘~ ar md

Table  3. Concen t r a t i on  d i s t r i b u t i o n  d a t a  for
V . . = 0 .Oo2l i  and 0 . 0 49 8  foot pe-r  s e - C o m i c i .

Curve ’  P e r i o d  A m p l i t u d e  a Slope , Va n i cmnce in
No. 

I 
cl( lnC) / ci least squares

I curve

_____  

(s) J ( f t )  ( f t/ s )  ( f t -’ )

= 0 .0626 f t/ s

913. 01 4 .62 1. 25 1.0 82 -6 .02  0 .0327
9 13. 02 (i .60 1. 25 0. 75 8 — 11.90 0 .0154
913.03 9. 43 1.25 0.530 — 1 5 .68 0 .004 9 7
913. 04 11 . - i l ,  1. 25 0 . 137 — l h . ”2 0 .000966

= 0. 0498 f t/ s

927. 01 3 . 14 0 .848  1. 08 — 6 . 9 6  0 .00095
9 2 7 . 1) 2  3 .99 0. 8-1 8 0 . 850 — 9 . 77 0 .1) 0698
9 2 7 . 0 3  -1 .98 0.8- IS 0. h82 — 1 1 .9) )  0 .01) 37 8
9 2 7 . 11 -1 (.08 0.843 0.558 — 12 .8(1 0 .00 177

The i n t e r e s t i n g  i n d i c a t i o n  of t hese  measu rem en t s  i s  t i m m m t  t he  inc rease
u n  the rate of decay with elevat i on of the  u ’o n c e n t n a t i o n  ~oi’ mm s e d i m e n t
of h i gher s e t t l i n g  v e l o c i t y  is not  as gr ecm t is p r e d i c t e d  from t h m e  u ) ’ i 3 m ’ i e u m
(1933) equat  ion  for  con u cc ’n i t r a t  ion e q u i l i b m ’ i u m n m  com u di  t i o n s .  C o n s i d e r  t he
c o n c e n t r a t i on equi  i i i m r u u i n  e q u m m u t i o n  used i n  u n i d i  re -c t i o n a l  f l ow  for  sus-
pended s e d i m e n t :

C V .. + F ( d C / d Y )  = 0 , ( 1 2 )
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wh ere-

C = c o u m c e n t m c u t  ion

V . = s e t t l i n g  v e l o ci t y  of t i m e  s e d i m e n t  p a r t i c l e

ii = s e d i u n e n t  exc imange  c o e f f i c i e n t  ( w l m i c l m  he re  is cu- ~sumed e q u a l  to
t 1ie  momentu m exchange c o e f f i c i e m m t  i n  u m m i d i m e c t i o n n i l f l o w )

I = d e e —cut  ion above t i m e  bed

l u m s e ’ m t i i m g  t i m e  e xp r e s s i omn s  for C and ( d C / d Y )  o b t a i n e d  from e q u at i o n
(9) u nto e q u m u t i o n  (12)  and s o l v i n g  for F yield :

F = —V , /~-1 . ( 1 3 )

In u n i d i r e c t i o n a l  f low and for r e l a t i c - e l y low sed iment  c o n c e m m t m ’ c m t i o n m s ,
it is assui mmed t l ncmt  t ime  s ed imen t  exc lna nn ge coe f f i  c ien t  is e m i m m c u  1 to t i m e
momentum excimange c o e f f i c i e n t , is a f u n c t i o n  of t he  f l u i d  not i on ou m I y ,
and is i in dependent  of the  p c u r t i c l e — s e t t l i m m g  v e l o c i t y .  Fo r t h u  i s  ass uflmp —
t ioin to be v a l i d  in  u se  i i  l a t i n n g flow , the  slope of time conmcent  r a t i o n  dis-
t r i b u t i o n  curve  mus t be d i r e c t l y  p r o p o r t i o n a l  to the  s e t t l i m m ~ v e l o c i t y .
-\ l t houg lm i m i gu re 15 i n d i c a t e s  ~1 is p ropor t iona l to V -, , it does m i t
i n d i c a t e  direct proportionality . This discrepancy is d is cm u sw ed in
Section IV.

5. Summa ry of E xp e r i m e m n t a l  Resu lt s .

The f o l l o w i n g  is ci summary of time r e s u l t s  of the  commce u mt  rat  ion m c i - -
urements  and a i m r u e ’f (Iiscuu ssiolm of tim oir limi tat i ons .

mu.  ‘i’in e v e r t i c a l  el i s t r i b u t i o n  of s e d i m e n t  d’on c e n t r c i t  j oin can be cx-
p res sed  b y eqe icut ion (9) . Sed imen t  is h e l d  inn s u spens ion  b y tine r c u m d m n
mot ion  of t u r b u l e n c e  w i mic im is generated i n  the boundary  l c i y e ’r a nd i s
t r a mm s p o r t e e l  by e l i f f u s i o m i  upward w h i l e  decay ing  con t inuous  lv h e ’ e , u m m s e  ot
v i s c o s i t y .  -\s s lmown l a t e r  jun Section III , t ime t u r b u l e n c e  i r m t e n m s u t y
d e cays  rap ie i l y w i ti n e I e v m u t  ion muhove the bed .  Tine upper e l e v c m t  ion to
wh i cii t ime  t u m r b u l  emn ce can d i  f f u mse  ( t ine  water ‘ c m m r f c u c e ’  i n  t i e ’ p i’ot m l  V h i ~

a mmel the wc u ve  s u p p r e s s e m n t  hoar d i n  t h e  f lume)  is I arger  t u - m n  t i - m e  e l e ’ v cm -

t i o n  at w in ich  t ime t u r b m i l e n m c c  i i m t e n s i t y  decay s  to e ’xtrem e 1~ s n m c i l  1 c m i i  m ue ’~-
ti me ’ i’efore , tim is upper  b m m t m u m d m m r v  c c i i i  he cupproxi  mat  ed mis he i rmg mit i n t ’ l rm 1 1

Under  t h ese com i e l i t i onus i t i s r emiso n ah  Ic t h m u t  t ime emp i r n  cmi i r e su l  ‘u s  g u v e ’l

b y c q u m a t  I o u m (9) i lid i c m u  t em mum exponen t  i cml dccci > ’ (mi s  i s  common i m  t mum - m d i i i  mu
d i f f u s i oum p r o c e s s ) ,  and om m l y become zero at I = i n f i m m i t y . -‘mw c \ 1 n ’c t ed .
t ine  c o n c e m m t r m u t i o n  d i s t  i’ibut i on m i n  osci  l l m i t i mmg f low -  i s  c l i f f S - r e m i t  t h , u m m  inn
urn i d i  r ec t  I om m a l  f l ow . Iii miii d i m e - c t  i on a i  f b i5- t i m e ’  t u r i m u l e n c e  i s  el I  w l i i i -  —

uted b e t w e e m u  ti - me ’  bed am i d t ime ’ w m m t  er s u m r f c u e e ’ , t i - me t u i r b u m i  ennce ’ m m m i  e’ m m s i t  u s
si gn m f i  can - mt  c i t  t i n e  w m u t e r  s u r f m i c e . Because t i m e  ms- m i t e r  s u m r fm n e’e i s  mn ot  e t ’ fe - s —

t i v e l y  c ut  i n f i m i i t v , t i - me d i s t r i h m m t i oni of  ho t in  t ime ’  t u r b u l e n c e  m r m ~i t h e  s e d u —
memnt  c o n c e n t r ;u t  m o n  wom u le l lie e li  f ’f e r e m mt  t i m c m n  flu osei  i I l m u t  m u g  f l a w  -
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b. Ti m e’ h , c~ c c o u m c e i u t u ’ c i t  L m m u u , C (m- 9 . 9 ) ,  ( m m  f l i u m me m m m e - , u - - m u r e a e m m t  -
is a f u m e  t i on of t i m e - w e - u i  ‘me -n t  chit r~ e- i i i  t i m e  f i  time mind t h e - r e  fm m e -  c ou l d
m n ot be cor re  1 at e-d I t o  f l oe  imye lraul  u es . A s ~hmoms -n by i : i m m w t e  h i m  ( 1 9 5 0 )  , c i
f l ow is only ’ capcu b ic o f ’  t rc i m m - c p o rt 11mg m m 1 inu i t~~ 1 c m i : m o m i i m ~ of sedi  l i e u )  of c m
g i e - e m m  si :e. P m i s  h u m  t n g  em i p cmc1 ty is d e t m - r m n i z u e d  i m y  t h y -  fl  ou5- ce’ 1 oc i t -
s ed i m e im t  c l mmu r c u c  t e r  i c t  i c~ , m m md roug h m i m e - :  S emf t h e  i ound cm r~’ . I n  cud eh i i o m u
t ime f l o w  w i l l  011 1 y t r c m u 1 ~cp o  r t t i m  u s c a pmuc  i i  ‘ m ~ m ‘ e’ i f  t i m e ’  me- I s mi m li i ci edi t
su p p l y  of s e ’ d i m e ’r m t  a v a i l a b l e . m ) t b m - n ’m s i s e ’ , t he  t r c I n s i a m - t  m c u t e  w i l l  he
reduce d by the  r a t i o  of the supp ly  rmute ’  t o  t m m c -  c m u p c u e  i t  ~ r a t e .
time cmt p cu c i ty t r a ims po u’t rzmte  for m m g i c-en f l ow  i s  el e- t c- r p m i ned by t h e - p rob a —

b i l i t y  of a p a r t i c u l a r  sed iment  p a r t i c l e  b e i n g  semi e e t e e i  to s u f f i c i e n t
h y d r a u l i c  fo rces  to move i t  . t h e r e  mus t  be souse p a r t i c l e s  i n n  t i m e -  heel t h a t
cure not iim not ion ci t  an> ’ i n s ta nt  of t i t ie’ . Had t h e  re beemn enoug iu mccci i m i e ’ u m
in the  fl ume to s m i t i s f y  t i m e  fl ous ~~s s e d i m e n t  t r anspor t  c ap a c i t y ,  t he
measured C-, could I ma v e hee ’ mm c o r r e l a t e d  to f l o w  v e l o c i t y .  Un f o r t u n a t e l y ,
under those cond i t i ons  some s e d i m e n t  must  lie loosely deposited onn t ime
fl ume bed , thereb y cim an g ing the f ixed- l i ed  geometry  and roug inness .  ‘fliere-
fore , only time f low ’ s capaci ty  to t r anspor t  sediment  of ci sp e c i f i c  s iz e
can be e s t i m a t e d .  T h i s  e s t i m a t e  must use tine capacity’ bas e cotmcentration
c c u l c u l a t e d  from K a l k a n i s ’ (1964)  bed load equat ion and not t i m e  h i c e se  concen-
t r a t ions  measured in this investi gation.

c. In time range of flow velocities , 0.2 foot per s e c o n d  < i). , 1.1
feet per second , for  a m p l i t u d e s  of o s c i l l a t i o n  eq um i l to  or gro u t e r  t i m m n n
0 .69 3 foot , and for  V .  = 0 .035  foot per second , tin e s lope  of t i m e  expo umen-
tial distribution of sedirm uenn t concentratio mn is a f u m m c t i o m n  of f l o w  veloc-
i ty’  o n ly ~ Ti n c- s lope , ~i , can he approximated from tin e flow- ve’locit v , —

U~ , by e q u m u t i o n  ( 11) .  Th is  e q u a t i o n  i s  o n l y  a bes t  f i t  e m p i r i c c u l re la -
t i o n s h i p  and cannot g ive  reasonab le  a p p r o x im a t i o n s  of ~l for  11 va l ues
very  far  om :t s ide  t i m e  st ated range . Tim i s  becomes apparent  wheim s ub st i t  mit  -

i m n g in a l a rge  va lue  of I ) ; e .g . ,  2. 0 fee t  per second , am i d c e m i c u l c u t  i n g

~l. The r e s u l t  would  he a pos i t ive  v c m l u e  for  ‘I ; i . e .  , t ime  conce m mt  rat  ion
of :~e - d i m e u m t immcre ase s  w i t h  e l e v a t i o n  w h i c h  is m a t  r e m m s o m m a b l e .  ‘flue l i m i t  -

ing  va lue  of ~1 for e x t r e m e l y  large va lues  of I )  s hou ld  he :cro , or
u n i f o r m  c o n c e n t r a t i o n  of sediment  t ln roug inout the  depth . -‘mt t ime  o t h e r
ex t reme , e q u a t i o n  ( 11) g i ves a m ’ m u l u n e  of kI = - 18 ,4 5  fe’e’t~~ for ii , 0 foot
per  second w hj c l n  is  a l s o  not reasonab le ’ . But , for  low value’w of i~, .  any
C o n t i n u o u s  f u u m c t i o n  is  not expected to g ive  a co r r ec t  r e l a t i o m m s h i p  s i n c e
at some p o i n t  tine f b i’. changes from t u r b u l e n t  t m m  l c m m i n a r .  In  l ,’tm i m nar
f low t ine re  is no t u r b u l e n c e  arid t i m ere fore no s e dim m temmt  smu ’ c pe ’ r m - c i o m n . -\‘ -c i)
is I nc rem ise d , tim e f low , at some c-cloci t m , suddenl y chc ing es f rom I m m m n i r u a r
to t u r b u l e n t  and jus t mi~ sude le nml v  t ine  s u sp e n d i e e l — s e d i  m e ’ mmt  c o m m c e u m t r m l  i on
chm unnge s  f rom zero to some pos i t  ic - c  va 1ti~’ . Theru ’  f o r e , t h e  rc imu t I onsh I p
expressed b y e q u a t i o n  (11) becomes in ’ ,- c m l i d  - i t  some s m a l l  c - m i l m m e  of if

d .  For t ime  f low v e l o c i t ie s  s t u d i e d , t ine s e d i m e n t - m - ~e t t l i m n g  v e l o cit y
has a si gn i f i c a m m t  c ’ fi ’ ’e ’t on tlne s lope of t i - me conc en t  rmit ion  d i st  r i b m i t  i m u m
curve . Sot enoug im d i m i ta  were  obt m u j mmcd to  ele ’fu ne time ’ r c l at  l o n s i n i p  h e ’t us e c’im
‘mm ,, and M , b ut t ine ’  m i m i  , u  did v i  ci ml t h e  qu m i l i t a t  i m e  re I c i t  i ons lm i p t h m i t  f - m r
constant Ii — , ‘I e lecreases (or become s a i m i r g e r m u ega t  u v o  v - m l u e )  is 1 1 1 1  i m u -
c r e a s i n g  V~, . As d i s e m u w i c e d  e m u r l  i cr , i f  the ’  se ’ ml imnu ’fl t  e x e ) m c u u m g c  eoe ’ f f m c i m  I m I
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i s  e’ e t m um u l to t i m e  momemm t um e x c im a n g e  c o e f f i c i e m n t , as i s  assumed for unidi roe-

tional flow , the slope , 5, s h o u ld he d i r e c t l y  p r o p o r t i o n a l  to  V . .  ‘Fine
experimental results for oscill ating flow did not indiccute direct propor-
t i o n a l i t y .  Ther efore , tine seehimemnt exchange coeffi cienmt for oscil latinn g
L ie-us g ivein b y equa t ion  ( 13) is , as yet , an u n d e t e r m i n e d  f u n c t i o n  of \ ,‘

cu n~ m tJ~ . .-\ d i s c u s s i o n  in Section I’m ’ indicates us i my this result is expected.

I ll . DISTRIBUTIONS OF TURBu LENT VELOCITY FI,IJC’I’UATTm)NS

1 . Lx p en innemn t a l  Apparatus.

Su c c e s s f u l  measurements  of t u rbu le n t  ve loc i t y’  f l u u c t u m a t i o n s  in f l u i d s
hc ue’ e been made u s i ng  either constant current or constant temperatmure
hot-film anemometers . A constant temperature , quartz-comuted h o t - f i l m
sensor , model number 6010 made by Thermo-Systems Incorpo rated , Minneapolis ,

~l h u m n e ’sot c i , was used in t h i s  i m n v e s t i g a t i o n . The sensor wmus c o n n e c t e d  to a
1051) series anemometer also made b> Thermo-Systemmms Incorpormited. Time
anemometer uses mu brid ge and feedback system to maintain a constan t resis-
ta n m c e  and t h e r e f o r e  a constant  tempera ture  of the  sensor . Any chaimge that
affects time heat transfer between ti-me sensor and the environment is reflec-
ted in the voltage output of the bridge. This output voltage is amplified
cinch recorded on magnetic tape. Tine record of voltage fbuct emat i ons is then
converted by use of a calibration curve to a record of velocity fluctua-
tioris . A schematic of the hot-film brid ge is shown in Figure 16 . The
hot-film sensor and probe are shownn inn Figure 17.

Calibration of the hot-film ainenmmometer was done in tine ccu l ihrat i on
tank (Fig. 18) which was divided into two cimambers , a fore chamber and a
calib rmition chamber . The fore ch amber contained two wire screen -ms to
ensure  a u n i f o r m  v e l o c i t y  d i s t r i b u t i o n. Thne~ two chambers sem ’e comm nnect ed
by’ a l-immcbn-diameter nozzle located at the  mid po in t of t i m e  p m u r t i t i o n
separating the two chambers , 5.25 inch es above ti-me bottom of time tannk.
Ann overflow was located at tim e downstream cud of the ’ c a l i h r a t i o n m  cinc imbe m ’ ,
-1 . 75 innc ines  above the no::le’. W m u t e r  us mi s s u p p l i e d  from t i m e  d e , m e ’ r a t  ion
tamnk , tine rate controlled by a 0.25— im nc im needle valve. Time flow i nmt o
the ca lib rc it i onm cimamber was a subniergcd j e t .  Time pn’obe u s it h u sensor u,as
m e l d  at tine dowinstream face of time’ nozzle by clamps connc’cteel to a point—
gage assemi) l y. The poimmt-gage assemmm bly was used to raise mune l lower time
sensor knowun mur n ou m nts to o b t a i n n  v e l o c i t y  m e m u s u r e m e n t s  cue r oss  t ime ’  eu cnimete’r
of the no ::he’. The water collected at time o~ e’rfl omm im - m mu m em i su ire m i time
was wei ghed to determine tine flow r i te ’ and mean nno :zlc et velocit y .

>I e cm s~m r eu mme ’ u m t s  of t h e  t u u r h u l  emit ~e! oci I V cli st ml m i t  i omns ic e’ m ’e- conelm nc ted
i n  t h e  sis m ug f l u m e . Only mino r  mod i Li cat ions t i m  t he  fl  mime ’ m m p i u c l  r at  mw
wer e n e c e s s m m i ’ y -  to  accommodate  t ime anemo me te r  ce lu im pm cnnt

‘ms shown ~~ I gure  17 , t ine  sensor  i s  e x t r e m e l y  dc’l iccite amm O t h e r e ’-
t o r e -  c c m m m m n o t  be ’ uu se ’ m i m m  f l ow s c o m u t m u l i i i  m mg s o l i d  p a r t  I d ’l d’ s . I m or t i m  i s  m e ’ , um- .ofl
t u e  flume lm ~m uI to be cl  m ’ c u u u e m l  of  c m l i  t h e  h i  c ic ’k p1 m i s t  i c seth i mont  u— .t’d i n  
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TO DEAERATION TANK

J ~~~I/4” NEEDLE VALVE
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Figure 18. h ot- film annemometer calibration tank .
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concenmt rat  ionn  n n e c i s u r em e n m t s .  ‘to ensure  t ima t  tim e natural sediment g lued
to time cim ’t ificic i l dunes did not  break loose annd damage time sensor , tine
m c m n r f c i c e  of time eh um umes was sprayed ms i tim mu th in film of pla stic. Ti-me plas-
tic i s c i m -  tbmi rm ennough to not alter time surface roughnm es s and strong ennougim
to hold time sediment in im lcuce .

To accommodate the anemometer equipment , the yoke support used in
concenmtratio mn measurements had to be removed from the support frame
(Fig. 3). The inot-film probe assembly (Fig. 19) was attached to the
support frame at a position midway across the flume . Tine elevation of
the sensor could be changed by loosening two friction clamps and repo: i-
tion m inmg time prol)e holder in relation to a scale fixed to the assembly.
A 6-incin-square opening was cut into tine wave suppressenmt board to allow
the sensor to be lowered to the flume bottom .

2. Experimental Procedure.

The imot-film sensor is extremely sensitive to both water temperature
ann .h water quality. Tinerefore , i t  was necessary to determine a new cali-
bration curve eacin day that velocity measurements were made in time flume .
Water temperature readings made during calibration measurements were com-
pared to readings made during flume measurements and did not vary . It
was necessary to use deaerated water in 1)0th tIne calibration and flume
measurements to prevent air bubbles from adhering to the hot-film sensor ,
thereby eitiner burning out the sensor or altering its m eat transfer cinar-
acteristics . Periodically, during both calibration and flume measurements
a record was made of the base voltage ; i.e., the voltage for the seunsor in
still isater. These voltage readings were then averaged to obtain a mean
bas e voltage which is needed in calculating time calibration curve .

Both days ti-mat velocity’ measurememnts were made witln the anemometer ,
a 5-percent overheat of tin e sensor was used. This ensured uniform sensi-
tivity of time sensor and base voltage of the measurements . The conditions
for measurements on both days were so similar that the two calibration
curves could nnot be distinguished. This allowed all the calibrationn data
to be used for one curve and only one equation used to convert voltage
into velocity .

a. Calibration of the h ot-Film Sennsor. The hot-film sensor was
positionned cit ti-me center and cus close to the downstream face of the cciii -
bration nozzle as possible (approximately one-ei ghth inch). A Inig lm flow
rate througin tine flume was obtained by fully opening the needle valve .
‘this flow rate was allowed to continue unmti l a steady flow tln rough time
calibration tank was estmub 1 ished (about 5 minnutes) . The flow througin ti-me
n o z z l e  w as monit ored by tine continuous voltage output of time hot-film
br iel ge displayed on the anemometer equi pment. When tine voitmu ge remme lings
became constant with t ime  time flow rate was steady . -\ 2-b-second mag mmetic
tape record was then made at the rate of 117 samples per second. Sim cn l-
tmmneous wit in the voltcmge record , mu flow mcmt e measureme mn t u sc i s  macic . ‘Fin e
flow rate was d etermined by timing ti-me period requi red t o  co l  beet 10 to
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- _ _ _ _  - LELECTRICAL LEADS
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~i ~~~~ I~Ij ~“-SEE DETAIL “A”

____  - PROBE HOLDER
A. DETAILS OF CLAMPS

PROBE HOLDER
TIP SUPPORT 12 ”
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13 ” (approx .)

~— SENSOR HOLDER

Fi gure 19. Hot—film probe extension mm sse mnhl y.

49

--- -~~~~
_- - - ‘ -_~~~~ —‘ -- ~~ - - - - ‘-



-
~~~~~
_

~~~
-

~~~~~
- - -  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

15 poummds 0 ! mc cmte’ r mit time ove’rfbous 0 1  t i m e  c a b  i br a t  ion tank. ‘Fine water
m~ c t s  is e ’ i:~l m ’ ~i oim ci scale to ti -me neare st 0.1)5 pound. The fl ow- timroug lm tiie
LI uric ismi m - i t il e-nm reduced by partially closinm g time needle valve mind a second
set of mecu w u m i ’ e - r . i e m m t  s mn cm ~ie . Time proce dure ls ci- - repem t ed ummti 1 five- voltage—
~- e l o e i t v  p o i n m t s  w e r e ’ mne’mi sur~’d for a c m u l i h r m t  uonm curve.

File re ’ su l ts  of  t i m e  t so e~i l  i b r a t  ion c u r v e s  are  show n in  F m  gure 20.
‘The v c l o c i t ~ r’ :u u l ,ge  m m me a sured  is as fr ou mi 0.0374 t o  0.38mm foot per second.
The re  i c m t  i o n m s i m  i p be tweenm velocity and vol t. cuge  w a s :

— F ,) = ( 11 . 122)  I n . 
~~~~~~~ 

+ 7. 1 1 7  , (14)

whe re I ‘ is p r o p o r t e o m m a l  to  time ’  o m u t ~~u it voltage of time hot—fi lnm bridge ,
m ind L —  is p i - o ne r t  i o n nmu l t o  t h e  nec um u oemt pul t voltage for the sensor in
s t i l l  c~~i t  0 . U , , t i i e c u c t ~ u ; i l  v e l o c i t - ;  of t ime f l u i d , was ca l cu la t ed  by
d cv i d i i m mg time me an ve’ loci ty  d e t e r m ’ m i mmcd fi’oimm f low u - ate  measu r ememnts  b y t i me
nozzle c u e- Li m e  ie nmt , C , . ‘lin e l o g — l u g  re ’ l :u t i o n n s h i p sim ow n in Figure  20 is
coins i~~t e m m t  w i tim the thc~- m i - i  iccul re-- l ilt s from tine manufacturer and time
results by 1 :1, ( I O n S )  . Be-e iuse mn agmnitudes of time voltage readings for a
g iven  !~~om~ v ’ m l o c i t v  ,u re e iepennden t  on t h e  w a t e r  t empera tu re , us a ter  q u al i t y ,
o v en  t p e r c e - m m t  . m g ~ , c uiei amp l  i f i c c i t  ionn of t ime sensor output  s i g n a l , no
m u t t  empt w m u s  m mmdc t ‘ conmmp a u ’ e- quammt itativ ely th e  meas eurcel calibration curve
u~ 1 t i m  O t m i e i’ p u b  1 i s i -m ed c u ’ v o s

F .  D d ’ t e r n m m l l i t i o m n  of the Nozzle Coefficient. Tine sensor was posi—
tio nmed c -e-~e to t h e  e l owns t rec mn mm face mind at the lower edge of time nozzle.

- ‘mi t e ’i e s t a b l i s h i n g  -i h i g im , c’uns ant f l ow  r m i t e  th rough t ime n o z z l e , t i- me
v~~1 t cu g e  f r om - i  t h e  i m o t -  f i l m  b r i d ge wc us recorded.  Wi thou t  i n t e r r u p t i n g  time
flow , tIne sensor us- m is t i - men raised a s c m m m u l 1  measured amoun t and a second
volta ge’ record made . This procedure was repeated until tim e sensor w mis
it tin e upper edge of thne nozzle. The velocity of flow was estimated for
each l - wou t ioum from a calibration c u r v e  similar to Figure 20 but not cor-
rected by a nozzle coeff icient . Time velocity profile across the diameter
of time nozzle- for the’ hi gim flow rate is simown i in Figure 21(a). Because
of time h i m ’  flow rate , the m cmuter surface elevation in tIm e dem ierationn tank
was low e’rieg a si gnificant amounn t , thereimy decreas ing  t ine  f low r a t e
tim romig lu time c c i hi l m r c u t loin t mink . Tin is is time reason for tIme lower measured
velocity , u t  t i m e ’  t op  of  the nozzle. Tim e mean velocity was determined by
i n t e e, m~; u t  in - mg time ve-loci t o  profile across time jet . The nozzle coefficiemn t
wit s t } ce’ mi ecu l cmml cm t ed from :

= “~ - --v) (dua .}~
.
t 1/[(dia .)~~).. 

(V~~, ,  ) j  , ( 1 5 )

wim o ’ r -

C, = nozzle ’ coeffic i e’u mt

V,m- ~, = f l u - i l l  velocity’ across tine jet

( h i  ci .)~ t = el i mmn’ieter of t i m e j e t

i l i , i , ) cm . = d imi me ti- r of tlu c’ nozzle’ (1 in c lm)

cc . = velocity determined from voltage memms urement s
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Fi gure 20. Output versus velocity calibration curve for imot - film
anemometer  m e a s u r e m e n t s .
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I I(a ) Flow r a te ve l oc i t y 0 567 f t / s
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0
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~~~. 0.4 — 
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F i gure 21. V e l o c i t y  p r o f i l e  across c m u l i b r m m t i o n  n m o z z b e .
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‘l ime m moz ~~1e ’ c o e f f i c i e m u t  f o r  t i m e  i m i g im ve l o c i ty  (0 . 3 ( 0  f oo t  J ie i ’  m e - c e m n e i ) 5 m m

I h e l l  cal cul mi t ed be’ (1 .99 . ‘him i me s c t  o f  m e c i s u m ’ e l l e i m  t w i- mm- repe’muteei for
- u lois- f low m ’ m i t e  . Tine resu l  t o  of t l m e s e  m e c i s m i r e r i m e n t s  c m m ’ e’ si -m oms - nm i n  i - i g e u r c
21(b)  . ‘Fine m nozzle coefficient for t i m e  l OIs \ ‘e ’ lOc it ) ’  10 .072  t ’, , l i t  per see—
Ou ch) ms as cc ulecii;mte-el to be 0 .08 . The no:zle c oef f i c i e m m t  C m ’  im mtermedi :,te
vel oc i t  les was cm s sumn ed t o  be cm I i  n e a n  m t  e rpo l  ci t  i o n m  b e tw ee n t i m e  t w o  cii - y e
u-’mu lues .

c. P h u i m ie M eas u mre m enmts  of T u r b u l e n m t  ‘ m e  l o c i ty  l ) i s t r i h u t  i o m ms. ‘line
v e ’l o c i ty ,  w i m i c h m  i s  of si g n m i f i c a m n c e  i n  a t t e m m m p t i m m g  t o  d e s c r i im e  tim e sus-
p e n s i o n  of s u � dimmmeimt  in aim osc I h a t  i m n g  f l ow , is  t i m e  ver t icc i l c o m p o m m e m m t  of
v e l o c i t y  f l u c t u cu t  io mn s  eiue to t ur b u l  emmce - , v ‘ . ( d i e - I l  t i m e sue i u m g  fI  mmmc - is
o p e ’r c u t  i n g ,  t ine o iml e -  ve ’loc i  t i e s  win i ch e x i s t  inn t i n e  f lu id  ci m i m e :  (ci ) t i m e
t im nec d i r e c t  i o u m a l  c o m 7 o n e m m t s  of v e lo c i  ty fl uctum tt j o ins  ccuused b y t u r h u —
l enmce , and (b)  t i m e  osci  I l a t i n g  f low c o n t a i n e d  j im t ime b o u n d a ry  l mu y e r.
Tine h o u n m d m u  ry 1 c u e - e r  c - S t ends only a few m i l l  1 m e t e r s  above  t i m e  iuee l  o t ’ t i e
f l u irue. S e d i r m u e n m t  is i n n  s l i sp e ’ lm s i omm at an e l e - v c i t i o n  c o n s i d e r a b l y  above
t im e upper l i m i t  of t ime  h ounm d ary  I m um - - c - I ’ . Tinerefor e , t i m e  f l o w  reg i mu d ’ of
im nterest imas l ie )  i l m i - m o  mu rc ub  le nm e amn or  per iod  ic v e l o c i  t i e s  , on ly - t ime m’m m nie l om c m
motions c , i u m ~e - d i v  t im e t c i rb u l  em mce  d i f f m i s i n g  upms cirel f rom t ime heel , The
prob l e tm m , t h e n , i s  t o  d e t e r m i n e  o n l y t ime v e r t i c m i l  c o m p o n m e n t  of time - veloc-
it ~ fluc tuations .

Il as ( l O h S )  deve loped  a met imod  of measu r inmg  v ’ in  a s t i l l  bo d y of
w m i t c ’ i’ i s i t ln  m u m  o s c i l l c i t i n m g  roug h bed. Tim is metinod involved i mlmpcurt i nmg an
oscillating motion to tine semnsor in tine vertical dim’ ection . i f on l y
immeasurem ine ints nimmele dmm niing tine pecuk velocity of tim e sermso u- are eons i eiereel ,
timen tine total ve ’bo ci ty affect inng m eat traims lc u ’ frou-m the semm sor is:

= (V + e~~) 2 + tm ’2  + w ’2  
- (lo)

u s i m e  I ’ :

= t o t c m l v e l o c i t y  a f f e c t i n g  i n e c u t  t r c m m u s f e ’ m’

V = pe ’m ik v e l o c i t y  of t i n e ’ s e i m s o r  h m m o w u m  fu’on m t u e  p e r i o d  m un ch
amp litu d e of oscillation

= v er t  i c c i l  compone int  of t in e t u rb u l e n t  ye h e m e  i t~ f l u m c n  m m m m t  i o n ’

u and w ’ = t u r h u l e n n t v e l o c i t y  f l u c t u n m i t i o n s  inn  t i - m e  r e n n m u i n i n m g  h ms ,’
d i r e c t i o n s

Itivid inmg tin is equat join by V 2 C l d IS

= I + ( 2  v ’/ V ) + (v ’/V ) + (u ’/V)~
’ (w ’/V)’ 

, 
i 17)

If t ime’ - e l m - ;  or osc ii 1 m m t i m om i s su n ci m t hmit V >
~~‘ V ‘ , i i ’ , mmmci I s ‘ , 

1 iu c-nm hut -
above equation cmiii lie- ~m p j ) m ’ l) xi mmmt cel by m

(V /V 7 ) = I + (7 v ’/\ 1 - ( I~~i
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i’h i s  e q u mat  iomm s s e m m s  i t  ive-  t o  o u n l y  v ’ . Fxp er i nm ents  F ’.- [las cs e ’ r ’e c o m m d e u c —
ted in  ci St at i i m m : u r v  f l u m e i n  i s ( u i e i m  o n l y  a i m o r i z o n m t a l  ( i t  t o m  p l a t e  i c , i s

osc i l i c u t e e l  to  produce t u m ’ bu l e u c e .  Time r e s u l t s  showed l some promise’  for
t i m e  metmi mod l .

b’, i u e ’ mm i )mi s ’ I l e ’ t i l O i (  of l m e m u s m i r i n m g  v ’ i s c m s  t r i e d  inn  t ime ’ s w u n g  fl unme , i t
- ; w mi s not su c c e s s f u l  i t e c c u m u s e -  of excess ive  vj b r c u t i o n s  of the  s e n s e - r .  Tinese

vi i )  rat ions were  m a i n l y- due to :  (a) time long m olde r reej u i r e d  to e x t e n m d
ti ne sensor to t ime  f l u m e  bo t tom , an d (h) a t t a c h i n g  t h i s  imolde x ’  to t ime
suipport  fr ccnue md m I cim us a-I imme l i rect ly subj  ected to the vib rc i t io nu s  (‘l ol .u t h e’

f l eu n ue m o t i o n .  ‘l ime v e lo c i  t i e s  of the  sensor  clue to v i b r a t i o n s  u e m ’ e
g rea ter  t h m u m m  t ime v e l o c i t i e s  of tine t u r b u l e in t  f low ; t hn er e f o r e , no corn-
ponemmt of t u r b u l e n t  v e l o c i t y  coemlel  he d i m e t  i in g ei i shed .

An app u’ox i im - c i t  ionm t i m  V ’ hc iei tel he ob t a ined  based on t ine  f o l l o w i n g
a s s u m i m m p t i o n m s .  I t  i- mi s c i s sume ch  t h a t  c u t  a g iven )  e l e v a t ion the  roo t—mean —
square v a l u e  of t ime t h r e e  con tm ponenmts  of t u r b u l e n t  v e l o c i t y  f l u c t u m t t i o n m s
is  p r o p o r t u o n c u l  to  each o t i m e r . i t  was c i l s o assumed t h a t  the  m eat con—
vecteel from time sensor due to v e ’b o c i t i e s  inn t he  d i r e c t i o n  p c u m ’ c u l l e l  to
t i m e  s enu sor  m u x i s m s m u m e  i n m s i g n i f i c c u n m t  compared to t i - me  hea t  convec te e i  by ’
v e l o c i t i e s  p e r p e n d i c u l m u r  to t I me axis .  ‘l’I-ui s assumpt ion  is j u s t i f i e d  in
t i m a t  t ime i n o t — f i  lr u im cms d i  r ee t  m mm c m l p ropert i e s  m a k i n g  the  maximum s e n s i —
t i v i t v  at r i g h t  mi ng les t o  t he ’ f low . Also , tin e aspect r a t i o  ( l e n g t in —
d iameter )  of t ime  s enso r  is suc lm t ha t  i t s  proper t  ies approcmch t h o s e  of
aim ii m f i n i t e  w i r e  w i ne re  t h e . -e is inn e f f ec t  of a l o n g i t e i d i n a l  v e ’ b o c i t y .
B c u m e e u l  on t i m e s e  m u s s u m m p t  i on -ms , t ime e f f e c t i v e  v e l o c i t y  c a u s i n g  heat  e o mm v ec-
tiom i is , as aim c i v e m ’a C e :

I t  = [v’2 (K’2 + 1) ~~~~ 
, (19)

u s i mere  it ,~ is time ’ v e l o c i t y  correspond log to t I me ’  ou tput  vol t m u g e ’  of t ime
h o t —  f i l m  F r i  el ge , 1<’ i s  the  conns tann t  of pr op om ’t  i o n a l  i t~ hc ’t w eenm t ime
y e r t  i e c t  1 c omponmenm t anmcl on -me of t ime  h on z ommt a l  comp om nents  of t u r h u i l  en - mt
v e l o c i t y  f l u c t u m u t  i on , a n md v ’ is the vertical componm emmt of t h e  t u r b u l e n t
v e l o c i t y  ecumi ” .  u ng ime a t  ce mnnvect  i on  from t i m e  s e mnso r .  I t  is ap j m are n n t  th en
I l , u t  t ime  ;e ’ m m w u m n must  he p l cmced  inn time f l u m e  u~i t in  i t s  a x i s  i m o r i z o n m t a l  .

Tine r r mcuu ~,nm i t  mi te ’  of ti - me c-v r t i ecu 1 c o m tm po r nenn t of ye b e  i t y  f l m m e ’ t m m c i t  ion cciii t h e rm
he e m i l  cul i t  ed cunm d is  , as mum ave rc ige

v ’ = [U~ / ( K ’ ’ ~ + 1 ) 1 2  . (20)

-‘u I thoug im e m l i m u c u  m i on (211 ) i s  o n l y  mum a p p r o x i m c u t  i onn , t i n e  assumpt ions  used
Jo not  ( ‘ i ’m - - b  thc’ i m i - e j e  r e ’ l m m t  i o n s h  ip s  (a )  he ’tucm -u ’n t i - me ’  rO Ot —mllm -c m n — s m p i m m n ’ e’
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v al u e  of v ’ and e l e v a t i o n  m u i m o v e ’  t ime  heel , ane h (b)  b e t w e e n  t h e  m o o t  -

mean-square value of v ’ at a fixed elevation amid the’ f l o w  v e l o c i t y , U — .
Tine assumptions also allow an approxim ation of time ’ absolute magnitude ,lf
ti-me root-mean-square value of v ’ . Time inorizontal component of turhule’m m t
velocity fluctuation is probahily on the s ame order  of m a g n i t u d e  as time ’
ven t  ical  conuponent and t he re fo re , for  qua l  i t  cut ive a m m a l y s i  s , tim e’ c m i  I uc
of K’  in equat ion (20) can he app r o x i m a t e d  as evua l  to u n i t y .

The procedures used in m easur ing  v e l o c i t y  d i s t r i b m i t i ons in time f l u m e
were  as f o l l o w s .  A per iod and an amp l i t u d e  of f l u m e  o s c i l l a t i on ms- c r c
sele’:teeh anmd tine flcurne linkage adjusted to g ive a sy’nmm ne tric notion .
A f t e’r the f lur me was f i l l e d  w i t h  deaercite d w at e r  to  t ime  c l e - v m i t  ion of tine
wmu ve e sulmpres sennt bocird , time cusym mmn et r ic  rou ig i n n n e m e s  e l e m : m e - m m t s  u s c ’ rc - mid u s t e d
to e l i m i n a t e  secondary curremnts  in the cent ra l par t  of the (‘lone.  Time
sensor was thenn p laced in the f lu m e  as near time b o t t o m - i  mis p o s s i b l e  and
i ts  e leva t ion  recorded. The f l u m e  was s t a r t ed  amid the mot ion  a l l o w e d  to
conut  inue u m n t  i 1 equl 1 ibr iu in m f lous  co rnd i t i onms  we ’re  e’stah l i shed . \ r e -corel
of the i m o t - f i l m  b r i d ge output  v o l t a g e  was made on magm ’m et ic  t m u 1 e , t ine
length of wimich was an integer nm ultiple of time flume osci llc it i omm period.
Time f lum e was stopped and the sensor e l e v a t i o n  ra ised  for a m me ’ l ~ mnm em l s u i ’e--
ment . The procedure was repeated u n t i l  a-mm e l e v a t i o n  was rcm i ch m e eI at w i m i c l u
tim e ve loc i ty  f l uc tua t ions  were  too smctll to be accurmit e ’l measured w it b m
time anemometer. The sensor was thmen lowered in a s tepm s - i s e  m an nem ’  t o
o b t a i n  ve loc i t y  measurements at in mtermee i i a te  e l e v a t i o n s .  In this nm annme ’m ,
10 to 13 v e l o c i ty - e l e v a t i o n  mec i sure nmeunts u~ere o h t a i n m e d  to g i ve’ a c e - l o c i t y
d i s t r i b u t i o n n  for the  f low conndi t io u n  used . The pe r iod  of tine f l u m m e  ‘.~m is
changed and the  measurements repeated to g ive  cm seconmd v e l o c i t y  d i m . t r i b u -
tion . In all , four v e l o c i t y  d i s t r i b u t i o mn s  were  obtm u i mn ed fo r  four c h l f i  
emmt flow coinelitions .

3 . Results.

The purpose of the ve loc i ty  measurements was to obta i m m the f o l l o w  i nn
th ree  r clat  ionshi ps neede d for aim ana l y’s is  of time s u s p e n m d e h —  load e t j m i  i t  ion :
(a) An approx ima t ion  of the ma gn i tude  of time root -n tmean .sqmi are  v c u l m n e  of v ’
versus f low v e l o c i ty , ii ; (b) tine d i s t  r~hut  j oin  of t i - me root - m e a m n — s d j u a r e
va lue  of v ‘ versus e l e v a t i o n  above the  hee l ; and (c)  t i m e  d i  - elm r i h u u t  i onn
w i  tin t i m e  of v ’ at ci cons tant  locat ion in  s p c m c e .  R e s u l t s  p e r t a i n i  mm g
to t ime tim i rd unknowin l i s t ed  above w i l l  he d i sc t msse d  f i r s t .

No sets of data were  ain ai yzed  to ehe ’t e rnmi u me  the  e l i s t n i b u i t i o n  ic i t i u
t i m e  of v ’ . Tim e per iod and a n m p l i t u d e  of f lum e o s c i l l , m t  ion  fo r  b o t h  S e t s
of d a t a  were 10 . 48 secoinds an md 0 .925 foot , re -epe-et i ve’ ly .  In  h e i t  in cc i s u ’ - I
t i~m: l e n g t h  of recor d a n a l y z e d  was 10. 4$ O e ’ c o m m m l m - - (J , 27-i — ’.- o i l  .m ~~- samp le ’s)
One set of data was takemm mit an e l e v a t  m o n  of 0 . l o$ foo t  ab ove  tine c r e s t
of ti - me ci m’t I f i c i c u b  dunnes , t ime o t i m e r  0. 20( 1 f oot  m ihove .

il -me m i c u  t ci were  c u n n a l y  ::e’uI inn time ’ f o b  l ow- I nmg nn m mn mn e r  . he m - em i c i m ye) I t  mg e
~c im p b e ru ’ u ’om ’d e ’d , t ime e f f e c t  ly e  hec u t I r c m n n s f c - r ve ’ I o c i t ”  , ti, , was c m m l c ’u—
1 cited f’ronu e q u m a t  10mm ( 1-i l . Ti -me ’ v e b o e ’ i t  ic’ s us e’ m ’ e’ o r d v r m ’ d  h Ue1 p e- n ’ce ’ u m t  , i e t e ’ c—
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equa l to or le ’ss t i m m i u m  var ious s e l e c t e d  v e l o c i t i e s  ca l c u l a t e d .  These
pei’eontmiges wem ’e’ divided by two a i m d p l o t t e d  aga ins t  ve loc i ty ’  on norma l
probcih i  l i t y ’  paper .  The pe’ r c e m m t  ages ice’ m e  di c’ided by two m m  orde r to
a d j u s t  fox ’ t ime fac t t inat  the  am nemomet en’  n imeas un red the abso lu t e  e f f e c t i v e ’
v e l o c i t y  m s i t h o u t  regareb to i t s  d i r e c t i o n ; i . e . ,  tine v e l o c i t i e s  inn e ac im
m ’ cum m gc-  w e r e  com posed of arm equ ic i l number  of negmi t  ly e  and po s i t  i ye- ye’ loci —

t i e S , thereby giving twice tine percentage of actual positive velocities.
As simow n 1 mm Fi gure 22 (c i , b) , timese p l o t s  approx imate  s t r a ig imt  l ine ’ s and
tine 50- perce n mt  v e l o c i t y  is zero , time ’ m’ e’ l m y  i n d i c a t i n g  that  time d i s tn i h u -
t i o m m  of tine t u r b u l e m m t  v e l o c i t y  f l u c t u a t i o n s  is approximate ly  mmorma l u s i t i m
a mea mn of zero . S i m m u i l a r  da ta  by Das (1968) give the same results.

The above r e su l t  suggests  tha t  time s tandard  d e v i a t i o n , s , of the
nnornna l  d i s t r i b u t i o n  (wim i cim equals  t ime  root -mea mn-square  v e l o c i t y )  he used
mu m - , t i ne  v e l o c i ty  sca le  d e s c r i b i n g  t u r b u l e n c e  i n m t e n s i  ty  for  a g iv em n eleva-
t i 0mm .

The data were  t imen anma ly :ed  to determi ne time d i s t r i b u t i o n  of s w i t h m
r e s pect  to e l e ’v c i t i o n n . For each sa imple  of a vo ltage  record , t ime c - f f e e t  ive
ime at t r a n s f e r  v e l o c i t y  was c a l c u l a t e d  from equa t ion  (14) . From th c ’ ed o-
c i t y ’  recor d , t ime  roo t -mm mec i n - s q umi re  e f f e c t i v e  ve loc i ty  was c a l c u l a t e d .
km n ow i nng t i m i s  v e l o c i t y  time v e l o c i t y  s c c u l c’ for t ine e l e v a t i o u m  at wim i cim t ime
I’ m -’ e’m ) m ’ eI us -os m .m&le w - mus cml  c u l c u t e ’d  from :

s = U / v ~ , (21)

where s is time velocity scale mind is equal to the standard deviation of
e’ ’ for  t ime e l e v a t i o n  of t i - me record and f low c on m d i t i o n s  of t ine f lume , tt~
is  tim e roo t -mean-square  e f f e c t i v e  heat  t r c in s f e r  v e l o c i t y  of tine record ,
mind /1 comes from equa t ion  (20) whmen K ’  is assumed equa l to un nit y ’ ,

lime v e l o c i t y  scale wmu s p lo t ted l  ci g a i m m s t  e l e v a t i o n  on s e m n i l o g a r i t i n m i c
paper to give time r e l a t i o n s b n i p s  shoms ’nn in F igures  23 to 26. In general ,
t imes  e re t a t  i onsin I ps can lie expressed by

= 
~c exp (A i )  , ( 2 2 )

where  s is t ine  va lue  of tine v e l o c i t y  s c c m l e  ( i n  feet  per secommd)  at ti - me
e ’ l ev mu t  ion of t im e cm’e st  of tim e art i f i c i c m l bed d unes , -‘u i s  t he  s l o p e  of
t h e  cxponme n mt i c m l  curve (i nm feet — l ) , an d Y is t ime  ci evat I onm (iii feet)
m i h u m v e  t ime c rest 0 c t ine  be d dunmes , ‘Fin e f l u m e  flow’ co m ndi  t i o n m s  fom ’ u c h i  el m

mu e’ e h m m c i t ’ . -  s c c u l e — e l e vat  im ) n  d i s t r i b u u t i o n m  w cm s mecm s mur e ’ u b wer e Ii =

0 . 5 1( 1 , (1 . 7- 1 8 , and 0 .930 foot per second .

Compc uri  scum of t h e  fou r v e l o c i t y — c l  e’’.- , i t  i l - m u m  di  St r i h u t  i tim - m s re - y e - c i t e d  t i m m u t
for  t ime r c u m i g c  of  I’ l om-c condi  t ions  st ue l l  eel a n m d heel roug imi me ’ ss  u s e d , t i n e  5 lope ’
o f t ime ’  expu wu ’ni t  i ml  re I mit  i oums im i 1i w a s  e’on m s t  mi n t . Tim i s  i m im i i c ’ - t l i m i t  t hue  j i m —

d ’limC u t e  of the  t mnr bu  l ennce  dcc re-mi v s  inn  a ma n nne m’ uch i cm i s  i n i e l epe n m cle ’nm t  of
bl ue ’ f i m u m s  ve lo c i t . - g e n m e r c m t i n m g  t ime  t u m e b m i l e n u c e .  ‘fl i t’  c o n s t m m n m t r a t e  of it ’li ’—
c i t y  dc’eciv cupp o cu  r’; t o  app lv to c i  u ’ v , m t  lo in s  nemi  r t ime bed , w i t  i m i  u m i . 5  e’ ’ l m t  I —

mete r - ;  m i-I n e mi ’ ; mmr ee l  Is i t i m  t i m e  i n o t — f i  lm s e n s o r .

L _ _ _ _
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i i g u mm’ e 23 ,  V e l o c i t y ’  s c a l e  v e r s u s  e - 1 e - v c u t m n m u  for  f l u m e  v - i o e ’ i t y ’ ,
I t = I )  . 353 f o o t  per socond
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i - i g m i r e  2-I , t e l o c m t y ’  m c c a b e  e m ’ r c o i c ;  e l e m v c i l m i o n  for  f l - m i m e  v e l o c i t y ,
II = (1 . 5 1 ( 1  foot per -cc co u m d .
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F i gure  25 .  V e l o c i t y  s c a l e  e-e- r sm i s  c l e v m i t i o n  for f l u m e  v e l o c i t y ’ ,
U = 0. 7-13 foot per second .
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l i m e  b a se ’ v e l o c i t y  , s ( c m i .  22) , w mis  f ’c m nm i i v  he’ ,u f u n m c t  i o u u  of t i m e
f i  mmcii  ( l O I s  c o m u d  i t j o i n s  . Tine ’ m e  l c u t  i onns iu i p l e t  w e  cnn s , m - mu r i e l  U is simow u n
i n n  i i  ~- m i  c -  - 27 .  i - coin t i m e ’ i i  mi t ed  Wet mm i t  um m m - ~ o m m l y  p ow cc~ iu 1 e- to dete ’ r mmu i ne

ciii  mi p p r O x i m i m i t e  ‘ ( i t l c e - I m i c i t  i c c u b r e l m m t  m m m m m - - - i u i p h - t i m ’~’ rm cc an - m d II . i b i s
m’ e’ b u t  i o i msi m ip is

= 0 .0885)  U - + 0 . u 3 5 7  , (2 3)

cc im I e l m  , f rom h o iun m e i mi u ’y  cot -ms i J -  m ’ m u t  ions  , onl y’ g i yes cipp r xi ma t e s~ valu e - c ;
u n t ine ’ r’a nmge ’ of expe r i mc menmtc m 1 va lues  of U~m-

4. Summ ary of im xperi mnenn ta 1 Results.

Tine f o l l o i 5 i m n g  is c m s umnma ry of t ime  results o2 t i e  t u r b u l e n t  v e l o c i t y
fluctuat i omn nm e - m i s e i re ’me mn t s  an - m d a b r i e -f  d i s cus s ionm of t ime i r  l i m i t a t i o n s .

a.  lim e v e l o c i t y  f l u c t u m i t i o n s  caui -c e’d by t u m ’ h u l e m m c e ’  c i m - e  , for cm co in—
s t m u m u t  e l e v c u t  lo in  al -m oe -c t i e  bed and a cons t a n t  f l ow  veloc i t y ,  a p p r o x i m u m c i  t e l y
n n o r m a l l v  d i s t r i i m u t e d  u c i t i m  a meanm of zero . The s t a indcurd  d e v i a t i o n  of t ime
e i i s t r i h u t i o n m , s , is used as tine v e l o c i t y  s ca l e  to mecusure t u r h u l e m n c e
i m u t e m - r i s i t y  at ammy’ e l e v a t i o n m . Most t u r b u l e n t  ve loc i ty  fl e m c t u a t i o n  measure ’-
cm - me fl t- e g l e e ’ c u p p r o x i m c m t e l v  Gaussian r e su l t s , a l t i mo u gin i t i s k u m owu m th m a t
e x c e p t  far  i s o t r o p i c  t u r h u l eun c e , tim e d i s t r i b u t i o n  cannot be Gauss ian .

b .  For t h e- range of f low c o n d i t i o n s  s t u d i e d  arid t ime -  bed rougimne ss
used , t ine  ve l o c i t y ’  s ca le  c arm be expressed by equa t ion  (22) . Tim e expon me m m-
t i - m I  mmatu i ’e  of t i c  is r e l a t i o i m s i n i p was d iscussed  in Sect lo in  I I , parcigrap h

Time re i m ut ionnsin ip also conforms to time houndcury c o n d i t i o n s  of t i m e
flvm , . As expected , time turbulence intemnsit y assumes a limiting value ,
5 - , cit the ocean bottom (Y = 0). Timis limitin g va l ue of turbulence in-
t e m u w i t y  i s  d e te r mninm e e l , in  some mannm e ’ r , hy t i m e  f l ow  v e l o c i t y ’ , U~~. -‘es
the  t u r b u l e n c e  di f f c m s e ’s upward i t s  i n m t e n s  i ty  decays becaus e of ~‘i scosi  t~’ .
‘l ime body of f l u i d  i in to  wim icin t ime t u r b u l e n c e  eli f fuses  is , by compar i son ,
ext r -m e ’l y la rg e ;  t i u e m e f o r e , t ime empi r i  cal r e l a t i o n s lm i p is expected to
i nd i  ccu t e  t b m c u t  t i m - t u r h u m l e ’n c e  i n t e n s i t y  decays  to zero at m u m  i n m f i n i i te
d i  st  c i m m c  e’ t’m ’om t h e  he’ d

c . Time s l o p e ’, A , of t ime exponm e nmt  i cil  distribution of tine ’ veloc it V

s c m u l e -  is coi u -c t cmmI t w i t i m  respect to elevat I onm mm m d c o m n s t c u n n t th  i’oughou t  time ’
range - of f low c o n m e l i t  l oins s t u n d i e d .  I t  w as  found to he - 10 . 5 7  feet ~~~.
Tim is re’s m l t  is not surpri s m m g  s I unce time rate of turhule’mmce i m m t e m n s  i t  y
de- c- :u y  fo r  the’ o scil l ating flow’ condm t l ouis measured is elet eu-mu m e d b y v m s —
cos i t y  . l i m e r e - fo re , for  flui els of time same c- i scos i tr c u r - md d e n s  u t~ . t I me
r u t e of deca y-  - - I m i m u m  I ii he ’ co ns t mmnmt  m ind  i im d epe mm e i e u mt  of f l ow  ye’ 1 oc i t  v

d . ‘l ime ‘0 : - C  y e- I Od’ u t y  s ca le , s (e q .  22 )  , is ci ftm nu e ’t mem o of ’ tIme
f lo w v e l o e ’ u b e -  m u n c h c m l i  he mupp n’e u x m m , u t e - mi m y  e ’ q ummt ion  ( 2 3 ) .  ‘Fm i s  c-q u a )  i o n
i s  ci be ’’- r I ’ I t re’ I m i f  u m m c i i  I of ’ t i m e  c m i i  I rm e , u  I d O  I , u a imd clod’s n - m u m )  ;mpp i  ~

- for
f l o w v - l i m e  m l  i d - c- c u t  ~, i d t ’  t i m - m m m e - m i ’ , t m n’ e’d r m i m m p e ’ . T h i s  he ’ e’ emn me’ s obv ious  by
I m t  I i n g  l b 0 = 0 ~ p m n ’ -c m - c on m i  m i n d  i i  r id  u u n g s , = 0 . 05 5 7  f o o t  per  s e c o n d .
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1m m t i me rm unge  o t ’ f l o w  c e -j o e  i t ic’s w h e re e q t m m m t  i on  ( 2 3 )  is  v m u l  id , ti me ’ cal cu—
1 c i t e d  s -  is ann cnpp i ’ox i tmmat ion of mu b m u s e  v e l o c i t y ’  ci t  a n a m - l i l t  rary ’ eb  ccc i —
t i o n , t ime c res t  of t ime  bed dunes . ‘i’o app l y’ t h e ’  e x p e r i m n e m m t a l  r e s ult ~ t o
m u r ’c~~l s i t u a t i o n , t ime cons t an t s  inn e q u c u t i o n  (23) mus t be ad j u s t e d  to g i v e
cc c v m m l imes  c it  t ine e l e v a t i o m m  of t ime  top of t i - me hee l load  l ay - em ’ . ‘l’I m i s  e l e v c m -
t io m n de ime m ne l s on t i m e  g ra in  d i a m e t e r  of t ime  s e d i m i m e m n t  b e i n m g  comnsidered  and
ou m t ime  heel geo m et ry ’ ; t h e r e f o r e , no a t t emp t  u c mms m m ucude to  express s~ at
t i m e  be el load e l e v a t i o n .

IV . TilL SUSP 1 N L mI , l )  LOAI) IN  OSCI L 1.ATI se; FLOW

1. Suspe u ne le d— Load Theory m m  l Jnnid  1 rect ion n a l  Flow.

Tine suspemmdee l — load thn e or y  for u m n i e l i r e c t i o n n a l  f low mmd t ime  m iv a i  lab be
f i e l d  d a t a  to  t e s t  t I m e  t ineory  supp l y v a l u a b l e  i n s i gi mt  t o  some prob lems
w h i c i m  e x i s t  i n n d e t e - r m n i n - m i n g  th e  susperuded  load j i m o s c i l l a t i t m g f low . For
tim is receson , E i m n s t e i i m ’ s (1950) suspended— load timeo ry amnd f i e l d  dat  a fro rcm
tine ~li ssouri amid A t c l m c u f m u l a y ’ a  R i ven - s are p re sen t  c- cl .

Tine su m s pe m nsio i m theom -y j im u n i d i r e c t i o n a l  f l ow  is based 0m m an e q u i l i b -
r ium e q u m l t i o m n  for  mass f l u x  across a un i t  in o r i z o n t a l  area in tine f low .
A ss m m nce t ime  u n i t  i m o r i z o m n t a l  ci rca is cut e l e v a t i o m n  Y . -‘ec ross t h i s  area
fl uid is be ing  e x c i m a n n g e d  by t ime v e r t i c a l  connpo m mennt of t ine random mot ion
of f l u i d  p a r t i c l e s  caused by t u r b u l e n c e .  From c o m m t i m m u i t y - , t ine p i c tu re  of
f l u i d  ex chma n ge cain he s i m lm l i f i e d  by ass unming  t i m m u t  t in r oug im o n e - h a l f  of t i m e
u n i t  m u rec u , f l u i d  is movi  i - mg upward w i  tin an average vel o c i t y ’  of v; t h m r o u g im
t ine o t i m e r  im a i f  area t ine  f l u i d  is movi u ng  dow m n mci tin an m u v e r m i g e -  v e l o c i t y ’  — v
I f  t i m e  ex c ina inge  occurs o c- eu  aim mmvera ge d i s t a m n c ~ of 1 i t  cain be assumed
t t m m m t  t ime  downward —moving  f l u i d  o r i g inna t e s  , as an d y e- rage- , f rom an e lev mm —
t i o n  Y + 1/2 l~ w h i l e  t ine  upus’a rd -movi in g f l u i d  ori g i n a t e s  from Y — 1, 2 1. .
Tine impor t an t  assumpt ion is maci c t ina t  tine f l u i d  pm ’ e’so1’ves , d u m r i  nmg i t s
excimange , time propeI ’ t i es of t i m e  f l u i d  at i t s  po i n - m t  of o r i g i  in.  I f  t i l e ’
c o m i c e - m u t  r m u t  ion  of se d imen t  at e l e v a t i o m - m  Y i s  C mind t ime sed ime m nt h u m u s
a s e t t l i n g  v e l o c i t y ’  of \~~~, t ime e q u i l i b r i u m  e’c~u m u t  i o n  for  s ed l im enn t  f l u x
i s  g iven by:

— 4’~ (dC/ elY )] (4) ( v — V ,~) +

[c + 4 1 ,  (dC/elY)] (4) ( - v - V . )  U . ( 2 4 )

flu s e qi mm i t  i on reduces t o :

C \ ‘ . + -r i V l dC/ulY) = (1 . (2 . m I

l o  so lve  t i - m i s  e q u a t i o n  t i m - ’ term , 1/2 1 e’ , imi s t  lie e v m m i u i c u t c e l . T h i s  i s
n o r m a l l y  done by’ e q u a t i n g  t h i s  te ’ r nmu to t i m e  e’ m > rres~i o nm i i n m g I - i - i - i  i n  cm mii i I i i
e ’qm ici t  ic - mum of momentu m exchange  ; I . e . , t i m e ’  m cc c l i mc m i  t m - c c i m m m c m  gm eve f f  u c i  em i t  m cc
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assumed equal to the  monentum exchange c o e f f i c i e n t . Assuming t h c t shear
due to v i s c o s i t y  may be negle cted , compared m ;i th m that due to momenturm
t r a unspor t , t ime depth , d , may be i n t r o d u c e d :

= T O [ (d -y ) / d ]  = { [u - 41 ( c lu /dY ) ]  - 
r 

+ 4l~ ( d u/ d Y ) ] }  , ( r i )

m c l u c r e

= shear  s tr e s s  at t ime bed ; equa l to g~ RS

= shear s t ress  at e l ev a t i o n , Y

R = h y d r a u l i c  radius  ( i n  f e e t )

S = energy s lope

g = a c c e l e r a t i o n  due to gravity’

p = d e n s i ty  of t ime  mc a te r

u = h o r i z o n t a l  f low v e l o c i t y

U s i n g  the l o g a r i t h m i c  formula  based on von K ci m’man ’ s (193-I ) s i m i l a r i t y  law
for time d i s t r i b u t i o n  of f low v e l o c i ty , ei ei/ dY may he  c m m l c u u l a t e ’ e i :

du/ dY = ( 1 . 0 / 0 . 4 )  (u~ / Y )  , (2 ’i

where u~ is the shear  v e l o c i t y  and equal to (T c / p )
1
~ . S u b s t i t u t i r ng t i m i s

value in to  equat ion (26) and so lv ing  for 1/2 U c- y i e l d :

11 y = ( -0 .  -1) Y cc (e i -Y )  /d . (15

U s i n g  t h i s  va lue in equa t ionm (25)  , sepcm r c i t i n ng  c - mu m - i m u les m um mel i m n t r o e h u c i m g
the abb rev i a t i on :

= V~/(0.-2 u~ ) , (2 0

t I m e r esu l t  can i - me i n t e g r a t e d  from a to Y . Time so b u t  ioum i s :

(C/C ,~) [ ( h - Y )  m m / Y  (el-mm) 1
Z (3 0)

It  ha s hee mn foun d t i - m a t  equat  i oum (30) g ives  tine ’ cc m ’ t m ’c t  f o rm of t ime -
d i s t r i b u t i o n  f u n c t i o n , hut  t i - me v o l u m e ’  of ti - me ’ expo im e n l t g i v e ’ m m  by - m ) m m i ’

t ion (29) does not a lways  agree m ci  t in t ime  ex l mo nme um t m c i t  C i t s 1 1 m m - “ l i i i  - m m m l
da ta .  l e t  ‘ li e’ t ine  exponn ent  u 5h i c lm i m e s t  f m  t - - t i m e  d o t  mm . I t  m~, u cc fo mun cl
t i m a t  for  hi gh va lue s  of ( - i  .0 ) ,  ‘ s- mis mc gnu I ’ m can t l y  l e s s . ‘u - - :
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1 :1 - t i m e 21  fCc i ’e m mce b c t m - , c o m m  : amud ‘ de em m’ ec i s eel ; u , ’id Ci c m , i  I ly c-, L ccli
7 a - ~s umn cei c- mi 1 m e -~ 1 c’ss t l i  m i i i  m m ty , mc! i  m elm is m o  rmal l y ’ t i m e  ecu - c e , t i c  cc di f—
c l - c -  ice  b c t m c e ’ e nm , ane l ‘ w a s  s m q m m l  I enoug i m ~~i H c  t lu at l ic e - O~ ec{i m d m t i o f l
( 2 9 )  : i l b o u c c c  ace m m r m i t e -  r e s u l t s .  ‘l ’ !ie r e i m m t i o r m s h i p  h e - t c c e - e - c c and  ‘ i s

s l c o m , c m  i m m  i m i gum ~e _2 ( F i m m s t e i n  m m md Cim i en , 103-1 ) .

2 .  S i ’ c m i l m u r i t i c s  b e t w e e n  Osci i l a t i n g  and t J n m di n -ection al Flow .

T I m o  s i ni m i I m i r i  t c’s b e t c~ee n m o sc i i  l m u t  i n g  f low and u n i d i r e c t i  o n mm ul  f l ow
m~ I t i m  low simec u r ccc b c  I t i c’S cure  p r ommoeunced  . I t  s i m s  f oum me l  t ! c m i t  t i e  concen—

V - m t  i o i n  eh i s t  c- i i’~mt l oin in  osc i  l i m i t i n g  f l o w  ( f rom e q u a t i o m m  9) C e m i m l e i  h e  cx —
p r c c ~se ’ el m v

C/ C~ = cc xp ~-l Y) , (31)

ccl m e re’ ~l a c t s  fo u mud I mm S ec t  loin I I  ~ he ( fro m c -m j  m m c m  t I on m 13)

= — \ ‘ , / i c  , ( 3 2 )

C i s  tim e S e ’ ei l lc m e ’ m i t  excimc unmge coef” icien m t . Tine coe - f f i c i e - m m t , ‘I , u~t m i c i n
el e ’f i  ne ’s t m c~ ra te  cit  win i cm t i m e  c o n c c n m  t m-ci t i o n  decay ’s mci  ~ I e l  e ’vc mt i o n , I e’l~m u cc’s
i n  a mcunne r  cc i m i  I m u r  t o  : of t ime  u n i  e li  i- c-ct i o n al  f low tlmeo m -v . Inn osci  1 lot  -
Lug f l ow , mit -  i n  unn i cii r ect I o m m a l  f low , t ine  c-al ue o f ‘I f i t t  i n g  tim e e x p e r i  —

J m l c i d  - i 1 re c~ ul t s c- , ma- eli f f e ’r e tmt  t i m a n  t ! m e’ cci  I ue uch 1 cli wou ]  d be p r e d i c t e d  f r u r m
em,(u cit  j oin (32 ) , a s s u m i  n m t  ii i m n dep en mden t  of V . . Fl  gure 15 aneh Tab le  5
show t i m c u t  for  t i m e  four  c o n n c e n m t r c u t  i o n  el i 5 t ri l m i i ’t i 0mm c c m r ve ’ s  o b t a i n ed  mci - men
\ , wa s  i r m c r e m u s e d  f rom n 0 . 1) 3 5  to 0 . 0 ( m 2 6  foot  per seco mmei , tim e abs o l u t e  v a l ue

inc rec u sed , as an average , b y t ime f a c t o r  1. 19. W 1 , c c m  I .  a i m s  i n —
cre ’cused from 0.035 10 0 . 0 498  foot per second , t h e  abso lu t e v a l u e  of II
i n c r e m u s e d , as cun average , hr 1.13. If  t ime  exchange  c o e f f i c i e n t , I , of
equmm t ionn (32) were  a fum nct  iomm of t ime fl ow Imydrau l  ics o n l y  mind ind ependent
of t ime  sed j mc ’ i m t - s e - t t  1 i mg v e l o c i t y , t i me n t ime avercmge i n n c r e c u s e  i n n  t ine  c m b s o —
lu t e c’m u l u e  of ‘1 i s i m m i l c l  m m m c c c  been ( ) . 0 ( m 2 6 / 0 . 0 3 S  (= 1.8) noel 0 . 0 4 9 5 / 0 , 0 3 5
(=  I - I l l  . r e ’ s p c - c l  i c - e l y ’ . ‘fl m e r e f o r e , i t  can he c o m m c l u m d e d  t i m c i t  t i m e  s e d i m e n t
excimmungc coefficient , C , is a fmm nct i onn of hot im V .  cmnd U , mu m -md t l m a t
‘-1 , for a c o m n s t m i n t  f l ous ’ v e l o c i t y ,  is  umot di r c c t lv  p rop or t  i o m m a l  t o  \ , - -

‘I ’inis c o n c l u s i o n  agrees  ucitim Em mm ste’inn and Chienn ( 1 9 5 - I )  t i m m u t  i n n u m n i d i  rec—
t i o m m m t l  f l o m c  f o r  i m i g i m v c i b m u m ’ s  01 s e t t l i m n g  c ’ e ’ i m m m ’ m t y  r e - I m u t i v e  to  the  f l o w
she - c u  m ’ v e l o c i t y  t ime se- el i  mci -m t e’ x c ) u m u t i g c c ’  coe f f m  c’i c’nnt c u m m m i o t  h o  ic c c m m m - m t e l y
,u p i m r o x i  nuc u t ed by t i m e  ‘ m m m m e - m u t  um e s c i m a n g e  coe- f f 1  ci c u t  -

‘l ’im e d i  f f e ’n ’ m - m m c e  h e t u c e e n n  t i - m e  sed m meu n t c u r - m d  mome n m t um e x c l m c u n n g e  c o e ff i  c i  e m m t s
d epends oim t i n e  n- c- I a t  i c—c ’ mc u gnn i tudes of t i m e ’  sect i men - mt  — c - - i t  t i i  n - mg c - cl  oc I t y  cm ne l
t i m e  t u r i m m u l e ’ m m c e  i n m t e r m s i t y .  I f  t h e ’ sech i m e m n t — c c ’ t t l i m m g ve’ l m m e i t v  i s  s m a l l
compm urc d  to  t i m e ’  t u r b u l e n c e  i n m t e ’ m m ’ c  i t x - , t ime  t u , o coe- f f i  c i c m m t s  am’e m m p p r o x i  —
m cml c - b y ’ c q m u m u  I ; s- l i t_- nm V . = 0 , time t mcci cue’ Cl ’ m c m e ’nt s are i dc ’mmt I cmi i . -‘es V .
become ’s re I c i t  i ye- Iv Ia  rgd ’ m ’ , t I m e ’ cli  f I ’m ’ m ’ e ’ m m c i - ‘ c - I ii c-en t i m e ’ tis u m c u m e  Cf i d’ I c ’ m m )  - ‘

i n - m e - n ’ c ’ m i - ; e ’ s . in  m m m i  cl i  re’ e’ t i  on - mci I f l o w  t i m e ’  t u n h e i l ‘ m m c c -  i n t e ’ n m s  m t i ’ I S  uis u ici ~ b y
ver y  I c i m ’ ge’ compcire ’ d I i  \ ‘ . an-m d time ’ time — ore is d u e l  m m m l  m - t m n d e ’ m n imos t s i t  cia—

b ums . 11m m f ’ m n ’t m u m m , m  I e’ I v  , t i m  u s  i s  m m s u m c i l  1’ nn o t  t i - m e ’  c c u s e ’ inn  u se  I I l o t  in 1 f l o w .
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E x a m i n i u n g r e s u l t s  b , c , and d of Se c t i omn  I I I , the  range of tim e root-mean-
square va lue  of v ’ (s)  is 0 .0072  < s < 0 . 103  foot per second.  The
s e t t l i n g  v e l o c i t i e s  of t he  sed iments  used inn t ime expe r imenmts  were

= I ) . ( 135 , 0. 114 9 8 , and 0 . 1) 6 2 6  foot per  s e c o n d .  V . is t h en , tin e same
order  of m a g n i t u d e  cms t ime  v e l o c i ty  s c a l e .  -‘u s e l i s e m u _ - i s e d  e a r l i e r , t h e
sed imennt  used in the  exper iments  m a d  a s p e c i f i c  grac ’i ty -  of 1 .25 .  There-
fore , t i m e  settling velocity of natural sediment would be even larger
compared to tu rbu lence  i n t e n s i t y ’  in tin e a p p r o x i m m m t c  p ro to type  f low con-
d i t i o n s  of t ine  expe r ime mnt s .

For i l l u s t r a t i o m ’m , a typ i c a l  o s c i l l a t o ry ’  f l ow  c o n d i t i o n  of t h i s  in-
ves t i g a t i o n  w i l l  he ap p r o x i n m a t e d  ems a q u a s i - s t e - m m c l y u n i d i r e c t i o n a l  f l ow
and compared to time f i e l d  data  of Fi gum re IS .  T h i s  is poss ib l e  becaus e
tine time scale for oscill at ion is mmcii gre- :ter t i m cm n ti -m e time scale of
the  t u r b u l e n c e .  For exm m m p l e , t i ne  m u v c ’ r m m g e ’  f i m m u s  im a d  a p e r i o d  of 6 secondi s
and an ampl i tude  of about 1 foot , U = 0 . 6 ( 7 foot  per seconmd.  -‘u t i m e
sca le  of tu rbu lence  can he de f ined  as -3/s~~, where  ~ is tine t h i c k -
ness of tine boundary lcmvc’ r and s .  is t ine base  v en ’t i c a l  v e l o c i t y  f l u e —
tuation . If 6 is de f ined  as the d i s t a n c e  c u i m o v e  t ime bed at  wh i c in  t he
boundary layer oscillation ve loc i t y  is equal to 99 percent  of the  free-
stream velocity (velocity- given by linear wcic -e theory for y = -d)
3 can be ca l cu la t ed  from equat ion (5). This calcul atiomn indicates tinat
3 is equal to or less tim mm n 0.05 foot and from Fi gure 27 , s~- - is 0.11 foot
per second. Therefore, the time scale for time turbulence is 0.45 second
mis compared to a 6- seconnd t ime  scale  for the o s c i l l a t i o m n . To c c m l c u l c m t e
t ine t im e o r e t i c a l  v a l u e  for time q u a s i- s t e ady  u n i d i r e c t i o n a l  flow it is
necessary  to de t e rmine  a mean f low simear v e l o c i t y .  The f low s h e m u r  veloc-
i t y  is g iven by’ :

= (g R S ) _ -  , (33)

w h e r e  R i s  t ine i m y d r c m u l  ic radi  us ( i n  feet )  , g i s  t ime a c c e l e r a t i o n  due
to g r m m v i t v  ( i n  fee t  per  second s q um a r e d )  , and S is  tin e ene rgy  s lope  of
tine quasi-stea dy flow . The energy slope is obtained from M a m nn in ng ’s
equation by u s i n g  t h e  root-memmn--square flow velocity ( 0 . 7 0 7  2 Ii L/ T) ,
and e s t i m a t i ng  va l ues of t h e  roug hnn ess  c o e f f i c i e n t , in , mind t he  h yd rau-
l i e  radius , IL Time expression for the energy slope is:

= (n/ i ( 0 6 6 7 ) (3  l / T )  . (34)

Smih s t  I t u t  I ng cm qm m at i o n  ( 3-I ) i n t o  equat ion  (33) y i e l e i s

um ~ = ( 17  n I.) / (‘I’ i~~ 
167 ) . (35)

U s i n g  t ime  ab ove express  i c - m n  f ’m m r tu~ i n  e q u m m i t  ioun ( 29 )  , tim e’ 2 vcm b u m e  fom
t h e  e m u m m i s  i — s  t e - m u d y f l o w  become s

(V I R 0 1 
~ / ( o .  8 mm I ) - (36 )
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For the  average f low  c o n d i t i o n s , V .  is 0 .035  foot per  second , ‘I’ i s
6 seconds , and L is 1.0 foot . Based on the  bo t tom rou gh n e s s  shm u pe  and
the  i m v d r a u l i c  rcud i us , n is  approx ima t e ly  0.015 foot ‘ li ~~ • The h v d r a u -

m y  rad l i us is e s t i m m m t e d  fro m tim e f low geomet n -y as a h o u m t equa l to uni ty’ .
Sinc e : is p r o p o r t i o n a l  to R to t ime  0 . 167 pcm u~c’r , m o d  tim ere fm ui ’e - tenmc i s
to unit y , there is probabl y not much error in us i ng t i - m i s  e s t i m m i m i t e ’ , U s i n g
t inese  vmu l ues inn e q u m u t i o n  (3(m) yields : = 2 . 1 .  Inn  F i g m m u ’ e -  28 , t h i s  v emlue ’
of : is well into the range where tim e sc-el i menn t exc~mmm n g e coeff icie ’nmt is
si g n i f i c a n t l y  d i f f e r e n t  fronm t ime momentum exchange  c o e f f i c i e n t .

Because not enoug in datcu wcn’e’ oh tcmined to define mu relationsh i p be-
tween M and \‘ . aund becaus e tim e s e d i m e n t  excinange c o e f f i  c ie m n t could
not be expressed as a function of the s h e a r- st  re’ss d i s t r i h u u t i o n u , n - mo
a t tempt  was made to d e r i v e  a t h e o r e t i c a l r e l a t i o n s h i p  f o -  t ime conc en t rc m -
t ion d i s t r i b u t i o n  m i s ucc m s done i n  E i n s t e i n  an d Cinien ( 1 0 5 4 )  for m m r m i d i  r e- c-
t i o n a l  f low .

3. Sediment  S u sp e n s i o n  inn an m ) s c  i l b m i t  i n m g  F l o w

Th i s  m mm c- c’s t i g cm t ion is cus  don u e t o  de t c r m i  lie’ tim e’ lmeh em v 1 or o C se’cl I nmeim t
suspens ion in m c .  osc i i  l c m t  i ng  f l o w  and p r e - c e ’ r m t  mm m e t h o d  m y ’ s i u l  ch t i m e  s us-
pended load c o u l d  be ’ m m p p r o x i m m i t e d  f rom f l o m s  i m v e l r a u l  i cs . I t  i s m u p p m u r e n m t
from t ime  f i e l d  measurem en t s  of urn i e l i l ’y c t  i m m n m , m l  f l o w  (Fi g.  28) , mm md tim e
results of this invest i gcmtioun for osc l b  l c m t  i rm g f l o w  t h m m t tim e m e c h a n i s m  b y
which sediment is m e l d  in suspemn s ion is e’onmpbe x m mun ei not feul ly un-me lerstooci
For this reason , the fol lowing nnetimod for c t  i mcit in g tim e suspen ded lomue l
i n  o s c i l l a t i n g  f low mi s a f u n c t i o n  of t I e ,  f l u m e  ln y ’ e l r a u m l i c s  i s  b c m s e d  on t i m e ’
genera l  t u r b u l e n t  m i x i n g  l e n gt im th c ’m ’r c’  f i  rc — t p ropo sed  by fl B r i e n  ( l9 33~ -

h i s  derivation i s  mi s f o l l o w s :

There is a conti nuocus up mmne l ~lown ~m m t  i ‘ nm of Cl m u d  cu e  ross o n l y  ho  n i  m c m ’ n u —

ta l  plane caused by t I m e ’ t u i r h u l - n m t  vc’m’t i c m m I y e ’ I oe’ it y f i  u c t i m m i t  i o n s  . ‘i ’h i s
ex cinc mnge motioum is e m m pc i lm  le i f  t r c m n I s p u m r t  i n - m g  cc u slm e -nmd i c S dl emit t c r  . Coins i ciC t’  m m
ho ri zonta 1 reference se— ct i o n  e f  mini I t  , u i - i-mm m i t  mm di st mm m cc ’ V Crc-m m tim e he’d -
The transfer of se-ch im e-n t i n  t h e  c’en’t i e m m b  d i  ‘ - c t  i o u  f rom t i m e  reg i o u  u m f
h i gh concentration to a reg i on of l ois c’OIic ’C’il t i - c i t  i 0 mm t i i  m ’ m m c i g ii t i m  i s  mmii i t
section will be — 1/2 1 ,, c- el f /elY . whe’n’ m - I is t 1 mo mi x i m mg le ’ngtiu for )I~ m
sediment excimange , v d emmot i ’ s t i - me ’  c’ xc ’hm c u mnge cl i s ci mm m rge throug h t ime ’  n un m l
area due to ver t  ica 1 c- c’ b c  it ~ flue t mim i t i , ‘ni s  , a n - m d  C i s  t i - me  c o m m c e n t  i- m i t  i oil
of suspended sedi n e - mi t  Is i t im set  t I i  u - mg vu ’ I oc i t  . V,, . . m i t  e l  cc - m i t  l oim I . 11cm —
ov er , a cont i un uo um s set t 1 u rig of  pci n’t ie ’Ie ’- ’ tim rouig i m t lie ’ urn i t m u mc - :m .m t c m i- m i t e ’
of C V~ exists. A stat ist i cmi i eq mm i 1 i h r i  uun commdi  t b i t  is g ive — mi l iv  equa-
tion ( 2 5 ) .  Th i s  equationm is i d e n t i c , u l  to t i m e -  e u i m m m m t  i onm d e r i c - e’~i m y ’  i i m i -- t e i m m
(1950) , hu t  w i t h o u t  tine m i s sumpt  i omm t i m m i t  t h e  on  g m u m  of t h e ’ sOd m rn e nmt is time ’
same as time ori gin of the  f l u id  c m m m e l  m c i t i m o m m t  a s s u u m i m n g  mummy’  u l i — t  n - i l i u m )  i o m n  of
f l u i d  excimange.

‘lime mixing length t i m e - o n ’ u m m e c , , n ’ I m o m : u t e ’ ’_ m m i i  o f ’ t i m e -  (‘d i e t m m n ’ , m c i i i  cdi m m f t ’e’ , t

sed i rment su spension iu two arti l ’ u c im u l vmi m ’m , mi ’ l e’ s , time c e - Jocit y se - mile ’ m u lt i
t i - me  1 e u m g t i m  sc ’cm h e . ‘i’h e c- c’ b c  i t  cc —‘ k  ile on’ occ I I I c i t  I ui ’ Cl  ow m~, i - . nc , - , m - , m u u ’ , -d
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d i r e c t l y  i n  t i m i s  i n v e s t  i g a t i o m m  mind is ‘. l V e ’fl by equation (22). Time sedi—
f l u e - m i t  ex c i mc unmg e ’  coe f f i  ci em - mt  wiu i elm i s  t h e  p r o d u c t  of t h e  l e i m g t h  and c ’e- loc i ty
s c c u l e m - m  was  c u l s o  memi s eured  d i r e c t l y  and is g ic- emn by equat ion  (13) . From
t i m e - s e  two equcu t j oins , t ime  c o r n ’e s p o n d i n g  l e n g t h  s c a l e  can be c a l c u l a t e d  as:

4i = (-~,-‘ . /~i s . )  exp ( -~\ Y) (37)

For time , 1 i mimit ed flow conditionn s investi gated , all the vmm riab les of
e c i u d i t i o m n s  (13) , ( 2 2 ) , mind ( 3 7 )  hmmvc ’  been found as a f u n c t i o n  of U , ,
mshere  U .  is a f u i m c t i o m n  of t ime  s u r f a c e  wa v e l e ng t h , per iod , and m c c m t e r
depth - The vam’imnb l e- A uccus found to be a constant ( — 1 0 . 5 7  fee t  1) ,

and ~i and c c .  are gn-cmp h i c a l l e ’ g iven in Figures 6 and 27 , respectively.
These exp r e s s i o m -is for t ime  v e l o c i ty  mind  l e n g t h  s c a l e s  are phys i c a l l y ’
n ’easomnab l e ’ . N ot  onl y- i s  t ime  bas e t u r b u l e n t  v e l o c i ty  a f u n c t i o n  of the
s u r f c m e e  ucmuve  i n t e r m s i t y  (Fi g .  27) , bu t  the excinange length tends to small
v c u l u e s  as t i m e  ocean ccl i s  cmpp i - o cm c im e d , i n d i e m m t i n g  thmm t no s e d i m e n t  s i - m o u l d
he exc iman ’u g ed mmcross  the  bed su r f ace .

-I . The B m m s e  C o m n c e m m t r c m t e o n , Cc, .

c i t h  the  excep t i on  of ti -me base concen t r a t ion , C0,  a l l  the  v a r i c u b l e s
needed to descu - ihe  ti -me suspe nn cl eel load as a func t ion  of flow h yd rau l i c s
im ave been  d i s c u s s e d .  ‘line f o l l o w i n g  is omn ly  a b r i e f  d i s cus s ion  of the
base concen t r a t  b onn . K c m l k c u m m i s  (1964) provides  a comple te  m a t h e m a t i c a l
eler ic ’ m c t i o m m .

I i i  o s c i l l a t i n g  f l ow , as in  u n i d i r e c t i o n a l  f low , sediment  t r anspor t
i s  b t w o  d i f f e r e n t  t r p e s  : (a) Be ml l ocm d t r anspor t , and (in ) suspencleel — locmd
t r a u n s p o r t .  ‘us d i s cus sed  inn Seetim om I , the t h i c k n e s s  of tine beciload lmmver
i s  abo ut t u so - grcm i nn d i ame tem ’s . ‘l ’imcre-fo re , for both prototype anel experi -
n ni e m m mtc m l se ’diniuenmts , t ime  hed l ommel  i s  con ta ined  in tine boundary l mmyer  d e s c r i b e d
in Se-c t iou II . ‘l’h e tineory proposed by K m u l k a n i s  to p r e d i c t  t ine  mimo un t of
heci l omme ! t n’ c u c u s m o m- t mind t ime connc e mmt  rat  ic - mum of sed i u mment  is  genera l mind onl y’
requ~ n’ e-s k u no w led ge of t i -me su r f cmce wave  c i n m u r a c t e r i  st  i cs , the  w a t e m  depth ,
t i m e  i -med  Sedl i nl uent  characteristics , mind stc m ti stica l parameters wim i ch m m m c c ’
bee-ui foui :md exp e ’rinm emm t mm l by. Beccmuse tim e th i ckness of tin e bedload layer
i s  sm a l l  , tim e con l cenmtr cm t ionm m i f  s e d i m e n t  inn t in i s  l a y e r  i s  assumed cons t an t -

‘
mm m ii i  e ’q um m I t o  C . Tine cone cnn t rmi t ion , Cc, , for the heel load is tine bc u s e
conmcc- n mt  r m m t  i oum to  he  used f o r  tine ’ suspe u - m eleei  l oad .

Us lu - mg Cc, m is  t i - m e -  su i spe n c l ee l— b oc ic i  c o m m c e u m t  ra t  iou i ncorp o rcit e s  mu s m a l l
c ’ r n o  r i n  t h e  t o t a l  suspe inded  I ocid . -\ s i m m d i  cmi ted pi ’e— c ’ i ous ly , time bed I omid
i s  c o u n t  cm i m me d  i mm t i m e ’ b o m m n m d c i  ny I mu ve i ’. The’ ci 1st ri b u t  ion of sediment cone-en—
tro t i o u m i i i  t i m i s  1 c m - m u  i s  m m n k n u o m s u u . B e c m m u i s e ’  t in e - d i s t c m u n c e  b e tween  the  top of

m h o u u n m c l m m n ’ v  I c m ~- m ’n’  m i n u d  t h e ’  top  of  the ’ he ’d I mm y’ c’r is snmmi l 1 , e x t e m n s i o n  of ’
t i m e -  e .c p u u n e n t  md s t i s p e u n s i o n  m h i - . t r i h m i t  lu - mum down to t ime — lied l a y e r  w o u l d  i u c m m m -

onm I v ci m i m m o i  ‘ n u ’ o - i m m t h e ’  t m i t  c u b  cm n ne n t unm t of sed i m em mt  i n  nno t I on .

.‘-, ‘ 
_____
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5. N e t  T r m m n m s p o r t  of  Secl im muent  in t ine Oc - e m u m .

The i n i t i a t i o n  of seel i niment movement  in tim e oceaun  is by  w c m c e -  a c t i o n ,
Sinc e the  waves  are approximately linec m r , time sm mvc- -innduced fluid motion
is a symmetric oscillation ccuusing an equc ill -c symmetric mo ve -ne -nt  of tin e
sediment . This motion ordinarily’ cannot cause net trcmnsport of sediment ,
but it does suspend sediment so tinmmt c u r r e n t s  smi pc -r i mnposed on the  osc i l -
l m m t i n g  v e l o c i t y  w i l l  cause a net  t r anspor t  of tim e sc ’d in nent . L xcm cn p l e s  o f
unidirectional currents in tim e ocean are the longshore curremn t caused by’
waves a t t a c k i ng  the  c o a s t l i n e  c i t  an a c u t e  ang le and the  secondary c u r r e n t s
caused by the coastline geometry . These two examples ind i cate that deter-
minar ion of time t ransperting current simould be by field m emm surem m nt.

6. A d d i t i o n a l  I n v e s t i g a t i o n s  N e e d e d  to C o m p l e t e  the Suspens ion  Theory’ .

The suspe n nded— b omud t h e o r y ’  is by’ n m o me -cm o s c o m p l e t e .  The m ’ e’ l cu t i on sh  i p
be tween tine r a t e  of decay of s e d i m e n t  c o n c e n t r a t i o n , ~-I , m u m nci s ed imemmt-
s e t t l i ng  v e l o c i ty , V3. is needed .  Fi gure 15 i n n d i c c m t e s  t h c m t s e t t l i n g
c-eloci ty inas mm si g n i f i u : c u nm t a f f e c t  on tin e d i s t n - i b u t i o n  of s e d i m e m n t  con-
c e n t r a t i o n , but  t he r e  are not enoug in d a t a  to i n m d i c c u t e  he ~ m ’ e’ b m m t i o n s h i p.
Additional measurememmts are  required to q u m u n t i t a t  I v c ’ ly  e i e ’t e r m i  n -me t ine -
r e l a t i o n s h ip between ~l and for a c o n s t a n t  I i  -

Another  va r iab le  a f f e c t i ng  the  s usp e n d e d- l o a d  t h e o r y  mm cl not  s t u d i e d
in th i s  invest i gat ion is tine bed rough n e s s .  I t  i s  p robab le  tim m mt  a ch m mnge
in bed roughness wou ld  a f f e c t the  i n t e r n s  i t y  of t u r b u l e n c e  c u t  cm g i v e n
elevat i o n . Also , as di scussed i n  S e- e t i o n  I I , t h e- a m p l i t u d e ’ of e m s c i l b e m —
t ion  r e la t ive  to tin e- w a v e l e n g t h  of the  bed n u ’ u u g i m t m e s s  i m c m s  m u m  m i f f e c t  on the
d i s t r i b u t i o n  of suspended s e d i m e n t  - ~et  ‘-:‘ :--, i  c m - m t  i on  of h u m u s  t ime  he -e l  n ’ c m m g im-
ness a f f e c t s  sed imen t  s u sp eu n s i o n  req lu  r m - c c  mm c m - i t  d c c i i  of e~xIm e~ri men tm m t iOn
however , tim e results of tinis inves ti g m t  10 mm ii I l l  supp ly some g c u i d e ’ b inm e- ~
whic im wou ld  reduce time ’  amoun t  of e x p e r i m e n t m i  won -k r e -c iu i re c l .

7.  Conclus ions .

These e x p e r i m e n t s  i n  cmn osc i l l m i t i n m g  f l o w  s i m u n l m i t  i n g  m s : i v e ’  mu ot  b o n n  mi t
the ocean f loor  p i-ovi de m - e s m m l t s  u s - i c  i c h  , i n  some c d m s e s  , suhst cimut I m i t e  pre-
vious  r e s u l t s  and p r o v i d e  n -me w i in fo r nmimi t i om on t i - me  b e - i n c i v i o r  of se -dime -m t
s u s p e n s i o n .  It s h o u l d  lie s t r essed  titat time conclus boris of tim is i u m vc ’st I —

gat ion are conf ined  to t ime r m i t i m e r  l i m b  t e d  rmir mg e of time- v m m r  i c i h l  es I t i d i e d .

The c o n c l u s i o u n s  ob t ci l i n e - e l  ft-on cc ed I me -m t ccumcen t rcmt I on m e -mi su m ’e’n r me -nm t cc m umc -

a.  The re lot  ic’um sim I p be tween  the ’  me -curl se-cl m im e -nt  conceun t r m i t  iom l mind
e levat ion above the bed i s  e x p o n e n t i a l .  T h i s  c o n c l u s i o n  u s  hi mi~ e-d Oil (‘s
concen t r a t i on  d i s t r i h u t  b onn r e l a t i o n s h i ps coveu’ i um g a W i d e ’  raum g e -  of im r o t “-

typ e f low c o n d i t i o n s  and each compose -el  of numerous  po i n - m t  c’omn c’e ’ mmt n - c u t  i on
measurements .  Typ i cm i i examp les of t i m I cc r e - I  ci t  I oumsin P m n - c’ shown m n - i  }m I gui l’e-
5 and the  b a s i c ’ d a t a  s u i h s t m m m m t  l i t  i i i i ~ t i u i c c  co mi e ’ Ius i on m m-u ’ g iven  i n n  t ime
a p p e n d i x .  A l t h o u g h t h i s  m’ m - l m m l  u m i m m - ~i m m p  s u m- ui c ’l e r m m m n e - d  im s i m i g onm m m m ’ t I f m c ’ i m m l
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s e c l i m m u c u n t  m , i t i u  cc se - tt l inmg velocity less timan found in time prototyp e,
r e su l t s  of e- xp e ’ r i m n m e m m t s  by o t ime -r i n v e s t i gators us ing  p ro to type  s ed imen t s
rcs u lt e d l  m m  t h e  san—me e x p o n e u n t i a l  re l at i o n s i n i p .  In a d d i t i o n , t ime bed
roug im u mess muse d  my’ o t iner  i r m v e s t i g a t o r s  varied;  t inerefore , t inis  conc lus ion
does mn ot muppe -ar to be l i m i t e d  to t i m e  s i n g l e — b e d  roug innmess used in t i - m i s
i m c c e s t i g m i t  i o u .

b. li s mnug tin e aimoc ’e conclusion and t ine O ’B r i e n ’s (1933) equat ion  for
c o n t i n n u i t y  of  sed i nn uemmt e’ x e l ma n g e  r e s u l t s  in a sed iment  exchange  c o e f f i c i e n t
w i n i c i m  is inc lependeun t of e l ev a t i o n  above the lied. Bein avior of the rate of
sed imen t  c o n c e n t r a t i on decay w i t in  e l c c ’ a t i o n , win i ch is r e l a t e d  to the sedi-
mont excinaum ge c o e f f i c i e n t  by equa t i o n  (13) , was found to be a f u n c t i o n  of
time f low v e l o c i t y  cctus in g  tin e su ispens io lm and the  s e t t l i n g  v e l o c i t y  of tin e
sedir , ent . A l i n e a r  r e l -at ions in ip  b e t w e e n  time f low v e l o c i t y ’  and the sedi-
ment concent ra t ion  d cc c iv  rate  u ccis foun d for tine cou ,st ant s e d i m e n t - s e t t l i n g
vel oc i ty ’  used in time n m u i o r i t y ’  of t i - me expe r imen t s .  Th i s  r e l a t i o n s h i p  is
showum in  Fi gure 6. ‘lime r e l a t i o n s h i p  b etween flow ve loc i ty ’  and time se-cl i-
me-nt concentm-c ttionm dccciv rmlte for other sediments studied in ti -m i s invest m-
g m ut ionm is shown m i  I m i gure 15 . Tine l i m i t e d  data ind ica te  a p o s s i b l e  l i u n e a r
re l a t i o n s h ip  for  t i m e  d i f f e r e n t  s e d i m e n t - s e t t l i ng  ve loc i t ies . Ti -mere is not
enoug im data  to eie ’t ernm ine the  u ’e l a t i o n ms in i p between the concen t ra t ion  decay
rate and settlium g velocity for a cons t an t flow veloci ty . Only qual i ta -
t~~ ’ e c o n c l u s i o n s  can inc oln t cuine d fro nn m tine ei gimt concentrat i omm d i s t r i b u t i o n
mea sc irements  simou gn in  F i g u r e  15 . For a cons t an t  bed roug lmness  and f low
v e l o c i t y ,  a h i gher sed i m e n t - s e t t l i n g  ve loc i ty  resul ts  in a hi gher sedi-
meri t concentra t ion decay rate . The l imi ted  dat a cons i s t en t ly  ind ica te
t ima t  the concen t r a t i on  decay ra te  is not proport ional  to the  s e t t l i n g
ve loc i ty  to tine f i r s t  power ; i. e . ,  they are not di rect ly  propor t ional .
This and equation (13) imply ti -mat tine s e t t l i n g  ve loc i ty  is an i m p o r t a n t
v cm rm mu j m le in fluencin g the sediment  exchange coe f f i c i en t . Therefore , in
osci l l a t i n o  f l ows  tin e’ cc e’e liment excimange c o e f f i c i e n t  cannot he accu ra t e ly
-u p p r o x i m a t e e l  by t ime momentu m exchange c o e f f i c i e n t  as is common l y done
i n  u u m i d i r e ct i o n a l  f l ow  a m n m i b v s i s .  go e x p e r i m e n t s  were conduc ted  inn t i - m i s
m u m v e s t i g a t i o n  to  d e t e r m i n e  im ow t ine  above relationships would cinange wit b m
a c iu m un mg e i i i  beet rou ig hri c’ss

‘ri -m e c o n ch s  i onms ob ta ined  from measure m ents of ti - me t u r b u l e n t  v e l o c i t y
f l u c t u a t i o n s  are :

m m . The d i s t r i b u t i o n  of t u r b u l e n t  v e l o c i t y  f l u c t u a t i on s at a c o n n s t a u m t
e l e v a t ion  in an o s c i l l m u t i n g  f low was fou m nd to he app rox ima te ly  norma l i s b t h i
mu memun of zero . Ti - m is  r e l m m t i o n s h i p  was de t e rmined  from d i s t r i bu t i o n  a n a l -
sc- s of m e a sure mnme -nmts  made at two e l e — v a t i  ons above t i - me  bed , ho t in  of w im I ch
were above ti - m e bo u ndary  l ayer descr ibed  i n  Sec t ion  I I . R e s u l t s  of t imes c ’
aunalv ses are shown irm Fi gu re 22.

i) . Time r e - l a t i o n s i n i p between t i m e -  r o o t - - m r m e a n _ s q u i m n r c  t m m r b u b e u n t  ve ’b oc  i t y
f l m u c t c u a t  ion and e l e v a t i o n  above ti -me bed was found to he e x p o n e n t i a l .  T h i s
commc lusion is hcised on memisurements of distr ihutions macic for fou r  d i f f e r -
em i t  f l o w  v e l o c i t i e s , a l l  u s i n g  an a n m p l i t u i c h e of o s c i l l a t i o n  of 0 .925 foot
an d cov e - r i n g  a p p r o x i r m m i t e l y t i - m e  sm m me - r ange  of p r o t o t y p e  f l o w  v e l o c i t  b e - c c  m i s
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s tud ied  in the  concen t ra t ion  measurements .  Resu l t s  of t inese measurements
are sinown in Fi gures 23 , 24 , 25 , and 26 , and are t a b u l a t e d  in  tine appe u m-
d ix , Table  A-S .  This r e l a t i o n s h i p  was v a l i d  for e l e v a t i o n s  of approxi-
mately 0 .04  foot above the crest  of tine bed dunes. Tine relcutionshi p below
t i m i s  e l eva t i on , w h i c h  wou ld  be in the boundary’  l a y e r , u~as not  d e t e r m i n e d .
The t u r b u l e n t  ve loc i ty  fl uc tua t ion  d i s t r i b u t i o n  was only measured for tine
single-bed roughness described in Section II.

c. Based on the four tu rbu len t  v e l o c i t y  f l u c t u a t i o n  d i s t r i b u t i o n s
desc ri b ed above , it was concluded tim-at the rate of turbulent velocity
decay w i t h  e leva t ion  above the bed is independent  of both the  e l e v a t i o n
and tine fl ow ve loc i ty  genera t ing  the  tu rbu lence .  The exp o n e n t i a l  decay
rate , determined from a least  squares curve f i t t i n g  of tine data , for t ine
four d i s t r i b u t i o n s  ranged from -10 .38 to -10.86 feet ” 1 , w i t h  a mean of
-10 .57  feer 1 and a variance of 0 .05  foor 2 .

d. The r e la t ionsh ip between time f lou c v e l o c i t y ’  and the roo t -mean-
square turbulent  ve loc i ty  fl uctuation at zero e l e v a t i o n  ( c m m l c u l m i t e d  freunu
the empir ica l  r e la t ionsh ips )  is shown in Fi gure 27. A l i n e a r  r e l a t i o n -
shi p is ind ica ted .  However , th i s  r e l a t i o n s i n i p ,  wi n i ch is far  from comm-
e l u s i v e , is based on onl y four data points  w i t h  a s i g n i f i c a n t  amount of
scat ter .  The qua l i t a t ive  conclusion that the  tu rhu l e u nce  i n t e n s i t y  at
zero e levat ion becomes larger w i t h  greater  f low v e l o c i t i e s  is not o n l y
indicated by the data but is log ical .
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