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mm 

ft 

n-1b I tt3 sec 

tt-lb I .n3 see 
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lb/sec 

ft 

Che~cs coefficient in the formula 
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Median diameter or the sediment 

Mean depth or now 
Ener@7 per 'IIDit ficnr volue required to 
over the difference in weight 
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Energy per unit v9lume extracted from 
mean motion by secondar,y motion 

Darcy-Weisbach .resistance coefficient 

Froude' number·. 
'-- - . 

Gravitational acceleration 

Total sedilllent discharge 

Karman constant 

Height or the bed roughness 
a. For smooth bed - K equals the grain 

diameter or which 65% is finer 
b. For dunes - K equals the average 

height ot the dunes as measured 
along a longitudinal line traverse 
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M 
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Average length ot dunes 
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CHAPTER I 

INTRODUCTION 

~ithin the last twenty years the fiold ?f sediment transportati n h&e 
attracted co:usiderable attention, and many papers have been written on be 
behavior of alluvial streamao Increased activity in the design and COMtruc= 
tion of ~draulic structures baa brought on an urgent r~alization r the 
many problems whi.ch arise in tile construction of any project that involves an 
lluvial ~hannelo Canals scour or silt up, reoervoirs fill up with sediment» 

exceaoive scour ocr-urs dowl'lstream from uW'ElSg and dangerous sardbars torm in 
navigation channelso Thesa and many other problems confront the engineer who 
18 raced with designing an efficient and l<J.sting hydraulic structureo 

Without a knowledge of the fundamental principles involved, the engi-
neer is forced to re~ c~ past experiencn as his guideo UnfortunatelY, how= 
ever. past experience sometimes offers no clue to the solution of his special 
problems and the resulte t'.: his design a.x·e often discouragingo In order to 
alleviate this ei tuation ntm!!rous research programs have been launched in the 
past 25 yel:ll's to study in the laboratory- and in the field the very complex 
problem of sediment moving in flowing Yntero Government agencies, educational 
institut1one 9 private industries., and individuals have all mde contributions 
to the present etate of knowledge of the oediment problem, but the progress 
has been elJr and IIlS.YlY phaeee of the problem are not yet understoodo 

With this background, the present study., sponsored by the Corps of 
Engineers of the United States Al"II\Y, was made at Colorado A & Jl College for 
the purpose of studying the specific problem or roughness in alluvial channelso 
Since the roughness of alluvial channela is ~nherent~ related to other probe· 
lema not commonly thought ot ae channel ro\'.ghneas problems~ some time W&8 
devoted to a stuqy of these related subjectso 

Thirty seven rune ere made during a testing period of about six month 
and an anal.isis of the resulting data included information on the following 
topics a 

(1) The roughness ot an alluVial channel9 

(2) ·The von Karman constant which is closely related to the velocity 
distribution" 

(3) The sampling efficiency involved in determining t amo~mt of 
sediment moving through a given cross section of the flcwp 

(4) The distribution or suspend d sediment. 

Th data involv in ~apic \4) have not been coapletely anal~ed and 
therafotoe the re ulta do not app<=ar l.ll .h~ s report~ but will be e av&ilab 
latero 

n 
d t 
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Chapter II 

REVIEW OF LITERATO'RE 

Liter ature in the field or sediment transportation and open ohann&l 
ro~~neaa is very extonsiveo Papers dealing with sediment motion in open 
channals date back as fer as the experimente or Dub~at in 1786o These and 
other early experi ments are described in en interesting manner by Rooker (15) o 
Ro~gnness of a fixed bed in open channels was investigated by Bazin as early 
as 1866. Since these eor l y experiments, hundreds or laboratory end field 
at~diee have been madeo Thi s review of literature includes only certain or 
the more i mportent oontrib~ti ons made in the field of sediment transportation 
and roughness of ell~vial ohennelso 

Resistance of ~lluviel Chenn~la 

In addition to t ha possible etfeot or sediment on the resistance or 
flow, the etu1y of resiat anoa of alluvial channels is further complicated by 
the raot that the boundary "roughness" itself depends on the f l ow. The 
formation or cediment waves, therefore, playa en important role in the 
mechanics or r esist ance or alluvial ohannela o In this aooticn, paper s 
related to t he stu1y of resi s t ance Qf alluviPl channel s are reviewedo The 
effect of eedi~ent suspens i on on the turbulence of f l ow, however, will be 
dePlt wi th l et er under "The meohaniea or e~spended l oad t r ansport." 

Analyeea ,2l. Einstein, Barbaroua !,!!! Banks-=In 1951, Eins tein and 
Barbarossa (9) proposed to res olve the channel roughness into two classes, 
namely that or the grain 8f1d .that Of the bed Wa1'$'.8o ~~e 80-0Blled grain 
fri oti on is giYen by - - · -

{J ur- (1) 

where R1 1e so defined that fJUt2 - (' R'S gives the part of sheering 
stress transmitt ed to the bed by grain rougbnesa, end d36 is the grain 
size or the bed materiel of whioh 36% by wei~t ia ooarsero Aooording to 
Einstein end Banks (lO)j "many experimenters ln laboratories heve obser't'ed 
that the shape of the bere seems to be a fUnction of the sediment tran•portJ 
more exactly or the bed-loed trensporto• Cona•quently, the resistance du 
to bed wa't'~B is taken as a function of the parameter 

whioh ia the pare ter of flow intensitl in Einstein~a bed 1 ad equation 
From exP!rimentel deta, a p ot or u/U. against yV' an be preparodo 
Here u: :a,(~"//', ~" being the aheoring stre s t~ensmit~ed to the 
bed through the-~rag on the en1 waveso In preotioel application of thia 
method t oompute; eay Menning's u , the first etep is to compute R' 
from th own v lues of ertd S by lil4Ulns f Eq ll~ w~ t R rn 

2 



The foregoing method is based on the premise that, in a system 
invol ing several components of resistance: the resultant resistance is 
simply the arithmetic sum of the components. In other words, 

That this step is practicable has been demonstrated by Einstein and Banks 
(1011 11) on the condition that, of any tl\o boundary protrusions of differen~ 
types:~ one must not be less than 5 to 10 tiJr.es t.ho SiO!Ie of the other o 

. Ali's ~of alluvial channels=-Said Ali and u. Lo Albertson (1) 
conductea-an-an-aJY:Sis-or a large quantity of data published by various 
agencies and found that the data indicated 

C UmR d '( ) =ff =-~ v ' R ' 

here d is the median diameter of tha bed material. Graphs have been 
preoared by Ali and Albertson on the basis of Eq 2. According to theee 
graphs, there is, for a gi•an value or d/R 9 a Reynolds number 
corresponding to the maximum resistance coefficient for the channel. As 
Reynolds number is further increased, t,,e resistance coefficient decreases, 
eventually approaching the limit of a plane bedu 

Gilbert's observations of wave formation--Gilbert (13) first ob-
s~rved the three regimes of sedident wavesa Starting with a plane bed, 
nhen the velocity was law, only movement of grains at isolated spots would 
occuTo Gilbert observed, however, that even under such conditions, dunes 
would developo These dunes existed for a certain range of velocity. As 
the velocity was increased beyond this range, Gilbert observed that the 
dunes would "rather abruptly" disappearp leaving behind a plane bed.· 

It is not clear to the authors whether Gilbert observed the regime 
of sandbars described later in this report although he did state in his 
discussion of the "rlvthmn or peri~.>dic disturbance in his flow system that 
"aasociated with t.he dunes were gr.aater. debri~ waves, also traveling down-
stredlll and each involvi the vol\Jlnt- of mazv au. eso" Untortuna.tel;r, the 
authors cannot find my information in Gilbert 1 o paper (13) regarding the 
appearance of th""se large "debrb .a'?e in a plan view or the appearance 
ot the water Rur.f'ace .hen th .se :t.a.r-e 1'debris waves" occurredo 

(2) 

~hieldsv ~~ ~ !:!! f£~tiQn ~ channel resistance--shields 
(32J found with particles of uniform size that the pattern of sedimen~ waves, 
hich formed"' !1 ~ene1·a. suV~i:<rldl.;. o th oed began9 varied with d/J', 

,.here cfllis "'he thic\<r e3 o ~.1+> lall'"'' ill' sub-layere In the order of 
1ncreasjm; d/~' 11 thttt 1 ·· ti.ai t.~·lj ow '1-va ripples 9 -short ba:rs; diagonal 
bars, ano !1Rllcnr t.m 'u a~.1(JU8o 



n In 1 
r :l.on -fo the length ofdllil9'S in a dessrto I v is the v rtige 

tur ulent veloc · ty fluctuation in the vertical, t.hen the ma.:x:imtJll height 
a !"ticle will ,atta:n is proporti onal w v2/2g and the tjme of tr.avel 
ma.y taken G proportion!ll to., say 2v/g., Tho horizont.al distance a 
p rticle would travel uill then be of the order of 2Uv/g 1 U being t he 
mean velocity ncar the boundary., Aesuming vv..U ,'}/~ 1 one obtains for 
the length of the dunes approximat ~ 

L ~ u u* 0 

-9j2g 

A imilar equat i on was also derived by Ka:rman, who assumed t hat t he 
veloci t y of flow along the wavy surface waa constant, and that t he 
·Urfaco vas of sinusoidal form. The consideration of a small di s-
turbance then led to 

here ~ is thG t hickness of the l~er in which most of the material i s 
concent ratedo (This layer is comparable to the saltation l~er as proposed 
by Danel., Durand and Condolios (6)o If cr~ v2/2g I Eq 4 is reduced to 
an equat ion s imilar to Eq )o 

~derson's analysis of sediment waveo--B,y postulating that a 
~urface wave induces the !ormation ~r a bed wave, Anderson (2) ignored 
viscosity ~d derived by successive approximation the stream f unction f or 
flaw over a bed of sand waves. This stream function may be used to obtain 
an express ion ot D/L 1 the ratio of the depth of flow to the l ength of 
sediment waves, as a function or the Froude number Um/~ o The 

(3) 

(4) 

resultant expression was found by Anderson to follow available dat a vGr,y wello 
The authors wish to point out, as Vanoni has done (35), that Anderson's 
t r eat ment cannot app~ to the formation of sediment waves in the desert or 
on the floor of a deep ocean where a tree surface does not exist or is at a 
great distance above the bedo According to Menard (22), ripple marke have 
been photo~raphed on the ocean floor at a depth or 792 ft . and, in some 
cases have been round at a depth as great as 4500 tto 

Tison's stugz £!wave formcltion~~ith experiments carried 
out in a flume with oils, Tison-[))) showed that dunes could not form 
in a laminar flOJ¥ over a bed of sedimnto· \'i hen a transverse sandbar 
was artificially' molded across the upstream end of the f'lUllle, he 
observed that scour and deposition would take place downstream as a 
result ot the modification in the initial flow pattern by the sandbaro 
However~ as long as the flow remained laminar~ dunes did not formo 
Similarly, when a vertical cylinder was placed in the flow~ a pattern of 
scour and deposition similar to that around a cylindrical Pler was 
observed; but again ~s long as the flow was laLi~ar~ no dune formalion 
took placeo 



~ Mechanics ~ SuSJ?!nded ~ Tran~ort 

In this section, certain fundamental topics in the mechanics ot 
suspended load transport are outlined., 

Turbulent transfer of sediment and moment\Dllc>-Let -the case of unif'orm 
turbulent How cariiiiii sedliiient iii a vrcie ch8iitie1 be consideredo Disre--
garding the formation ot secondar,y circulations, one ~ take the temporal 
mean of the velocity at tm.;Y point ot the now as parallel to the axis ot the 
channelo Velocity fiuctuations due to turbulence, hovever, l'BIO" exist in all 
three directions., Because ot the requ:lreaent ot continuitY' ot nov, 81V 
instantaneous ncnr caused b7 turbulent nuctuation in a certain direction 
must be accow-panied by- a now of equ:U. disch&rga in t.he opposite d·i'&'"''r~iono 

Velocity fluctuations due to turbulence, therefore, give rise to 
exchange or mixinb in the flow. ~henever a gradient of a tr~nsferable 
entity exists in the flow, exchange ot fluid at equal rates of volume 
naturallY transfers the entity under question in the direction of 
decreasing gradiento Thus, because ot turbulence, sediment •ill be 
constantlY transferred, on a statistical basis, from more concentrated to 
less concentrated regions; and, likewise, momentum will be transferred 
toward the boundaries where the velocities are law o In the case ot flO!If 
in a wide channel mntioned above, mean gradients of velocity and 
concentration exist onl;y 1n the vertical direction. It is in thie 
direction that turbulent transfer plays an important roleo 

V rtical transfer ot momentum tends to speed up the low-velocity 
zone and to slaw down th6 high-velocity zone. The effect is the same as 
having a shearing stress acting at each point of the flow. Thus it is 
often said that shearing stress in a turbulent flow is transmitted by 
momentum transfero It can be seen that more momentum will be transferred 
when there is a greater difference in momentum distribution over a given 
distance, so that the shearing stress transmitted b,y momentum transfer is 
expected to be proportional to the gradient ot momentum, i. ee 1 
d(~U)/dy o Boussinesq (3) first proposed an equation for the shear in 
ftil~ turbulent flow ot the form 

($) 

where !?_Em _ has the same dimensions as the coefficient or viscosity, ·and is 
often called the eddy vis~osity. 

In 192S, Schmidt (.30) introduced the t.erm transfer (or exchange) 
coefficient in his study of the verticdl transfer. or dust in the atmosphere, 
and developed an expression for tlta rate ot sediroont transfer per unit area 
as 

(6) 



where E
8 

is the coefficient. uf sedirnen:. transfero Joviously, this 
expression is simil:J.r to Eq 5 o ln these T.wo equations, 't' corresponds to 
q p u to C 

1 
and € m to E s o The term € m is thus known as 

tge ~oa~ficient of momentum transfero 

Mixin_& {lf)h ~e:et-·:3y the analogy be ween moleculur and eddy 
motion, Prandtl postul<lted a certain length £ ~ similar to the mean 
freo path in molecular diffusiono The hypothesis proposed by Prandtl is that 
~· is a unique length which characterizes the local intensity of the 
turbulent mixing at any level, but which, unlike the meun free path, may vary 
from point to point and ~ even depend on U and possibly other variableaQ 
According to this hypothesis , transfer of a characteristic in a turbulent 
flow is effected by the motion of elements of fluid, each of which leaves one 
layer and moves in a direction transverse to the mean flow through the 
distance ),' o At this point, each element is supposed to mix with the 
surrounding fluid so that it~ characteristic becomes identical with the 
mean characteristic in that region. Let ~ be the mean value or a 

transferable characteristic dependent 
on y only o The mean flow is asswued 
to be in the x-direction. Then 

vf\ 
41 1 ' Jl ___ __.., 

Fig. 1 Distribution of a 
transferable characteristic 

according to the mixing length 
hypothesis, the instantaneous rate 'at 
transfer of ~ into a unit area in 
the layer at Y2 is given by 

v' ~(yl) - e (:y2)] 0 

Expanding this in terms of a TaylQr 
series and taking the first approx-
imation when either (y2 - Yl) or 
~ 

1 
or both, is small, one has the 

dy 
mean rate of transfer per unit area 

=- - yl (y2 - ylj ~ 

-= - J.' _fv:2 ~ , dy 

I=: 
where 1' is so defined that .f. ' ""'v' 2 =- v' <.Y2 - y1) o 

- Obviously, if momentum is the character~.;tic being transferred, then 

e =-~tl ari~ 4 Em= t·P' 
t=~ "• .p ~ 0 r dt 

. so in;;.t (7) 



Prandtl (14 ) f urther propo~ed tha t J.'~ = .f 2~~ ~ o Theref ore , 

(8) 

_l i s also known as t ~.e mixin[; lengt.1'.1.. It should oe noted~' however, t i1at in 
general .J. ' is not equal to fL o 

T!!eoq of ve1·tica~ di str i bution f sediment-If tue sediment con-
centration by vOlume is lr:.t.erpreted as the fraction or area occupied by the 
sediment particles per unit area, the volume of sediment settling through a 
unit area per unit time is simply (wc)(l), where w is the tall velocity 
ot the uniform sedimento Under steady conditions ot flow, the rate at which 
sediment is being transfer-red upward through a horizontal plane must be 
equal to the rate at which sediment settles through th~ same plane by 
gravity. Thus setting q8 =- we , one has 

we + € 8 ~= 0 1 

which was first obtained by 0' Brien ( 24) • Assuming that G s ::. Em , 
one may write 

For uniform mean ! low in a channel, 

d't' - ~dh - !,,"t! -ay-•di - -au 1 

where h is the piezometric heado Si nce the slope -· S is constant, 
integration of Eq 11 leads to 

t' = - ('Sy + const 

v; hen y = D 1 t' = 0 ; so that 

= ~(~), 

(9) 

(10) 

(ll) 

(12) 



where ~0 is the_shearing stress at tne bed o Now accordin~ to KarmAn, in 
a turbulent no1r 

(13) 

k being the Karm~n constant . Substituting from Eqs 12 and 13 in Eq 10 leads to 

· 1:2~ 
E - P ---u-

m -l[To 
rcy 'Jp 

Eq 9 is consequent~ reduced to 

_ ~D -l -kv D ,., 

we + kU 0 - l v ~ o· o --* D " dy 

Separating variables; 

I" wD 
de= - kU* Jl dy 

y(D - y) I 

a 

which, on reduction, leads to 

z 
c - ( o .... z a ) • 

y D - a , 

where 
- w z - kU: 

* 
w 

k..jgDs 0 

(14) 

Eq 1L was first derived around 1936 by A. To Ippen at the suggestion or~ 
von Karman and was presented b,y house (26) in 1937o It gives the concentration 
at an arbitrary point at a distance y above the bed, when ca at some 
distance "a" above the bed is known. 

E~rimental studies-In 1946., Vanoni (3.5) presented the results of 
a series=-oeiaborate tests in a flumeo He round that Eq 14 was or the 
right form; but, in order to tit the experimental data, the exponent Z had 
to be modified. By lettin6 the modified value of Z be ~l , then in general 
Z ~ Z 1 ioeo 1 the actual distribution or sediment is more unifrom than the 
tAeoretical distribution~ This was taken b.Y Vanoni as an indication that 
sediment and momentum transfer coefficients were not equal. B;y comparing Z 
and z1 1 he concluded that for fine material the coefficient or sediment 
transfer tends to e~ed the cosfficient of momentum transfer, and tor 
coar er edimcnt the tendency wes reversedo In hie tests, apparent~ only 
a mall amount of sand w present on the bed of the flumeo Both the 



-------------------------------

/ / Karnmn constant k and the resistance coefficient f were observed to be 
reduced by tLe presence of suspended load. The discrepancy between the 
calculated and measured distr-ibutions and the reduction in k and f were 
cor~idered by Vanoni to be related essentially to three effects that occurred 
in the flow in the presence of the sediment: (1) the sediment appears to 
damp out the turbulence in such a way that the momentum transfer is reduced, 
(2) random turbulence, which is not a factor in the transfer of momentum, 

- contributes· to the transfer of sediment, and (3) the "slip" between the 
fluid and the sediment te~da to nbake the sediment transfer coefficient less 
than the momentum transfer coefficiento 

In a paper published in 1951, Ismaj~ (16) extended Vanoni's studieso 
Besides verifying Vanoni's findings, Ismail observad that the coefficient of 
friction for a stream carrying suspended sediment exceeded that for clear 
flow only when dunes formed on the bedo 

Later in 1953, Vanoni (34, 3.6) reported more data obtained from 
flume experimentso It is of particular interest to note that even in the 
occasional presence of dunes, the resistance coefficient t vas observad 
by Vanoni (34) to be invariably reduced. It is also o! interest to note 
that an examination of Nikuradse's data by Vanoni shows that over a range 
o~ w~l roughness varying from 1/15 to l/507 of the pipe radius, the 
Karman constant changes from Oo324 to Oo415 o The average of all 
experimental values ~as 0.,374 , so that the maximum and the minimum values 
ot k ~ere within about 10% of the average.. From the new data, Vanoni 
found that the ratio of Z to z1, may be greater or lass than unity 
(34ll50)o 

U&asuremanta of k made at the Iowa Institute or Hydraulic 
Research (23) in clear water flowing over a very rough bed (roughnaos up 
to about 1/5 of the depth of flow) shaw also a reduction or k to about 
0 .. 3 D These tests clearly indicate that k can be influenced by factors 
other than the presence of the suspe~~ed loado 

Regarding damping of turbulence by the pres-ence of sediment. 
-attention should be called to a parameter proposed by Einstein and 
Chien ( 12) o This parameter ma.y be expressad as . 

where the summation sign is to extend over the entire vertical., It is in 
tact the sum or the ratios or the power per unit width required to keep 
ths sediment in suspension, 

to the power of flvw per unit width dissipated in turbulence, i'UmS • 

0 



o hil~ty distribution of the 
nstein and Chien th 

c nstant and k is th 
'nand Chien ae having 

In this casep the Karman finding that the frequency distribution 
ot turbulent velocity is approximately normal is adopted alon~ with the 
probability distribution mentioned abovec Ergodic transformation then 
yields 

Clv - j v1dA 

where p is the probability for the fluctuating velocity to be Y1 o 

Assuming that the velocities ot upward and d~ard tluctuati9ns are 
equal and that the fluctuations take place through the entire area, 
Einstein and Chien obtained the equation of sediment exchange in a flow 
assumed to be of infinite depth as 

wher w is. the fall velocity a.~ cu and cd are respectivelY the 
average concentrations of the upward and downward flows through the area 
under considerationo Solution of Eq 1$ then led to 

z 
--------------~----~==~---------- . J-/2/1r LZ -x2/2 

e dx 
0 

(15) 

(16) 

Discharge of suspended 1Qad-5everal methods are available to 
estimate the discharge of suspended load . Lane and Kalinsk (20) stated that 
the ratio ca/cb for a size interval having a fall velocity w is a 
function of w/U* • Here ca is the concentration of the material i n 
suspension at a certain point just above the bed, and c is the 
coneentrati~n of that matA~ial in the bed. A curve relat~ cafcb to 
w/U* was prepared by Lane and Kalinsks {20) on the basis ot field data~ 
Later Kalinske and Hsia (17) considered, in addition, the case of fine 
material under the action of weak shear. In this case, viscosity ~ 
be an important variable in the mechanism or sediment entrainment& 
Consequently, Kalinske and Hsia proposed that caleb was a function of 
both w/U* and ~ • In order to apply the results or these studies , 

- 10 -



to practica~ calculation of suspended load ~ischarge 1 one must determine 
the value of "a" o Rouse (271 28) suggest d that "a" be of the order 
of the bed roughness k o 

Another method proposed by Lane and Kalinske (21) consists in 
using the mean value or the transfer coefficient to compute the discharge 
of suspended loado Using the Karman-Prandtl equation of velocity 
distribution, one baa 

t~ mean of which over a vertical is 

Substituting !rom Eq 17 in Eq 91 and integrating, 

w -lc.;_ (y - a) c ""DU* Ca:: 8 I 

therefore, 

where P is a !unction o! w/U* and U./U11 =T' )o8 ( n/Dl/6 ) :- With 
w/U* and n/Dl/6 ascertained, P may be evaiuated by' a plot given by 
Lane and Kalinske (2~)o 

In 19$01 Einstein (8) presented a procedure for estimating the 
discharge or suspended load. He assumed · the thickness ·or the bed lqer 
was 2d • It '1]3 was the discharge or bed load, then the concentration 
or grains of a given size wi ~hin this lqer was taken by' Einstein to be 
proportional. to 

where i = the fraction of qB having a size interval with an average 
diameter of d 1 and u8 = the flow velocity at the bedo Assuming 
further. UB e;(. u* I Eim·tein obtained the equation 

- 11 -

(17) 

(18) 



With c8 known, the concentration of su~!~naed sedlment at any other 
point in the flmr llklY be computed by 100<-~..ns of Eq 14o The discharg 
of suspended sediment is tl~n giverl by 

~ 

;:~ j Ucdy ... 
..12d 

Chien 8a an&lYais ~ sampling efficiency--In 1952, Chien applied 
the method proposed by Einstein (4) tor the computation of total sediment 
discharge and derived the fQll~ing $~~s~toQt 

isa qsa = J D c2d ( D - Y x 2d ) Z Pdy ' 
7 D - 2d 

a 

where i88~a gives the traction ot suspended load in the size interval 
d that is being transported in the upper portion of tr.e flow having a 
thickness ot (D- a), c2d is the sediment concentration at a distance 
ot 2d above the bed 11 and P repres nta So 7S u.z. log .30o 2 t o 

The term Ui here is the so-called shear velocity nth respect to the grain 
sizeo Applying again the method proposed by Einstein, one can obtain an 
expression for the traction it of the total sediment discharge ~ in 

i q 
- the size range d • sampling efficiency is then given by ~~ 81 o 

tClt 
Chien tound that tor ordinar,y rivers, P varied trom 9 to 12, 

and that within this range of P , assuming constancy ot P would cause 
an error of about S%, which may often be considered as acceptable. By 
assuming further that d and U* u may be replaced by w/U*' 1 Chien 
was able to compute a set of curve a relating Z to the sampling efficiency, 
i 88q88/1tqt , with -the df!I)th of tl.ow D as the third variable. 



Chapter Ill 

TmORETICAL ANALYSIS 

Tho present chapter deals principally with the following subjects: 

(l) Variation of the resistance coefficient in an alluvial channelQ 

(2) Variation of the Ka~n constant in sediment-laden flowo 

{3) The transport or total bed-material loado 

(4) The distribution of non-uniform sediment in a vertical sectiono 

~hen rel~tively coarse sediment is being transported in suspension 
in a uniform tl~, owing to the greater specific gravity of sediment, more 
sediment will be found in the neighborhood of the bed than in the region 
close to the surface, so that the concentration of sediment decreases with 
vertical distance above the bedo A vertical density gradient is thus said 
to exist. The influence or such a density gradient on turbulent transfer 
will be examined in detail in connection with the first two topics mentioned 
above<) 

Because of the existence of a vertical gradient of density, the 
mechanics of sediment-laden flow is not always identical with the hydraulics 
of homogeneous liquids o For instance, in the idealized case of perfectly 
unitorm flow in a channel having parallel, vertical walls, in which waves do 
not exist, the Froude number according to the ~draulics of homogeneous 
liquids, is not a significant parametero Nor is the Froude number consid~red 
a significant parameter in the study of pipe flow in the absence of aedimento 
These observations, rightly made with flow of homogeneous liquids, are not 
necessarily true when a vertical density gradient exists in a flowo Further 
discussions will be made elsewhere in this chaptero 

The available theory of sediment dis~ribution in a vertical (see 
Chapter II section 2) 1a based on several assumptions, one of these · 
assumpt..:.ons being that the sediment is uniform in sizeo Vihen the size 
distribution is such that the sediment may not be considered a5 uniform~ 
the theory of sediment distribution in a vertical must ~ extended to 
account for the effect of aize var1ationo An equation involving an integral 
will be presentedo 

~ ' Karman Cons~nt 

There are two \'fays to define the Karman constant k o Accor ding to Kuman' s theory of mechanical similarity ( 14), it may be define:! £S 

l 

I 
, , 

wher is the mixing le ltrt,h.. Too Karman-! e.udtl equat ion of velocity 
distribution leads to a o~~"': expression !or k D 



In tho present discussion, 

"!111111/IJIJJ/11 

Fig, 2 Schematic Velocity 
Distribution Curves 

dU -dy (19) 

the latter expresaion will be used. Let curve 
(1) in Fig. 2 represent the velocity 
profile for flow of homogeneous 
fluids, for which the Karman constant 
is often taken as 0.4 on the basis of 
Nikuradse's work (14). 

If nov the intensity of mixing 
is somehow reduced, the velocity 
distribution will be less uniform, and 
may take on a form like curve (2). 
The value of U* corresponding to 
curve ( 2) is smaller than that in the 
case of curve (1), whereas the value 
of ~ ·in the turbulent zone of curve 
(2) is greater than that in the case 
ot curve (l)o Since Eq 19 has been 
found b,y many investigators (35, 16) 

to be in good accord with experiment~! data, it is only possible to conclude 
that the Karman constant k decreases when the rate of mixine is reducedo 
Similarly, when the rate of mixing is increased (e .. go, turbulent flow ove4 
a heated plate), U* will be increased whereas dU will be rGduced, so -I f cry I • f 
that the Karman constant is increased. Therefore, the Karman constant ney be 
regarded as an index of the rate of turbulent transfer. It varies directly 
with the rate of turbulent tranofer of momentum. Under special conditions, 
values of k up to 0 .. 61 have been observed b,y Sheppard (31) .. 

For flow wherein the density decreases with vertical distance above 
the bed, turbulent transfer in a vertical invariably requires wo~ ·k done against 
gravitation to raise heavier material upward and to force lighter material 
downward.. In this process, part of the kinetic energy available in 
turbulence is converted to potential energy, thereby reducing the amount or 
kinetic energy available for mixingo Thus when there is a gradient of 
density decreasing with hei~ht, the rate of turbulent mixing or transfer may 
be expected to decrease, and the value of k likewise ~ be expected to 
decrease., 

Basically, in the absence of a gravitation field, vertical density 
gradient would not have any effect on the turbulent transfer in a vertical t 

, sectiono It is to overcome the gravitation field that some kinetic energy 
of turbulence is converted into potential energyo Theretore, the influence 
of vertical density gradient on turbulent mixing is basically a result of 
graYitation, and some form of the Froude number m~ be a significant 
parameter in the study of flow having a vertical density gradienta Thus» 
contrary to the Qydraulics of homogeneous tluids1 even for perfectly unifo 
flaw enclosed in pipes or between vertical~ parallel walls, some form of the 



I<'roude number may be a significant par am,. ter, pr ovi ed that there is a 
vertical density gradient in the fl~<o This may explain why in the study 
of sediment transportation 1n pipes , a form of the Froude number is sometimes 
found to be a basic parameter (5, 7)o 

It should be pointed out, however9 that for the case of uniform 
flow with respect to t re longitudinal direction, Froude number could be 
important only when there is a vertical gra ient of densityo In view of 
this f ct1 it is logical to combine the fo'roude number and parameters 
characterizing density gradients in such a manner that the resultant 
parameter vanishes when either the density gradient or the gravitational 
force vanisheso The re::;ult is the hichard~on number (25)o 

In summary 1 then, the Karman constant ma;y be regarded as an index of 
momentum transfer by turbulenceo The greater the rate of momentum transfer9 
the greater will be the value of k o Since the rate of momentum transfer is 
influenced by the existence of a density gradient in the direction concerned.~~ , ' the Karman constant is expected to depend on the Richardson number, which 
determines the reduction of the rate of momentum transfer by stabilizing 
density gradients, and possibly some other parameters which characterize the 
energy received from the mean flowo 

Richardson Number 

Whenever there is a vertical density gradient normal to the main 
flow, turbulent transfer in a vertical will involve exchange of matter of 
differen~ density, so that work is done either on or by the eddies 
responsible for the exchangeo To express the effect of gravitation in such 
a case, Richardson proposed a dimensionless parameter which was deduced by 
considering the ratio of work done a~ainst the density gradient (in the case 
ot density decreasing with height above the solid boundar,y) to the energy of 
turbulence received from the main flowo A form of the number aa presented 
oy Prandtl ( 24) is 

However, for the study of sediment transport by suspension, it is 
more convenient to use a form of Richardson number as. deduced in the 
following: 

Let y be the eight per unit volume of the water-sediment mixtureo 
Then over an individual mixing length (24) of l , a small element or fiuid 
prior to being mixed will have its weight differing from that of the 
surrounding medium by 

-I!.!. ' dy 



ln the case of a dene1.ty decreaaing with heit:;ht aoo·'ie the bed, this difference 
in wei,~ht always opposes the motion, so that work has to be done to overcome 
the difference in wej ghto The rate at which the work is done by a unit volume 
of the fluid is 

'" de o 1V c -Ar. -· 

The tempor~ mean of this-quantity is taken as 

E -.. 1 
'~ .. ~I etc -.. --dy 

Now the energy of turbulence is received from the mean flow through the work 
dona by the Reynolds stresseso In the present study, the pertinent component 
of the Re,ynolds stresses is the shearing stress acting in horizontal planeso 
Therefore, energy is extracted by the aecondar.y motion from the mean motion 
at a rate or 

per unit volumeo 

The last two equations ~ be combined to give the following ratio 
which indicates the percentage of the energy in turbulence that is being 
converted to potential energy: 

Since 

and 

Eq 20 is reduced to 

If:. de we + ~s- = 0 1 dy 

(20) 

·(20a) 



?rom a dimension~l viewpoint, ~he significan~ parameter in the foregoing 
1IC 

expression is u;s as computed at a given value of y/D o This group, being 
of the nature of a Richardson number, will be denoted by hi in this reporto 

It should be pointed out that the hichardson number used in the 
present repo,rt is very similar to a parameter propose by Eiri~tein and Chien 
(See Chapter II, Section 3) 1 namely8 

The difference between the Richardson number used in this report and the 
Einstein and Chien parameter lies in the tact that Ri in Eq 20a is based 
on local values and includes U* in the expression, whereas the latter is 
computed on the basis of the entire cross=aection and uses the mean velocity 
in the parametero 

Resistance ~ Alluvial Channe~ 

In the preetmt repol·t, a dimensionless form ot the Chezy coefdcient 
C/ ...;i will be used as an index of channel resistance. From the Chezy 
equation for two dimensional flow 

it follows that 

so that 
c ~ :t:= u* 

From this expression, it is clear that, being equal to the ratio ot mean 
velocity to shear velocity, C/~ must depend, among other things, on 
the velocity distribution in a verticalo This is to say that, since velocity 
distribution depends on the turbulent transfer in a vertical section,L one 
~ expect the Richardson number to be a controlling factor ot C/-tg o 

For uniform flow ot homogeneous liquids,·· one can deduce !rom the 
K~-Prandtl resistance equations 

~ = t (Re, relative roughness) o 
""'J'g 

In the range of experiments reported herein and also in the range of field 
data, the Reynolds number is often of such magnitude that the n~ is 
of the a~alled fully-rough typeo For this type of flon8 Raynolds number 

17-



m· y be o secondary llJlpor ·a ce, rrant nr, ~. at, t • h tha ca3e :md that t,he 
li u1d is homogeneous one . a 

., . ,.;g = r (reJat ve roughnesR) o 

~hen there is a vertical density gradient in the flow, however, the 
foregoing equation should be modified to include the Richardson number 9 
leading to 

lJ - :: r 2 (Ri, relative roughness) o ...;g 

But for flow having appreciable vertical density gradients in alluvial 
channels, the boundary roughness is a function or the flon and sediment 
characteristics, so that 

c ./g = r3 (Ri, relative sediment size) 

The variation or C/-/i as well as that or tte Ka$n constant will 
be dealt with somewhat more formally in the following dimensional ana]Jrsiso 

~ Dimensional Anal.ysis 

Let the channel be very wide and be composed or relatively tine and 
cohesionless materials. Then tor a uniform flow or given liquid property and 
at a given depth and mean velocity, not on~ will the total amount ot sediment 
being transported be uniquely determined, but also the distribution or s~diment 
and velocity in a vertical sectiono Thus , one may write the toll~1~ equa,ivosz 
discharge 

.Fig. 3 Schematic s~dir..G· l.:. 

tUstribution curve 

'lh bed-material diacbarge 

G = r . (U , D,~~ p , U , g, w), 
1 m w r (21)' 

the sediment concentration at a height y 

the shear velocity (which depends on the 
velocity distx-ibution) 

(23) 



and the Ki~n constant (which al o depends on thP- velocity distribution) 

(?L) 

Non-dimensional Chezy•e coefficien~tarting from these expressions, 
various flo variables will be discussed& ~ v tue of Eq 22, one may write 

so that on appJ.T1ng the Pi-theorem to f 3 , one obtains 

'[J C _ m -----
·:y'~ u* 

(25) 

and on uooerstanding that c is the value at a given y/D 1 the Pi-theorem 
-applied to t5 with U* , D and Pm as the repeating variables results in 

(26) 

However, the Froude number U~~ alone will not have any intluence on 
C/~ unless there is a densrty gradient in the vertical directiono Nor 
should the concentration alone be a significant variable unless a 
gravitational field exists or unless the concentration is so high as to 
materially change the effective density and viscosity ot the sediment-laden 
water. In view or these considerations as well as the tact that the 
concentration of sediment transported by now in open channels is usual:cy low, 
it appears reasonable that Eq 26 mq be given the special torm 

(27) 

where the first parameter is the Richardson number as previous~ explained and 
has been obtained here by combining the three dimensionless parameter s on the 
right-hand side of Eq 26o The second parameter in Eq 27 may be regarded as 
~a parameter characterizing the sediment propertyo Obviously, more than one 
parameter will be needed to accurate~ represent the sediment pr opertieso For 
a preliminary study, the median fall velucity is usedo 

I 1 !,h! Karman consta!J:.-Using ~ ,23, one may rewrite Eq 24 u 
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Dimensional analysis then leads to 

k = f 10 (c, s, ..!.) o 

u* 

Consideration or the effect of density gradient again gives rise to the use 
of the hichardson number, so that one has the tentative form 

(28) 

When the flow is such that practicelly no sediment is in suspension, 
there are two possi.IJle cases in the study of the Karmcm constanto First, t.he 
bed load transport may remain active, so that the channel may still be 
regarded as alluvial, and the bed roughness K is a variable governed by 
other flaw parameters, 1oeu 1 

K - t 12 (Um, D, f.,?' g, w) (29) 

Substituting trom Eq 29 into Eq ~ 

k - flJ (Um' D, Pw' f' g, K) (JO) 

so that k - r1L (umo;, -, uJ.,fi,D , K/D) 

Since the Froude numbez• cannot have influence on ·the velocity distribution in 
a uniform flow of clear water, 

For large values of UmD/-p, the velocity distribution is essentially 
independent ot the lteynolds numbero As a result , one may write 

~ 20 -

(Jl) 

(32) 



It should be noted thclt Eq 32 is deduced on the basis tha t the l<'roude number 
may be ignoredo This elimination of froude number may be justifiable hhen 
there is no ver:.ical density sradient in th "'- flowo 

The other possible case of flow without sediment in suspension occurs 
when the magnitude of the draG is too smul to mo the bed materialo Then 
the channel no longer be haves as an alluvial channelo ln this case , tr.e bed 
roughness is an independent variableo For very rough bed» the drag on the 
bed is essentially due to the presence of a separation zone behind the sand 
waves, so that the size of material becomes unimportant. Consequently, one 
may again wr ite 

leading back t o ~q 29 and Eq 32o It is thus seen that when little sediment 
is in suspension the Kar~n constant may be governed by the same non-
dimensional pa1ameters whether the channel is alluvial or noto 

The foregoing reasoning indicates that the observed variaLion of k 
(also see Chapter II) with sediment concentration on the one hand, and with 
the relative roughness on the other hand, is not necessarily contradictoryo 
One may regard Eq 30 as the general expression for the presentation of data ~ 
hhen little sediment is in suspension, Eq )0 may be reduced to l!:q )2o ¥.hen 
a considerable densi~ gradient exists in the vertical direction, Eq 30 
itself should be usedo Consideration of the mechanism of exchange reduction 
due to the density gradient , however, leads to a more convenient form, Eq 28 ~ 
It will be noted that Eq 28 conforms to the theoretical considerations set 
forth in the ueginning of this chaptero 

Total discharge of bed material-From Eqs 21 and 23 

The Pi-theorem then leads to 

As sediment transoort is essentially a function of the tractive force or shears 
the parameters UmD/~ and w/U can influence the transport of sediment in 
so far as the- velocity distributfon m .• y vary with these parameterso It is 
possible that tt-e effect s of these parameters ar e i ncluded in the parameter 
C/~ o If this is t he case , then 

{34) 
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In view of Eq -.34-, one may al130 wri te 

(35) 

Eq 34, if verified by experi mental data, should be of considerable interest 
in practical applicationso 

Distribution of Sediment in a Vertical 

As stated in Chapter II, the distribution of. uniform sediment in a 
vertical was presented by House, 

where Z = w/kU* , 
uniform in size, the 
~ 

~ • " ~ 

z 
a ) ' D- a 

(36) 

Other factors being the same , when the sediment is not 
foregoing equation must be modified. Let the bed 

material have a disLribution of f al l 
velocity as shown in Fig 4o It wi l l 
be assumed arbitrarily in tc1e present 
report, that the size distribution of 
material in suspension at a distance 
of D/20 above t~e mean bed is 
identical with that of the bed material , 

Fig . 4 Schematic f all 
distribution curve 

elocit~ 

At a distance of y above t he 
bed, the concentration of that part of 
sediment having a rall velocity lying 
between w and w + dw is given by 

de It c8 hdw, 

where H - £..::..l • 
y 

a 
D - a 

0 

Since the governing dif ferential equation is linear, the concentrati on of 
all sizes of sedime nt at a distance y abow the bed is given b7 

(37) 

Although Eq 37 is quite general it is not convenient for practical 
calculations because of the i rregular di stribution of fall velocity normal·y 
encountered in experimental studieso The integral of Eq 371 therefore 9 is 

al a ed ly the h f init.e d: ffe "m e In thie case, it s more 
c nvenien to rite 



ll ---
c ·~-::·caL.- H~ 

i:::l 

(h l::J,w). 
l. 

By means of a planimcter9 the area under tne distribution curve of fall 
velocity 11 L''ig 4 mdy be divided into equal parts, so that 

n 

c = c a h A w )__ r1_ 
i=l 

(38) 

A graph for the evaluation of HZ ~as prepared (see Fig A4 in the Appendix)o 
The computation of a sediment distribution curve was thenreduced to a 
process of summing the values of H~ read from Fig A4o 

' 
It must be pointed out that both Eqs 37 and 38 only account for the 

effect of non-uniform distribution of fall velocityo otherwise, these 
equations are subject to the same limitations as Eq 36o . 

... 
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CHAPI'ER IV 

EXPERIMENTAL EQUIPMENT AND PROCEDURE 

This chapter gi s a brief description of the equipment as it was used 
for gathering the data presented in this reporto The flume and its circulation 
system are treated brier:cy » after which the various measuring devices are dea.-
cribedo A short description of the sediment uaed in the experiments is included 
and the operating procedures are summarized at the end or this chaptero 

General Description~~ Flume 

The experiments were performed in a tilting flume which was four feet 
wide, two feet deep, and anenty feet long. The flume was of wood construction 
consisting of a two--by-tour framework linad with 1/2-in. plJ'woodo The wooden 
frames rested on two 8-ino !-beams, which ran the entire length of the flumeo 
The I-beama were supported by jacks spaced on S..tt centers, and by adjusting the 
jacks the slope of the tlume could be set at aqy desired slope between 0 and 
0.015 .. 

Sand was placed in the bottom of the tltu18 to a depth ot about three 
to tour inches.. The sand was a natural s&Dd taken from a delta formation in 
LoYeland Lake which is a small irrigation storage lake located about thirteen 
miles from Fort Collins. The eand vas pused through a 28-mesh Tyler screen 
to remon some organic ~~aterials from the lake sand. The median sise of the 
sand was appraximately 0.18 mm. Size distribution curns for the sand are in 
the Appendix. -

The water and sediment moving in the nume vu circulated through a 
12-in. low .. head centrifugal p1111p driven by a 35-horsepower motor.. The sedi-
ment-laden water leaTing the flwne was collected in a 4-tt trough and then re-
turned to the head of the flume through a 14-in. pipeline. At the head of 
the tlume the water passed through a Tertical transition which enabled the 
water to enter the tlume relatively unitol"llllJ" across the 4-tt width.. FiTe 
battles were placed in the flume immediately d011118tream from the transition .. 
The battlas consisted of two honeycomb type wooden baffles placed 6 ino apart 
about 1 tt trom the transition.. The other three battles consisted or 1/4- ino 
mesh screen. The first screen vas 3 tt downstream trom the last wooden batne, 
and the last two screens vere two inches apart and were located &bout 1 ft 
downstream from the first screen. Tho acreerus were installed after run 21o 
Prior to that time the baffling s.ystem consisted ot 3 hone,ycomb type wooden 
battles, but one ot the wooden battles was replaced b7 the 3 screens after 
run 2lo 

The depth or now vas controlled by a gate at the downstream end of 
the tlumeo The gate consisted of vertical notehas in vb1ch wood slats were 
moved up and down to control the gate opening o 'l'hia type of gate worked very 
nicelT since it did not cause aqy Obstruction to the sediment mOTing near the 
bed of the tlumeo A 2 ino ~7 4 in. vood strip vaa nailed across the f l oor 
ot the tlume to pNnnt excessiTe acour ot the bed near the control gateo A 
schematic drawing of the tlume is shOlfn in Figo 5. 

Circulation Sl!tea 

The water flowing in t he tlume was collected in a 4- tt t rough at the 
end or the n ume, thence it f lowed into a swup at one end or the trougho The 
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Several arrangements of the baffles we tried befo1-e at"riv \ , 
final arrangement or two woor.km noneycooib type battles tollcmed by tt ' 

\ screens as mentioned p.revi 'tl!'l.y o The hon3JCOIL'.b baf'fiea h d opening \ t 
1 1/4 1no aqua:_ eo Three r)r thase re in-rt.alled initialJ.y but, afte \ 1 21, 
analysis or tho data indict.l:t'" ri that the tnt"bu. nee gar.ler ted by these i \ 'j fl 6 
was arrect:!.ng the values uf k , In 'the c.:ase r smooth sand bed, th"' tur= 
bulence gene .at6d t t.ho bed ~'i!ll dom:tnat.ed by the t bulence generated \ th 
b tf'flea, and tM.s condition t"~xisted f r the ent-t length or tha fiumo, T s. 
fore, the screens ere in talled to bre up the larger eddies created ~ the 
boooyccmb baffie o The ecreens generated a smAll... c&la turbulence vhic l !d. 
to d cq more rapidly than the l..arge=acal.e turbulence ere ted by the ho i3 
batfieso With the dec~ of the eddies generated b)" the screens, tho no n 
turbulence generated at he bed waa able to establish itself about half 
da.m the fiumeo Thia condi"'ion inn1-ed normal Yelocit)" d.1 tribution 
point where the Yelocity and the sediment di tribution m.auurement er 
Measurements of the velocity p~file were l4&Cie at &e'Nr&l pointe along 
·center line or tha fiurllfl These points were genera.llJ' 8 ft to 10 !t ap e.rt 

When the Yelocity distribution was the at two successive pointi. 
along the cen rline ot tha !lumo, uniform flow was co.msidered to have bee 
establishedo In tha cue of a rough bed (due to sand W&Tea), uniform fl 1 
established at the meuuring station which vu about 2/J or th length of 1. 
nume tram the inlet even though the battles conaiated or three honeycanb 
baffies without the screenso In the caae of a plane bed, houever, the sc 1.ens 
vere required to establish unitorm now at the meuuring stationo The expf!:ri"" 
ence with the barnes in these testa emphasized the necessity or &dequate 
baff'ling to insure normal velocity and mediment distribution patterns in 
laboratory nurne testso 

Just beyond the batfies a 2-in.. by 12-ino board vu allowed to flo \t 
on the v ter surface to smooth out the surtace disturbance• caused b7 the 
batfieso At a point about 2/3 of the distance from the inle:tt to the end o: 
the nume, t.ha Yelocity and eedirnent concentratioa profiles 111-ere measured 1 
the centerlin of the fiUJLeo Appraxima.te:cy- 3 rt upstream from the end or t.he 
nume, th slotted gate vaa installed to control the depth of now in the· 
numeo This gate enabled !airl;r delicate adjus nts to ba effected 80 tim 
the lope of the water surface cO\'Ild .be mads to egrec aa ne l,y as possible ... th 
the slcpc or the voodon floor or the channel, the:reb.r elimi.nating arf3' b.,..., ....... 
CurYeo With this ccn.dition arlsting in the !1 , IIM)d\lr'lllments indic ted truat 
the slope of the sand b so rapidly appr hed the al or th w .ter 
rae 0 In r .tll tho e.xpori.ment 1.ndicated t.t:at he slope or the d b d 



adjusted itself to the slope or the water surface, even though the water 
surface slope varied s0111ewht!t trom the slope of the flume f'loorJ but it 
sometimes required more time to establish uniform condition5o The 2 in. by 
4 in. sill which held the b~ttom of the control gate prevented excessive scour 
or the sand bed as the water . accelerated through . the gate. Beyond the con-
trol gate the t..-ater and aediment tell about 3 ft into the collecting trough 
after which the whol~ .. cyele was then repeated& · 

Measuring ~eyices. 

Several measuring devices were required in the performance or the 
experiments. The devices for measuring discharge, slope, velocity, sediment 
discharge, bed roughness, depth, and temperature are described in the follow-
ing paragraphs. 

Discharge measurements--A 10 in. orifice meter was used to measure 
the now. fbeOrifice -was ci:iiibrated in place by two methods. The first 
method consisted of filliP..g the .flume and timing the period of f:i111cg. This 
volumetric method vas good for discharges up to 5 era, but the storage volume 
was too small for larger diseharges. The second me·t.hod consisted of i.nstaJHng 
a calibrated 10-in. orifice plate in the pipeline and measuring the flow which 
coL,cided with the curve established by the volumetric: ethod~ Althovgh the 
calibration was made by using clear water .. it· was assumed that the small con:. 
centrations of sediment would not have apt•reci2ble intlueace on the calibration. 
This assumption was based on the experimen~c performed at the Ne,yrpic Labora-
to17 in Grenoble, France as described in Lu Hou:Ule Blanche (Januar,y-Februar,y 
1953} .• The head ditf'erentiaJ. across the Ol'ifice ns measu'!'ed in teet of water 
by a differential manometer. For small discharges, which gave a differential 
head of more than 3 ft, another gage was requ;ired and it could be read to the 
nearest hundredth of a toot. 

Slope measurements--Pie~ometer holes.l/16 in~ in diameter were connected 
to an open manometer board with plastic tubing. Readings on the manometer could 
be made to the nearest thousandth of a foot. The piezometer holes vere 6 in. 
above the noor or the nume and their longitudinal spacing varied from 2 ft to 
5 ft. Another set of piezometer holes was la.ter installed 3 in. above the old 
set of holes because the lower set clogged w:l.th sand when there were sand bars 
in the fiumeo Care was taken in making the holes perfectly' flush and smooth 
with the vall, but at ·t:.imes there vas some interference caused by boundary 
irregularities near the holes. The first two and the last two holes were often 
in zones of non-uniform flow so that little or no ~eight was given to the read-
ings on these holes, Although the slope measurements were generally satisfac-
tory, the data did. acat ter somewhat in each o1' the slope measurements. 

Veloci'& measurements--Velocity measurements were made with the pltot 
tube pictlii'6d Fig .. 6'! 'l'his pitot tube l-Ias caref'1llly calibrated in a 25<>-it 
tatrlng tank used for the calibration or current meters. The results of the 
pitot tube calibration are quite consistent~ The pitot. tube had a quick re-
sponse so that equilibriwn vas reached without great delay.. Because there as 
not appreciable surging on the gage, very consistent results could lQe obtained 
without spending much t :.Jne on each readingo 

Suspended sediment measurements---The suspended sedimemt was sampled 
through a brass tube which had a rectangular ent1•ance as shcnm in Fig. 6 . A 
pitot tube opening was located on ee.ch side or the sediment sampler so that 
sediment intake veloci-:::.::es could be caiefulJ.y con·l,rolled., A small pump '~ith 
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~.&JI&II"'" umplas ..,... calibrated 80 that 
S-liter ccnald be N.s eu!l1' o Although 

L. rated to giw wspt, ~~ the coaa 
readinp ware .,.,. ertablJ tbare.tON, ..m ot tba ample• alao 
dried and ve1gW ca a ~ bel•nceo The ~ sample• gan more 
con.aiftut renlta thaD oaU.brated CCIDI NacUagao 

Total nt lOIId ~The wtal .-d1Mnt. load JD8U1INID8Ilt8 
1ii tJii U•fiio ~ 7 ft abcmt the d18charp •ide of 

the 12-ino PlJDIPo fte• nta WN _.. ill a har1soDtal pl.ue located 
l/2-in. d fJoaa (abaft) the sharp ... ot the arif'ice pl.ate .. 8bam 
1n Figo 7o The wloc1V 1D the jet at th1a point vu ta1rl1' 11Dit0l"JJl acron tbl 
entn. crou 811Ct1e 80 all -.J.ae tor a giftll test..,. tabm at the ... 
1Dtabl wlociVo !M ccma~ of a J/4..-illo br- t1lbe with a1illpared 
8Ddo tapered ad projected 1rlto tbe nc. 111 a 8imlar to that ot a 
studard pitcR. W'beo !here Wft Wo AIIPllD& t a placed QD horiaontal 
d1.amete1"'l vhicb wue ...-..1 to Nab ot.Mro Six ar •i&bt S-liter lu ware 
withdrall al.cmc MCh ~ a tM atwap eCJDC8Jitration ot all loa waa . 

as the ilNNP ooaaaatra\icm tor tba to\al nc. .. 
~ ~~ ~ !be bed .... 8ftlult.ted Dr two 

lll'bitrarr~ flilri .uiCd eou!aW at all Of the n'l"aXI~ 
and troaghs al.alg the U. of the f"l..u.o Wl"8 alllo 
al a l.1De 1 ft ~ tJ:. oaHrl.1Deo .&11 of t.Jine 8 waJ."& aEe 1D 
the reciOD or 'Ute n.. the n .... 11111tOI'IIlo iDee tba • ta 
wre cont1Ded to a 81acle liM, the Jllllld.m1lll ud .,,,"'" e:JJrftt1 ot the c:l\ml~s 
wre ~DOt obt.atDicl. !beNtON, 1a Cll'dar to~ more ar:q 
the d1me biSgldia, a rep.. ot t.he bed chua and all ot the high 
points ud 1011 poillta 1D ~ l"eeiCill WN uuredo 1farmal.lT 1 the regitlll aa :f.D th8 j'fi'I!Mdiate 't"1c11d.V ot the 11\ati.cm 1lbera the 'ftloc1\7 Md nt 
conceDtratica ~ wr. llldao Oenl:ral.lT, th&f IIGIOODd •thGcl g&"N a 
gNate!' d-.. ~ tbaD ths t1nrt 0 !M llt'W8p Jaoct.h ot t 
dlmaa wu d8tieN1Ded tftm tbD nrat ~ bT :recording tit tlJizna 8'taUc:loa ~ 
IICIIIII ot the cl8D8 a.Uo !be sat.r ot d11D88 ill a giwn distuce coald then 
'be determiDed aDd tM ••et'ap l.eDctb could be cal.culaWo 

Ill tbl c.- ot soma nma, the speed at llhicb 1ibe d11D811 lldgrated d.Glm-
at.ream maasved. ft1a ..,._lit wu u-o aDd ao it not 
taken f; all raalo 

!::~=--~~~fila &'tWr clllpth ot the n. ... :lD 
08818 bi tn .thodao !he t1rst ..thod CCIII818ted o.t recard!Dg 
'Ule ater nrtac:e ele'ratiall .t tba at&Ue 1lh1le tba nm wu 1n 

Attar the water had aJmt. otr, the bed ... amoo1ihed oat with 
tM r:er lsfatim at the bed at 

d'SII'SII!II deptho 
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Description !!!_ ~ Sed1meDt 

In o:rdv to ducr1be some ot tba p!vsical properU.aa ot th ADd9 a 
sample waa obsernd \'IDdoJ" a m:lcroseopeo .UthOEI£h no a:tenaiw stud)" wu 
made, .J3out. SO% ot the IUIDd particl88 daterm:1Did to be qaart.s grains, 
apprmd.mate:q 40!C 1I8ft mica tl.atu (principal.JT bi otite), am tb remaining 
10% consisted ot a 'ftriet,. ot Dd.nera1.a daminated bT grains ~ ort..hoc 
'1'he orthoc and quarts particles taddl»ted sips or cODSiderable 
s1Dce ..t ot their edpa had 'bee tair]T wll rcnmdedo The a 
f'lakea, vb:f.ch twi~ tlat. particles, W no mpgpgl chara.cteri8ticao 
Tbe sand vu obsernd the Jld..croeoope aner all the nma were c le1ied, 
and at that time there WN OD],J' a t • ot the 'ftiZ'7 t iDe particles pl"8DDlto 
Ho8t ot tb8 part,iclea to r&mp 1n llise SGI18Vbere Ool Dill and 
Oo2 ill diamatero J.lthoagh tba llise distributicm ot tla 18diment w.r1ed 
alightJT, the siR esaent~ eouteDt. D1llr1Dg t.ha ear]1" 

th8 m '!ment etBitaiDad ccmsidenble t1Das, but 8ftllt11All1' t were 
ed m at the ad pi111.,ed oG ot the ..,.atiem with t.ba wast.e taro 

'1'b18 ftr'iatim 1a illwt.raed 'b7 two .ummt, d1at.r1bat1cla c a DDim ill 
Fipo la and 2& h tba Z""'x• 'I'M llta1ldaM dn'iatial of tM bed- teriaJ. 
BaJ19le t.a1teD in Jlfarch - 0 . 045 1lh1le ~ ataDdaN dftt.ati ot the 
bed :ter1aJ. aaq»le ~ 1Ja JwJ7 ]9,Sh WU Oo0)7 llllllo Since \he 'ftri.atiaD 1n 
sa" :%ront c:h:il.i--.c~iit"wioil ~ 'too bQ &mall, ~ median size of 0.18 mm was 
a-d :lJl the ..:qsia ot iib8 dGa. 

Fall velocit;r measurements were made by the Missouri River Division 
Laborator:r ot the Corps ot Engineer~ and the tall velocity tor the median 
sise was o.064S tt/sec at a temperature ot 240C as shCMl in Fig. A-2e This 
fall velocit;r vas used in the ana~is of most of the data since most of 
the runs were made at temperatures close~ approxima~ing 24°C. The fall 
,,elocit;r for the median sise of O.l80mm varied essentiall¥ as a a raight line 
from o.0$95 tt/~ec tor 20°C to 0.0720 tt/sec for .3Q0C. 

Oper&tion _!!!! S!!1fU.5 PJoocechrre 

Water vu t1nt paped. tran a atarap nmp into the tan ba or the 
tl • All 8-ino psap wu ued tor tb18 pu:rpoa8o All \b8 wate.r beg to tUl 
'tha ta1l be the 12- iD. c:at.ri.hpl pmap vu started and the control 'Yalw 
opened to allow water to nw into the tl.U~DB. Baton tile 12-:!n. pump was 
~.. line le~ ~the city water supp]T aDd connected to 'the pump 
bear1Dg 1IU opened to ma1Jlta1ll t101r 1ato tbe pamp te pzewnt ADd from eat.r-
ina 1ibe bearingo The ccmtrol ftlw in tM l4-1Do npp:q line - apeDlld mrt1l 
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th dedl'ed diacbarp wu fiGWin:. 'the 8-in. pnmp vas s!mt ott 1lbeD ntticient 
water ad beeft ptlt 111 t.b£ ::: ~ ~ ~ -·. ~-:- ~ f1f w.ter in the 8,18tem wu .a.. 
qute 1lhan tblre 1IU ClGl·~h to SUlJP]y the reqdred d1 barge and W koep t.h 
ltnel of t-he ater m ths tail b aE at the cie81.Nd ele"taUODo The eleft ion 
or tile ter 1n the tailbax 1rUI held at a po1Dt nch tMt no • 
deposited 1D the tail baxo Since 811811 qwmti·q ot water coad.Dg into t.he 
bear:mg ot the p entered the avzs;;em, an cmtrflow 1Dto t.he no vu 
reqa1red to maintain the n.ter 1n the tail box a\ a c elnaUon. 

Ol1c tbe tlw bad n e lished in .fl e desired water 
IJ11I"t e sl wu •t by Qd.1ut1ng t.be control at. the eD.d or the tl o 

gate c!j tment.9 the. r ... allCMNl to emulate tor fifteen 
........ a ..... ~g to halt an hom-o .l profile maanrement.. then and, 1t the 
lope not the deaiNd a., the gate wa11 adj12St.ed ain. This proceaa vu 

ated lmtil the dosired alope had baa estcbliahed ed DO b k1la\er C111"ft 
cisted. The tl ... 1.ihen allwed to now tor IIGWit-al houra am occaaicmal 
checks mad Oft the al.opeo It the sl.ope remained CCI'llltant tor a period ot 
time, then the wlocitJ' aad distrib.Ucm wn o 
H r, it tbe slope conti.Daed to Ya:t7, the gate v radj111Jted untU the 
•lope did re~"..ain ateactr OYer a period or at J.eaat. two h • 

Arter V&loaiv and aed:!lDliDlt me macte., the dj acbarg 
had to be 8h t oft vithoa.t disturbing bedo I'D .tdition to the lllid:!ng 
gat to control the depth ot .t:l.osr in the n , val liD 1.6-in. 
gate hinged tb8 Hd of the fi1l11B ao that it cOlll.d be ra1.sed to t a 

1r and inc tbe depth of ncar 1n the n • Whc thia gate rai 
81 11' tbe depth at water increased 1111t.11 no water left in t tail bax 

the l2•1no no longer had a RPP~ o In the caB& ot a plane bed, thia 
and gate raiaed rapiciJ1' to croid tbe formation or ripples d11ri.ng the 
shllt-dOBD process. Although a rather large IJ'art · wan vu f, 6ft the 
gate • cl.Gsed npid:cy', the sarface did net diat.urb the aand bod. Tha 
12-iDc. pWip vas them shut off and a valw w: opensd t o allou va in 
taU box to drain 'back into the npp~ sump. !he e!ld ate 01'1 the nmne as not 

o that water 1~ leaked arcnmd the end gat.cJ 'back into the taU boxo 
llhen the tail baz: fillJid the nter then empti.ed into the storage 1111q>. 'lhe 
'tm.1~ leamd c:nrl; of the fl.\1111 so slow~ that it did not dUtwrb t rovglmass 
pattern. 1"l had to draiD t or 8 to lD hcmra before DIBU\11'0DIIInt8 or the 
cbarmel J"O'!Jg!mesa cOllld be made .. 

D1zriDg a run, tbe discharge, the r&tvze, the aarage depth ot .n 
at the 1fimlow, :ter nr.tace elope, aDd • n Stll"tace elftaticm 1D tbs 
tail bca: tq. ~.. nta ot tblse items 
raccrrdad .,.,r.r hc:lar or two during the 1'111lco 

Samp;1.1ng M!tthods 

Sampling was atarted when mzitCIIl'11l &tetld;r conditions t1I.1allT " 
lillhedo MD loci'Q' aDd eedimeDt concatr&Uon profilea t.almn & 
CGDterllDe Of tJte fl a- tl ataticm 7.3o0o ~ tmo 
to 22 takeD at nae stati 67.0. The aar1Dg station d 
to atati n.o bGJC for l"1ID8 which inTolftd a plane bed, t.h Yel.ocit.y 
blrtion better stabl:!sbsd at. stati 7) .. 0 than at stati 67.0o Th last 
battle at the head ot th fl located t staticm. 3.3 (whieh 5 ft t 

:btL t t th! ~ t. :'\ n o'!. ~h3 n. ~ )_ n~ th~ e ~ rol ~:t~ _ · t~~ .. _ 
0 the f'111DB at Btati 94o 
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'1'he ftlociv prot.Ua• wra generalJ1' the tirst 1DDU111"8l118Jla made aDd 
at about 12 to lS po1Jrta iD a wrt1oal aectiODo !be pitcrt tube v• caraf'ull1' 
bled or ill ail' in t.ba &y"~wGOn ~ ·UJan eet at a n&W poi.rri; apprwimateq en17 
tao or t.bree Jllilm'teaca In tbia wq ODS protUe could be obtained ill leas tban 
an h o Near tbB bed the now pattern ftr1ed with time becaue, aa tbe cnu.s 
l'iltiWid b7 the mpur~ aection, the tlCJW pattern at the crest ot a d11D8 
not tb8 aa the fiOif pattern over a troqho Ho , a tn incbea abcmt · 
a ereet the flow p«ttGm remai.ned es ntiall.y constant Tdth time in spite o:r 
the ahitt1Jig bedo 

'1'be 88diment distrib.tion measurement requ1rar.l ccmsider&bq more time 
than the wloci't\Y profileo Samplu vere collected at l2 to 15 poillta in a 
'ftl"'tical9 aDd the rat.e ot vithdraal fL tba samplu ~ontrollcd ~ make the 
secUmat 'Abe entranee -.el~it.r Qqual ·lie he · 1t7 of the no. at the poillt 
uZ 11lNS11r811!8nt. Samplea 1le pamped 01' aiphcm.ed into 5 -liter CODU with gJ.aa 
b ~taD& vbere thaT V8l'8 &ll.aweci to settle tor at le twnv lld.mltea be.tare a 
reading o:r the~ ot 88d:Jmant waa takeno The bottcma or the cones wre 
caHhrated in m1111liters ud ~cones wre tapped ~:q- with a pisce 
of pl.utic tublng Wore each readingo The TOlume or aed:!ment vu recorded aDi 
them the .ad:i•Dt wu ontfJd into a ppu cir11Dc cup to be placed ill the 
tor dr71Dgo When the ample were th~ .dried tbe,r vere igbM em 
~ical balece. The-~ obta:Sned rep1"98Qted the weight or 88d:fmant 
in tift litGra of VBtero 

'the total load a wen p;1ibn'ed in tba l2•1Do J'iiJw 7ft, .,_the 
p at tbe tiGD c01lta1ning tba 01"1tice plateo Ei.a" 5-liter laa _.. 
gathered along each o:r two amp d1.amlrtvao The d1.ame'tierll wre 90° to eaah 
other aDd ~ the awrap coDCtmt.rati alcmg cma .da-ter vu eaasentiall7 
the same that. along the otoh8r diametero The anrap concent.raticm tor the 
tcta1 now vu taken • tb8 &ft1"8P or the 16 takiiD oo the two 
diameterao -n. time Nq1drGd for sampling vu ca1nlated aad the time l'llql!ired 
to collect 'Uie S.liter 1.8 vu t.imeci 11it.h a 8top watch. B.r t.r1al aDd error 
the corrected umpl.ing time was Qt.ablin.d ao that t.hG entnace ftlocitT into 
the l/4-iD. da-ter t. sampler wu equal to the ftlociv or the aur.round-
ing ficnro The req1lired ...,ling looity vas determ1Ded b.T d.1Yid1Dg the d.ia-
charge bJ' t.ha &1'8& or the orUiceo 1\T )loo1d na 1IP one or the lw tubes u 
a pitot ttlbe, it vu f'cnmd 1ibat the ftl.ociv eros a diameter of' the orifice 
vu pract.ical.JT cODStanto .After the• --..ureenta wre finished water 
1I1M shut ott ud the bed roughneD JIIBU1Il'e1DBDta -.re taken as de r1bed pl'V'fi ... 
ous]To 

All data 1181'8 dated, tabulated, and tiled into f'ol.ders ao 1iba't th ill-
formatioa tor each nn wu kept. toptbero 

Pictl.aes of the nums and Tariovs ..uar1D& davie are abown in Fipo 
8, 9, ami lOo 
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CHA 

DISCuss-oN ill AN SIS OF D~ 'A 

The experL ntal data aollectecl in the present stucq- td..U be analysed 
:tn the light of the beoretical. considerations pres nted in Chapter In. 
Before the main topics are discussed, however, certain "'"erma used tor describ-
ing tha bed conditions in this report will be defined. 

Terms Used to Describe the Bed Cc!'Jditions ------- --
The term sand wave, as used in the present raport, 1d11 denote arrr 

disturbance on the bed or a stream caused b7 the movement ot the bed material 
such as dunes, smldbars, and anti-dunes explained below. This usage or the 
term sand wave is derived from a definition given b7 E. W. Lane (19), who , 
defines a sand wave as "a ridge on the bed of a stream formed b7 the movement 
or the bed lftllterial, which is U811l1l.ly apprOximate]Jr normal to the direction of 
now, and has a shape somewhat resembling a water wave. n In this report, the 
term is extended to include sandbars ot which the fronts are usual.ly' not normal 
to the direction ot now. In the order or increasing mean velocity or nov, 
dunes, sandbars, plane bed, and anti-dunes mq form. 

A dune as mentioned in this report is one ot a group of sand waves 
lfhich ere more or less tr1angnlar in profile and which appear somewhat like 
fish scales or a shingled roof when looked upon trom above (Fig. 11). The 
dunes observed in the course or the present stud;r were generall1" about one 
inch high (ranging trom one-s:Uth to one-sixteenth ot the depth or nov) ldth 
a length alvqs lees than twice the depth or now,. The authors consider it 
a s1gniticant tact that vhen dunee prevailed on the bed, the surface fluctua-
tions were comparable in magnit11de to those 110rmall,y encountered in now 
involving fixed bOUDdaries. ' 

A sandbar as referred to herein is a large sud vaYe, which is, ill 
profile, diatinct:q higher and maDJ" tillles lol'lger thAD the d a in the 
neighborhood, and which, in plan, has a general w.n trent that is not normal 
to the direction ot .now (Fig. 12}. In the present series ot experiments, 
the profile ot a sandbar vas obeer?ed to be four or fift inches high and in 
general between six and ten teet lcmg~ It was also obeerved to have a 118%'kedJ.J' 
greater wave velocity than the dunes._ When a. sandbar occurred on the bed, it 
vas accompanied b7 one or more standing waves on the water surf'ace which, 
although not al~s discernible to the naked eye, ver definite~ detectable 
v:l.th a point gage~ The water surface under such conditone was 50 erra·t;ic 
that unit'orm now no longer existed. 

When a bed is even and tree or sand waves, it is called a plane bed 
(Figo 13) o The roughness or a plane bed depends PrimarilT on the grain-size 
ot the bed material. 

The term anti-dune has been defined b)" E. W. Lane (19) as "a sand 
wave, indicated on the water surface· b)" a regular 1111dulat1ng vave, in appear-
ance like that termed behind a stern wheel steamboat. These ridges move, 
usual.17 upstream. ~e surface waves become gradua.l.:cy' steeper on their 
upstream sides until the,y break lilce surf and disappear. These ves are 
~ in series and often retorm a.tter dis ppeariDg." This definition will 
be adopted in the present report. 
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lthough other factors haT an i nft .nc in go rning th tion 
or bed configuration, there doo~1 ap)XI&" to b~ , neral relatio hip bet n 
the an velocity or nov ana th111 b 1 con~itiol" • 

In the p ant st007. the now was alva.ys turbulent It s obee 
t t as ~oon as the drag on the b~d vas sufficient to ~ the materiale, 
dunes began to form. Under the condition or uniform flow at giwn slope, 
th re vas a general taudeney for thl!t aver ge length or dunes to inerea e tdth 
the velocity of nov, although the change in length was eo aaall that it wae 
not plainly noticeable (see Appendix ). No definite trend or the variation in 
dune heights with velocity could be obstfrved. When dune8 were prevailing on 
the bed. introduction of an object close to the bed gaTe rise not only to active 
scour under the object but also to a train of sand waves or decreasing sizes 
downstream fro the object. Even atter the object was removed, disturbanc a 
ca. ' d originally by the object would grow in eise. tmantually becoming dune 
as large as those prevailing on the bed nearby. Thus, 1n the stage of dune 
formation, the bed is unstable to any perturbation 1n the a nae that a distur-
bance will be :u.gnified. 

When the velocity was increased, a point vu soon reached at vhich it 
e noted th t some of the dunes tended to grov 1101"8 rapidl.7 than othersu These 

larger waves were tra ling at a higher speed than th llll&ll onap and hence 
re able to accelerate their growth by overtald og aaaller dunes. Eventually 

one or more long sand vaws, or sandbars vas f'onad (Fig. 12) . .As stated in 
the previous section. the general tront of'· a sandbar vas not normal to the 
direction or now and the van wlocity was urkecilJr higher than th t or the 
dunes. Sandbars often had r :ther steep fronts but o~ alight17 inclined back • 
It vns quite col'lmlon that the back or a sandbar vu cOYared with small dunes. 
In some eases, the entire sandbar wu covered with dunaa, so that, when looked 
upon from above, the :bed vould appear to consist or dunes riding on a gently 
rolling base of which the ridge tranled in an oblique direction acrose the 
nume alternately from one side wall to the other if it were reflected b:r 
the walls. 

When the velocity of f'law vas further increased, the sandbars would 
rapidly disapp~ar leavinr behind a plane bed (Fir. 13). In some eases, small 
dunes were found ~n the narrow strips along the side walls. The central part 
of the bed . howav~r. was free of dunes. as vas easily-ascertained by a rather 
swift sweep of the hand over the bed surface. Under the conditions of a plane 
bed. introduction or an object near the bed brourht about active scour under 
the object. but no ot~er disturbance was observed downstream. As soon as the 
object was removed, refilling- or the scour ho1e took place. In tim a plane 
bod was restored. Thus plane b6d is st~ble in the sense that any wmall dis-
turbance will -&T~ntually dlsappear. 

It one continues to increase the velocity or now. after plane bed 
has.eome into being, anti- unes accompanied by· high surface waves vill even-
tu lly appear. Under such circumstances, unitora nov again does not exist. 
In this study laborator.r data were collected tor plane beds and beds with 
dunes. Some approximate information vas gathered also when sandbars occurred. 
Anti-dunes were observed 'risually without &n1' data being taken. 
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Resistance of an Alluvial Clumnel -..-....... ~~--
As far as ~ul.ics is concerned, an alluvial chaJmel differs trcm 

an ordinB17 ehazmel in that even in a give llaterl.al the condition o'L the bed 
of an allll'lial chaDnelis • f11DCtion of various now and fiuid propertieao 
However, a theoretical so111t1cm tor the probl• ot eTaluatiDg the resistance 
ot an alluvial channel is illpossible to obtaiD bator the aochanics ot due 
formation and destruction b;r the now is Dderstoodo 

'the experiJHratal data mq be preseuted 1n two different wqs 1Ddicated 
b7 Eqs 2S and 27 1n Chapter m.. Eq 2S is similar t.o an expression first 
proposed b7 Ali ad Albertson (1). B7 reascmiDg that the Froude Jl1111ber mq 
be neglected in a UDitorm nov and by using d/b 1Dstud of w/U* in Eq 2S, 
Ali and A.lhert.son proposed that 

(39) 

Fig.. 14, taken trGil a thesis bT Ali (1), is the result of anaqsing a mul.titvde 
of data trom various sources on the basis of Eq 39. Although there is con-
siderable scatter, it appears that. general trends of Clll'"V'es can be establish@do 

On the other hand, iD the present stuq in which an appreciable densit7 
gradient alwqs existed 1D the vertical direetion, experimental data mq also 
be presented aceorcliDg to Eq 27. !he res111t is F1g.l5. In this tigare, tvo . 
trfmds of d&ta are obviou. All data pertaining to a plane bed fall on the 
upper curve, whereas those obtained tar a bed covered vith dunes fall on th 
1 r curve. Th a:istence of two trends neec1 Jlot. be surprising, it o e recalls 
that, 'llhen dunes ez1at 011 the bed, the Yortu 1D the separ tion sane d stre 
rrc:. a dtme tel!ds to throw more sediJileDt 1rrto suspeui l7T larg scua eirc'Q.oo 
lation, so that the mechan:t • of aecliJ&eDt tmtraiJ:IIent distribution in the 
case of a. bed with d s is not the 88ll8 as that. h! the case of a plan" bedo 
H the resistance of an alluvial ch81Ulel is govemed b7 the int'luence of density 
grradieat.a-that is, to same extent br the dbtril»utiCID of sedi..'ilsnt.-then it is 
~ logical that there should be two clll'fts rela~iJII the d1. ensiODless Chez,r 
coefficient and the RichardSOD a.bero 

For the data presented 1n Fig. lS, •/tJ. varies i'rCIIl 0.15 to Oo$5. It 
is oi' interest to Dote that no systematic variahon of C/ ....fi vi th w/U* can 
be observed. Thus when data are presented according to Eq 27, two signi£icmt 
observations mq be made 1 

(1) The relative tall velocit)> v/TJ* ot the material composing an 
all11Vial. chalmel is noi# a factor of prima17 importance in 
determi.Ding the resistance of an alluvial channel. In other 
words,· the infi118DC8 of v/11.,. on %"-li is adequately deterw-
mined b7 the cscissa parame~ *S , 

(2) Over a tairl7 wide range of fall velocit7 distributions, such 
as that of the aaterial 11Sed in the present atud1', the character---
istics of th distribution have !tO appreciable effect on the · 
resistance or an alluvial channel. 

Both curves of Fig. 15 indicate an increase in Che17as C or a d 
ere ...- in the Darcy-Weisb&eh resistance coef'fieient v.tt.h the incr in th 
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Richardson numbero t'hus the contsntion 1n this report that density gradients 
reduce the intensit;r of JIKlllellt\Dl transfer and heDCe, tor the same discharge, 
reduce the resistance ot th.e chmmel is 81JPPOrted bT experimental data (see 
the secti~n aatitled nrar.&D Constant,a Chapter III)o 

At very large Richardscm nUIIbers, the reaistaBce coet'ticieztt could 
theoreticalq approach that tor tlll"blll.ent tlar 1n a ~al..:q SIDOOth 
channel, althoup t.he range of present dat.a is not n:tficient. to check this 
statGilento As the RichudSOA er approaches aero, the tl01r aq either be 
tre ot IJ1'IT sediaent 1n eupGnsion or cont.ain relative]1" Vfl%7 tine 88d1llellt 
that is un1tora1T dist.ributed iJl the vertical direct o ID ither cue, since 
the densi\7 gradieDt is either DOD=existent or De£111ible, .the Frome DVJiber 
is of' 11 ttle 1.11porta:Dce. 

Another expreseicm which is applicable when the sediment gradient is 
small mq be obtailted 'b7 leartDg the l'roude er cnzt or Eq 26o 'the result 
is~ 

As mentioned previousl7, the experiment.al. data '1'D.B.7 be pr sented. in 
accordance with two basic vqs ot grouping the variables as indicated b;r 

(40) 

the general Eqs 2S and 26. In practical applications, both wqs ot presents. ... 
tion are desirable. A plot prepared on the basis of Eq 2S (71go 14) w:U1 be 
use.f'ul to a designer tor the estiaatian or chamlel resistaDce tram his data 
or channel characteristics, water discharge required, and the t.,'pe or sedi.m.eDt 
encolmtered., A plot prepared on the basis of Eq 26 (Fig. 15) tdll. then enable 
him to estimate the capaciV or the clwmel tor trmtsporting sedillsnt, and 
thereb;y to detend.ne wether his design is aatis.tactor.r in so tar as sediment 
is concerned. Eq 39 is a particlllar fOl"Jil ot Eq 2S whereas Eqs 27 and 40 are 
part1c\1lar fOrma of Eq 26. 

To be more specific, the JUin steps to b taken in the h,Tdralllic 
caaputations tor an 111ll.1ned clwmel will be out.l.illed. Let it be as that 
thG capacity and the cross-sectional shape ot the ch8l'Ulel ~ve been apecitied. .. 
Soil samples taken al.cmg the pNpOSed r01lte o.t the chaJmel vUl thea fUrnish 
the size distribution of the material composi.Dg the channel. lfldraul.ic c 
putations JIUQ' be started with a trial value ot D , On the basis or this 
trial Talue, and the speciti d shape and capacit,'" of the channel, the mean 
velocity' of low lJ as well as the Jr,rdraulic radius R mq· be computed .. 
Xnoving t.he prevaillnl temperature at which the chann 1 ~ be operated and 
tdth a proper choice of et.tective sise tor the bed material , one can compute 
the Re;ynolds nUIIber and d/R as well as the taU velociv v .. J.. plot such 
as Fig .. 14 1dll then enable one to find C/-/i , troa which the slope of the 
channel mq be computed. Inowing the value ot C/~, one mq also make usa 
ot a plot such as Fig. l5 ADd obtain the value or vc1(,/U*S ., 

1 It shonld be noted that the mean eise ot the bed material vaald be gl"(!~ri:.er 
than that ot the land near'b7. 
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Since U* = ....ji1:S , c can be CCIIJPllt.ed.. The total aDd suspended sedillent 
discharges •a;r then be1gri-1aated..,. variou methoda reviewed in Chapter n., 
(It mq be· pointed oat that Figo 20, which is to be discussed later in this 
report, is particularq nitable for the p\Jl'Pose of cCBpllting the total bed~ 
material discharge .. ) With all these value c011p1d;ecl, the design engineer JU1' 
consider various practical requirellents and determine whether the aas ed 
value or D is desirable. Aaother interestin,g ~lot coDCerni.Dg chamlel rovp .... 
ness is Fig .. 1.6, in which it is shown that C/-41 is apprmd.mate],y an oxpo-
nential .tunotion of 1./D ) the relative height of roug:tmeasc In the case or 
a plane bed, K is s t equal to the graiJl...sise at. 6S% finero Ill the case or 
dunes-» K is taken as the &Terage height of the dunea. 

The tollcnd.llg table ahon sCII8 values of the Manning coefficient 
obtained by keeping the discharg comrtant while var,1.Dg the slope and depth., 
The table shows clear],y that tor a given discharge, the roughness of an allu-
vial channel decreasel!l ldth a decrease in the mean depth or v:lth an increase 
in the average velocitJ' It is s1gDif1cant that tor a given diacharg a bed 
with sandbars has SllBller effective roughness than a bed with dunes.. The 
plane bed voald be expected to have the smallest effective roughness.. Need-
less to sa;r, the va111.8.a ot the di.tterent variables pertaining to the condi-
tiotts of sandbars are OJ:iq appraxiJiate, av1.Dc to the tact that unit'orm nov 
does not exist when sandbars occur.. ReYertheless, the general order ot man ... 
nit'Udes should be correct.. · 

Me&D Aver&~e 

Discbar'e Q {era ~em> ~ ( I ec) 

s .. a 0.94 1S4 ;.a o.as 1.70 s.a 0.79 1.84 ; .. a 0.66 2.20 
So8 0.61 2 .. 38 

KArman Constant 

0.0216 
0 .. 0204 
o.ola3 
0.0154 
o.OJ37 

Bed 
Condition 

Dunes 
Dune a 
Sandbars 
Sandbars 
nane 

In Fig. 17, the a::perillental values of the Karman constant are plotted 
against. the RichardaOD D'Uitber wc1ot!J*S o The ~ity e10 in the Richa.."'Cf ... 
son mnnber stands tor the concentration at (D-7)/7 = 10 • Fig. 17 shmrs cleer:Q' 
that the !~ constaat decreases with incre£aing Richardoon number. As ex-
plained in Cahj>t.er m, tld.s Tariaticm is d\le to the fact that, in overcomin.g 
the density ·gradient, part of tbe turbW..ent energy is convBrted to potenti.sl 
energy wen the heavier Ddxture is beirlg carried up and the lighter mixture 
forced down.. The t11l"buleDt ner&T available tor mixing or f.!XChange in a 
vertical see,tion is therebr redllCed, renlting in a reduction in the Karl'!l6n 
constant. · 

1hus Richardson number is parameter indicating the relative aunt 
ot turbulent energr being converted into potentisl energy. It is not con-
cerned with the total amount ot turbulent energy available or the character-
istics ot turbulence in tr..e f'latro Since, for tliJO-..dimensional .f'lov, the bed 
is the main source ot turbulence, it appears reasonable tor the experimentnl 
data to follow two curves corresponding to the case of a plane bed ed the 
case of a bed with dunes. It should be noted that Fig. 17 also contains s _ e 
of the field d ta collected on the lfissouri River b7 the Corps o:f Eng".J.ll 
The 1 • tory and field data seem to corroborate well. 



Sediment Distribution in a Vertical Section 

For sediment having a narrow siBe range, the equation 

~ • {D- l o a ) Z 
ca 7 D - a 

is qulitative]T correct :bl deacribiDg the distribution of' sedilllent in a 
vertical sectioaJ al.thoagb ill order to be quantitative]1' correct, the e.x"'"' 
ponent Z BUSt be IIOdUied. 

In the c ee ot DCJD.ootmif'orm uterial nch aa the aedillent ued in 
the present experimeDt, the ~ollowi.Dg equ.tio baa beea proposf.ld 1D Chapter 
nr tor the dist~ution or ·~nt in a vertical aectiont 

~ -1"2 (P-lo )Z ca - \ l D - a hdw 

~ 

(37) 

This equaticm also is, at best, cml7 quelltative~ correct. By determining 
the size dietributicm or the bed material, the integral 1n this equation ce 
be evaluated Dllllerical.lT, so that a theoretical <:urYe ot sediJaent distribu-
tion mq be computed (see Chapter m). ID this ~r, theoretical curves 
have been computed ~or several rans. 

It ws f'mmd that in the case of' a plane bed, the theoretical curve 
of' distribution rolloved the ezperillental. data quite vell. In the case ot 
a bed covered with ctanes, however, the actual distrll,..ltion or sedim nt vas 
invariably more unU'orm thau that indicated by the theoretical curve. In 
order to obtain a theoretical curve that v1ll approach the experimental dis~ 
tribution or secl1ment, the value or z J'llUSt be lloditied.. Let the modified 
val.ue or Z be ~ • .As 7et there is no well established relationship be-
tween Z and Z, : '!'he lildted sna:qsia carried Otit tor the preeent st~., 
howvver, hiats strcmg:q t.ba~ \he ratio Z,/Z depGJSda OA the bed co:af'igmoationo 
tlutort"GDately, the ca.puta~cm of Z, bT"'trial is so laboriO\Ul and tiJ!:s ... 
conS11111ng that at. the preseat t:tme it ia illponible to c lete the calcul.ati 
o~ Z, v ues for all the rmD. CODSflqU!It]T, re extenaive stud¥ ot the 
relationship bettwea Z ad ~ IIUSt deterred tor the time being .. 

Figs. 18 and 19 ow the velocit,' aDd sed1a t distribution c es 
tor several runs. It em be seen that the velocities in a v r-'ical lie clo e 
to a straight li!le on the " -log" plot, thus iDdicati.Dg that the velocity 
follows the Kal...m.-Prandtl distribution., In the case of a plan bed, t ... e 
theoretical curve of sediMent distribution can be een to come elo e to ·!;he 

erimental distributiODJ wh reas, tlhen dunes prevail on ths bed, a definite 
sizee.ble divergence between the theoretical and expG:rimental curv s exista.s 

lfhe r tio or ~/Z for one run for bed with dunes is of the order of 0 ... 2 I 

Total Bed·Material Etecharge 

In Chapter nr, it s suggested tha.t "'c.he aver e con entzo"'"t_on c 
puted on the basis or total sed1ment discharge depended :!ole]Jr on e 
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dimensionless CheQ' coet'ficient (or aa;r other forms or resistance coefficients 
such as the DaJ"C7-Weiebach t )o Filo 20 shows that the data collected in the 
present stqo c!o illdicate a single tread, when q../ '( q is plotted against 
C/-/i " It is or illterest to note that a slight tiD1Jn:aR in the CllrVe can be 
seen at a mual1 value or ca.../Yq o tlutort.UDate]Tj relativ 17 tn points have 
been dete ined in this regfon, so that the p sent trend or reaching a lliDi~ 
mDil value ot C/ -/i is not regarded as complete~ e abliaheclc. In the det I"<-> 
mination or the experillental ·tread, little weight is given to the point corres-
ponding to a val ot C/-/i equal to 6.6, because this nm was considered 
a poor one" It more weight wer given to this point, the dip in the lett 
portion or the experiaeutal CUl"Ve vollld have be n even more pronounced.o 

'lhat a signle trend exists 1D F:l.Jo 20 is consid red b,r the authors to 
be h~ aignH'icant. 'i'he value or w/U. ~ar the data 1l8ed. 1n Figo 20 
varies trom o ... r,rt to 0 .. 07. 'lhere!"ore, sinCe no qsteutic variation or the 
points with w/Um can be observed 1D Fig ... 20, one -.q conclude that v/U. 
is at best or seccmdar;r illportarlCe. 'l'his fact suggests the possiblliq of 
establishing the relaticmsbip between q~/Yq and C/-/i over the entire 
practical range ot •!Um b7 a relativelf mull nuaber or exper.lJilent.al. curveso 

Filo 20 w1l1 eable cme to eamp11te the wtal bed-materl&i discharge 
b7 deterein1ng the discharge, the d th, the al.ope, ad the cppraxiaate medio 
tall velocit.,'. A ..U ftriation ot •lU. wll1 ~ uve appreciable ettec:t 
em the CQ~Puted 'f'~U ot t~t,/Yq. 

S~j! Samplir!g Emc1f!!!1 

I'D the field, ~ ~ a part or the napendac! load 1• AJDpledo 
SOOiment discharge coaputed oa the bun ot the aupled load obv1011.&q does 
not represent the total discharp ot sediJatmt 1fhieh consists ot bed load aa 
well as suspended load. fte ratio ot the uupled. averace concentration to 
the average conc~atiaa COJiiP'I.tecl em the basis or total beci ... JI&terial. di&a 
charge has beeD temed \he samplil'lg ~cienq& 

Sadar (29) has made a preljmnar.r ~s or the data collected in 
the present atq- and preseated a series ot plots ot which some moe r produ.cfd 
ill Fig. 21. AccordiDg to t.his figure, the samplll1g et.fi.cienc.y is derW:to:q 
infiuenced b7 the 'bed ccmdition. For a sivea 'depth sampled, vhen dunes prevail 
on the bed, the sampliDc etticieDCT is ~ a tunction ot ODly' the Reynolds 
nl'linber in terBs ot shear velocitJ' and the aedilteDtat:ion diameter. In the case 
of a plane bed, the UIIPl.illc etricieDCJ' depends also on the slope or the energy 
g:-adieut. in addition to the l8fllolds Jlallber and the depth sampled. In general~ 
the sampling efflcieaq is ~her in the case or a bed covered with d~es than 
1D the case of a plme bed. ~ existence or tvo t)'pes or !unctions ns vell as 
or high sampling efflcioar ill the cue or a bed w:l.th dUlles ia understandable, 
it it is again r red that (other factors being the SUle) the large v 
ill the separation acme bebiBd a cl1me teada to tlsrow more aaterial into aus--
penaicn and the illcreued 1Dtens1t.7 ot aiJdDg result:iDg tram the action ot the 
vortex tends to hr1Dc UG1It 110re 'lllli.tOl'll distributicm ot aedimnt in a vertical. 
(see the sectiont •Reldatace ~ a alluvial chmmel•). Figo 21 dlovs that 
the liDc etfio1a.e;r Dcrtlases with the Jleynohta r, tb&t ill the c 
of a plane 'bed the eapl.1Jic etficienq at a give Re,srnolda nvmber decreases w.ith 
the slope. Qunt:itativeq, the iDcrease iD SU!pliDg efficiency nth the Rey-
DOlds r is aalliD ~e cue ot a 'bed covered with dunes, bllt is qlli~ 
sizeable in 'the ca or a plane bed. !bus who the bed of a rivcar dces not hn-
dunes, mpling etficieDCT iu an illporlant :factor to consider in th etin ti 
or tot Dt d:beharge., 
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c. 'tt.c.· ·, uccc ~·· ng to SL.i ~:::.·,. t e v · 
~o n-'· ·uciy h-..s o e--. si · l.e cl'~Gct em .,.. 

1 • • o · -11;. d · io1 B con me ··· aii -.te~. p>-:""'· ... 
oas-ibili·~ Oi.. eov·e;ring the prcoticcl.. ra.nga ot eediment siso by relative]T 

sma..U tOtmt ot test data." sGeond.JJr, the char te:ristiea of sise diS'tiribution 
prcbab]Jr have only 3econc1 r:r effect em the pll.Dg etticienq .. 
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CBAPrER VI 

SUMMAR!' AHD SOOGF.k."l''OlJS FOR Fl1.l'URE srtJDY 

The principal findinss ~r ,e present study uUl be ~ d along 
with some auggeS'tions f future stwtr o 

(1) In addition to the t.hJ~ wll.umcan regia s of dttnea, plane bed, 
and ti-dtmea (see Chapter II), regille ot sam!bars as also observ in 
the course or the prenut st't.ld.vo !b1s regille is the transition bet;n the 
regimes or dme .tormation am a plane bed without d es. starting with .. b 
of dunes, m:Jd 1118i.nta:!'ft.ing & given lltlJrtace slope, it tf&M obSU"V"ed that incru. ... 
ing the discharge 11Vtlld in time bring about a rapid deterioration ot thCl p1ar 
pattel"D of dtmaB to an il'l'C~uJ..ar patt-ern of HDdb S 4 d e lJ1 &;eJaal"aJ., 
there r;rs traTelled At a ccmsiclerab]T hiaher speed than the dwnes, and 
tho ganm-Gl orielltatioll ot e t.ront or a UDdl»uo is wmal ~ t a ecm..s1der le 

e 1d th the ncmaJ. to the chmmel. walls. Wb aanr.i.bars present, the 
wnter nr!aee is otto 80 irrel'llllar erratic 'that ll!Zllara n 0 1 r 
md.sts (see Chqte.r V).. Th redme ot ars rod exi~ .t«f' a eerta1n 
r ge ot discharge. As the discharge vas increased be;yond this range, sendbars 
as vell as dunes would r.ather abruptU" disappear. A plane bed thus came into being. 

(2) Far a pveJ-l 'bed configara.t10D, the dillensicmle s Cheq coeffi~ 
cient C/-/i iDcreue~ vi h the Richardson n (see Fig. 15). bo 
experir. m1tal t.rfmds are qparant, one .tor points obtained tdth a p e bed 
and the other for a bed cov red nth dimes. Th ~on of th resistance 
coef'.ticient vi th the Richardson D er 1n the case ot a bed cov~ vith d es 
is less thm1 iD the c s of a plane bed. Over a rauge ot v/fl* from 0.15 ;.o 
Oo55, no qstelatic dev-lation from the treDd.s can be observed.. A plot o:l 
this typ~ '!JJill be tme.t\il .tor estilllat1ng the SU8Ptmded load, lfhen C/-.fi. is 
known or vice versa (see Chapter V) . · · . . . :_. - . 

(.3) 'the data tollov reasonabll' well the trends on the plot of C/~ 
ainst Re suggested bJ' All and Al.bertsOD." A plot of this V:Pe ldl~ be 

usetul tor a designer to estimate C/-/i when the water disch&:rge, channel 
characteristics and the mean sise or bed material are known (see Fig.. ll~) .. 

(4) -rhe resistarlce coertieieDt of m alluvial ch:mnel can clso be 
conei<! red a f'lmctian of t.he total. bed material d.iscbc ga per unit ight or 
the t'J t r discharp, fit/ r q (see Fig. 20). Over n i•ange of /Um .:fioom 
0.017 'to 0 .. 07 no s,yatemit.ic variation of C/-/i· ead.s\s S.u Fig. 20.. ~h a 
plot is high)y interesting, bocnse mowi:ag , q , D , &.nd s , one 
would bo able to estiraata tlle total. ~JW.tGrial disebsrgo. 

(S) The Xa'raln CC1.Uts.Dt. is not a C()nstlmt. for f'lcnr in allllVi&l 
cbmmels (see Fig. 17). It.s vale depGDds on tho Richard .... 1ofU*s • 
'1'h ~crease or the ~constant vith iDe.. sillg Richardson n :t..er sup-
partes the 'the017 that. e. krJe eedilia t cOlic .ntration grM!ent in a verticcl 
secti decreases the !'&W of LliJd.ng or th t1 • For the Richards 
n er, the two values of K' rum constnn exist, one tor the case ot a pl 
berl m1d the other ror t e case or a bed vith dmaes. 

(6) l!:rlot!i~o~ivo r..,aaouing md1.eat o that the E:1rMUlll c 
of cl trn:ter over rO"O.gh ol!d zq depo d olicy" n til '"1 tJ.v r ·crutzm:tc 
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. 4 bee 
a ns ty n in the ca of t D er ho Under such c 
ditions it is re convenient and BigDitican to use the Richardson n 
a. a p~ameter in presentiDg the data Of the Karman COJletu\to 

(7) In the ca of nov over a plane bed, thi proposed equation 
£or the distributiOD of JlOD-amrl.f'Or l -edimenf.; follmrs the experimental. diatri 
b tion ¢te vello However, f.or ficnr over a bed with dunes, the actual edi-

ent distribution is always mon uni.form than that predicted b;r the equs.tio o 

It appears certain that the relationship betwen Z and Zr depends to a 
gr a.t extent upon t he bed conditiOils;. For a plane bed, Z is approxi.matel1' 
equal t o ~ • For a bed with dtmes, ~ ie emaller than Z o 

(8) In the eue o~ a bed eovered 11'1t.h d: s, the a l1ng effl.ci 
is essential11' a h:nct:L of the rel tive suspl.ed depth ad Rqnolda ll1llllber 
in terms or the shear v looity mad aacHmcm'Kticm d18Jif!Mr. Ia the caee ot a 
plane bed, the aampliDg etticienl:1' also depede oa the energy gradient ill 
addition to the t o par ters just mationed. SiDce, ill general, sampliDg 
efficiency in tha case or a pl.me bed is ot ~ couiderab~ lower than 
thnt in the case ot a bed covered with dunea, b1lt also TU"ies r pidJ.T ld.th 
the REJ7Dolds number, sampling efficie:De7 is aD iq)ol"tan't factor t o consider 

en sampling suspended load 1n a river with a plane 'bed. 

Future st1Jd;r 
rtt=r 

(1) The present studT covers a range of •/l!* rJoOJl 0.15 to OS5o 
When thG data are premmted ill the JIUIDDer described m this r$port, thG 
parSJileters mdicAtiDg the relative aise of sedi:aeDt, St1Ch as w/U* , w/U11 t 
and d/R , are .toad to have little or neglig:lble er.tect on t he resistance 
coefficient, the ~ ccmstuat, the bed-sterial discharge per lmit 'lll'ater 
discharge, am the sampliDg efticieDC7. It woulcl be ot :l.Jlterest to see ~ 
this is the case uhm the aise rege is aEtcmdect. Ia cv case, there is at 
least the great posaihilitT ot covering the eatire practical sise r ange with 
relative~ tev sises of sediment, even it tha aise paraetera nre fcnmd. 
not to be negligible in the future •. 

(2) The data o.:t sed:irlrmt distribution obtained 1n the presen·t study' 
should be ana:qsed to stablieh the relationship b Z and ~ o 

{.3) The etteet ot secondar,r circulatiOD on the dist.rllnrliion ot vele>u 
cit,' and sediment should be iavest.igated. ID the case ot a pla:ne bed, 'W.s 
proposed investigatiw is part.icUI.ar]T ot bterest. 

(4) Meai!Ul"elllmlt ot the· velociv distribution over the top or a dune 
and the t'Ol'bulent characteristics in the veke of a d\1118 would be desirable 
as a first step tO'Irm'd underste.nd1 ng the mechan:f cs of dune fo:rmnticn .. 
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I~ 
Summary of Data and Results 

j (~ p Re R Run no Kc Lc Ks La Km ( Jq lo-5 F 10:!4 Remarks 

;;-- 0 

1 .027 .074 .64 .077 .8.3 ,061 0,15.3 0.951 .300 0.945 Fair - Cone 
3 .,022 1.092 .59 .091 .57 0,005 o. 756 .320 o.695 Calibration 

' 4 Included in Run 8 
5 .023 .061 .64 .067 .66 0 .. 105 0.9.36 • .347 0~ 798 Fair 
6 .024 ,.072 ,68 ,095 .55 0.136 0.959 .327 0."871 Good 
7 .024 ,085 .67 .091 .57 0.216 1.500 • .344 1.290 Fair 
8 ,027 .116 .68 0,045 0.825 .291 0.825 Fair 

10 .029 .100 .53 .106 .49 0,032 0.524 .282 0.551 Good 
11 .032 .096 .45 .095 .45 0.0061 0.427 .257 0.483 Good 
12 .032 ,06.3 .43 .064 .49 0,002.3 0,601 .202 0,621 Fair 
1.3 ,028 ,053 .44 ,060 .44 0,0266 0.478 ,216 0 .. 47.3 Fair 
15 ~022 .o65 • 74 .057 .85 .079 0,206 0,705 .430 0,632 Fair 
16 ,028 .070 .69 .062 .61 .095 0.068 0.522 .365 0.570 Good 
17 .032 .055 .49 .060 .51 .088 0.0254 0.373 .335 0.451 Good 
18 ,017 Smooth Be d 0.897 1.950 .603 1,263 Baffles were 
19 ,016 Smooth Be d 1.027 2,300 .644 lc460 affecting the 
20 ,016 Smooth Be d 0.805 1. 780 0670 1.080 velocity 
21 .037 .051 .48 .062 .49 .090 0.0063 0,286 .277 0.412 distribution Fair 
22 .018 S m o o t h Be d 0.990 2.360 .661 1,500 Good 
23 ,017 S m o o t h Be d o. 788 2,200 .,695 1.355 Fair 
24 No velocity or sediment data 
25 .017 Smooth Bed 0.813 2.220 .553 1.450 Good 
26 ,016 Smooth Bed 0~625 1.940 .575 10200 Good 
27 .02.3 .oso .so ,050 .55 .100 0,132 0.547 .367 0.544 Fair 
28 .022 .070 • 10 0060 .10 .090 0.·149 0.747 .390 0,645 Fair 
29 .015 Smooth Be d 0,384 1,610 .573 0.969 Good 
.30 .022 Dunes but no measurement 1.540 .290 1.250 Good 
.31 ,012 Smooth Bed o .. 4.30 1.,220 .138 0.573 Good 
.32 .024 .070 .10 ,055 .5o .090 0.145 1.210 .32.3 1.080 Fair 
33 .,021 .o65 .60 ,065 .60 .090 00252 1.800 .28.3 1.570 C<>od 
34 0029 .010 .67 .058 .59 .09l 0.184 2,400 .249 2.490 Fair 
35 .013 S m' o o t h Bed 1.113 1.970 • 786 1.000 Good 
36 .012 Smooth Bed 1.790 2.120 .915 1.070 Good 

Note: Screens were added to the upstream baffles after Run 22. 
The following are addi~iona1 symbols not previously listed in Definition of Symbols. 

lJ ft /sec Kinematic viscosity. . 
Um ft sec Mean velocity in a vertical at centerline 

n 
ft/sEJc; 
ft l,o 
ft l/6 
ft 

ft 
ft 
ft 
ft 

U~/v 

of the flume .. 
Q/A 
Manning n at centerline of flumee 
Manning n based on Ua 
Average height of dunes along centerline 
of flume,. 
Average length of dunes along cent~rline. 
Average dune height 1 ft. South of centerline. 
Average dune length 1 ft. South of centerline. 
Average dune height based on a given area 
of the bed rather than along a line traverse. 
Reynolds number based on shear velocity. 



Summary of Data and Results ).O 8 ~~-~ d,. q 
s Flume 

Run % D -\J Sta. 
I< um Ua u* k C/-./g n --(oo 78 

7 
l .o88 10 230 74 1.50 1.43 .149 .38 10,.1 0026 
3 .086 3.1J I o.56 1,.008 67 1,.36 1.34 .125 .46 10.,9 .,022 
4 Included in Run 8 
5 .0866 3.5 o.63 1.050 67 1.56 1.39 .l3J .35 11 .. 8 .021 
6 .088 4.0 0,.69 1.110 67 1.54 1.45 .140 .31 ll.O .022 
7 .088 5.5 0.84 1,.005 67 1. 79 1.64 .154 .37 11.,6 .022 
8 .081 3.1 0.65 1.025 67 1.30 1.19 .130 .37 10.0 .024 

1~ .088 2.0 o.5l 1.110 67 1.14 0.98 .120 .25 9.5 .025 
11 .087 1 .. 5 0~46 1.065 67 0.99 0.815 .112 .40 8.9 .027 
12 .044 1.96 0,.66 1.020 67 0.93 o. 740 .096 .55 9.7 .025 
13 .045 1 .. 53 o.54 1.015 67 0.90 o. 710 .089 .58 10.,2 .023 
15 .150 2.70 0.45 1.,'047 67 1.64 1.500 .147 .39 11.1 .021 
16 .158 1.90 0.,40 1.005 I 67 1.31 1.190 .143 .40 9.2 .025 
17 .161 1.34 0~36 l.lQO 67 1.,14 0~930 .138 .38 8.25 .027 
18 .156 7.40 0.69 1,.005 67 2.84 2,.680 ,184 • 72 15.4 .016 
19 .167 9.0 0.75 1.030 67 3.17 3.000 .201 .61 15.8 .016 
20 .166 6J 0061 1.020 67 2*97 2. 740 .180 .53 16.5 .015 
21 fOb> 0.90 0.30 0.902 67 0.86 0.750 .124 o36 6.9 031 
22 • 70 9.1 0.76 1.053 75 3.27 2.990 .208 .38 15 .. 8 .016 
23 .183 7.4 o.65 0.940 67 3.18 2.840 .196 .42 16 .. 2 .015 
24 No velocity or sediment data 
25 .. 124 8.1 o. 78 0.945 67 2.69 2,.600 .176 .38 15.3 .016 
26 .125 7.1 0.69 0.965 7J 2 .. 7l 2.580 .168 .34 16.3 ,.015 
27 .135 2.1 0.40 0.965 73 1.32 1.,310 .131 .33 10.1 .023 
28 .ll6 2.64 0.,48 0.,990 73 1.54 1.390 .133 .31 11 .. 6 .020 
29 .121 5.8 0.,60 Oo945 13 2.54 2.410 .153 .32 16.6 .014 
30 ,.0555 5.8 0.94 0.976 73 1 .. 60 1 540 .130 .28 12.,3 .021 
31 -. 129 4.2 0.41 0.,930 73 2.77 2.560 .130 .24 21.3 .011 
32 .082 4.15 o. 73 0.942 73 1.56 1.420 .139 .32 11,.2 .022 
33 .061 7.2 1.03 0.935 73 1.63 1. 750 .142 .35 11,.5 ~023 
34 .o65 8.85 1.,38 0.954 73 1.66 10600 ,170 .38 9.75 .028 
35 .160 7.2 0.56 0.950 73 3.34 3.220 .170 .32 19.7 .012 
36 .210 7.6 0.53 0.935 73 3.74 3.600 .189 .30 20.0 .012 

Note: Beds referred to as Smooth Beds in this summary are referred to as 
plane beds in the wAin report. 



Definition of Symbols 

The data recorded in the following pages of the appendix were 
gathered in a tilting flume which was 4 feet wide, 70 feet long, and about 
2 feet deep. MOst of the data were gathered at either station 73 or station 67. 
The last screen on the upstream baffle was at station 33, and the downstream 
control gate was at station 94 so station 73 was almost exactly two-thirds 
of the ~rking length of the flume from the upstream baffle. Data indicated 
that uniform flow conditions gener$lly existed in the middle third of the 
working length of the flume.- The following symbols were the ones used in the 
tabulation of the flume data. All measurements involving velocity and sediment 
distribution data were made on the centerline of the flume. 

Symbol 

Q 

G 

D 

u 

u* 
s 
k 

C/ji 

n 

Re 

F 

0 

y 

Dimensions 

efs 

lb/sec 

ft 

ft/sec 

ft/sec 

ft/sec 

(ft) 1/6 

%by weight 

ft 

Defin:,f..tion 

Quantity of water flowing in the flume.-

Sediment discharge in tbe flume includes 
suspended and bed loads. 

Depth of water flowing in the flume. In 
case of dunes D ~measured from the mean 
elevation of the sand bed. ~ 

/ 
Mean velocity determined from the velocity 
distribution curve. 

Velocity at depth y above the mean bed 
elevation. 

Shear velocity - U* •.,.fir58 
Slope of the water surface. 

The mixing coefficient - Kappa. 

Chazy's resistance coefficient divided 
by the square root of the gravitational 
constant, g. 

Manning's roughness coefficient - n. 

Reynolds number. 

Froude number. 

Sediment concentration at a given elevation 
Y. 

Depth of flow to some point above the bed-
measured from the mean elevation at the bed. 



Symbol 

Et 

~-Bt 

L 

N 

Time: 

Slope: 

Dimensions Definition 

ft 

ft 

ft 

Average elevation of the peaks of the dunes 
measured along the center-line or a line 
parallel to the center-line of the flume. 

Average elevation at the troughs of the 
dunes. 

Average height of dunese 

Average Je ngth of dunes., 

Number of measurements used to evaluate 
Ep, Et, , and L,. 

To conserve spacej time was designated as 0 to 12 for a.m. and 12 
to 24 for p.m. For example, 1720 is 5~20 p.m. or 0640 is 6:40 a.m. 

The piezometers were numbered from 1 to 14. They consisted of 
small 1/16 inch holes drilled in the side of the flume, and they had 
the following spacing: 

Piezometer 
Number 

1 

2 . . 
3 

• . 
4 

• • 5 . • 6 
• . 

7 
• • 8 

.. • 

• . 
• • 
• • 

0 • 

• • 

• .. 

Spacing along 
flume in feet 

• 0 5 .. 0 

• • 2 .. 5 

• • 2.5 

. • 2.5 

• 0 2.5 

• 0 2.0 

• • 3.0 

Piezometer 
Number 

Spacing along 
flume in feet 

8 

9 

10 

11 

12 

13 

14 

• • • • • fl 2.0 

0 • 0 0 0 

• • & • • • 2.5 

0 • • • " • 2 .. 5 

0 • I) 0 •• 5.0 

• • • . .. • 5.0 



RUN 1 

General Data Temperature 

----------------------------------·-------~---~--~-
Q (cfs) ~ • . • .••• 4.45 
G (1b/sec) o • • • 0.,153 
D(ft) . .... ~ •• . .,0.,78 
Urn (ft/sec) Q e ? • 1.50 
u* (ft/sec) . .. 0 •• 0.1485 
S (%) . e C. ·• - • 0 ,. . • O. 088 

k . ·• •• .•• 
cjrg 1/6 
n (ft) 
Re X 10 -5 

• .• • " 0,.384 
0 • • .10..1 .... 0.. 0,.026 
... .... 0 .. 951 

F ~ • ~ ••• .••• 0. 30 
. ___ ........._ ____ ...._._ __ ..._ _______ _ 

Dune Character:l.st:! .. 0s 

E p 

Time 

08.30 
0915 
1030 
1530 
1720 

Temp. °C 

L 

12.0 
12.5 
13..5 
l 5o8 
17.5 

N 

Pro file along c o o e • a 0 ,. o G 0 f• 1:\so--:: -, -o ~ l;io87,. " ~ • 00 64 o • ··o ' e 4-7 
Profile 1ft. from c ••• 0 •• 0 ., 1 .:!.98 0 0 J \) l _l2J. = 0 0 a 0~83 .... ... 36 
Area near Sta. 67 " .... " o •• o , 1,.1?3 ... ~ " 1, 112 •• o • • ••• 52 
Description of bed • • • , o .. ., • Dunes --

Velocity and Concentration Profiles 

D-y c D-y !'} y/D U/U* 
y Sta.66 y Stao 74 1 Sta0 66 

y/D u/u* 
Stau 74 

0.147 0.0188 0.,147 0.0240 0.8'72 12.87 0,.872 12.,26 
0.310 0.0268 0., 310 000320 o. 743 13.33 o .• 743 11 .. 99 
0.,625 0.0320 0<) 625 0.0410 0.615 12080 o.615 11;91 
0.815 0.0345 0.,815 0,0430 0.551 12.51 0.551 10fl98 
1.050 0.0740 1,050 000335 0.487 11~91 0.,487 lOa63 
l o36 0.0820 1.360 o.o55o 0~423 11.39 0..,423 10.30 
1., 79 0.1120 1. 790 0.0650 0.359 10.99 0,.359 9o51 
2.39 o.n9111 0.1240 0.295 10.11 0.231 9 .. 24 

0.1500 0.231 9.18 
0.1810 0.167 8.41 

Slope of Water Surface 

Piezometer Readings in ft. 

Time l 2 4 6 
July 15~ 1954 

Slope % 8 10 12 13 
1035 .970 .968 .,964 .. 958 .954 .• 952 ,.950 .. 944 .o8o 
1530 .,969 .968 .963 ,.957 .953 .• 950 .948 .942 .886 
1720 .972 .969 .965 .958 .955 .947 .. 944 .845 

0830 o976 .913 .965 .957 
July 16' 1954 
.956 .952 .945 .. 942 .103 

0945 .972 .971 .965 .959 .956 . 954 .952 e942 ,.886 
1215 .974 .972 .967 .960 .957 .955 .952 .947 .829 

Note: General data based on Sta. 74. 



-RUN 3 

General Data 

Q (cfs) •• • ••• 3.0 
G (lb/sec) •••• o.oo5 
D (ft) • • o • , • Oo56 
~ (ft/sec ) o ••• 1.,36 
* (ft/sec) •••• 0.125 

s (%) ••.••.• • o.o86 

k " • ..• • • • • • .• o. 46 
C/{g l/6 • .• .•• 10 .• 9 
n (ft) 5 • .•• '" 0 .. 022 
Re X 10 ·- .•• .• --• 0. 756 
F ,.. • • ..• . • • • ' O . • 0.,32 

Temperature 

Time Temp., °C 

1200 22. 7 
1110 23.2 
1520 24.0 

------------------------------------------------~------·~· --~ 
Dune Characteristics 

L N 

---- ----------------------------------------------------~----Profile along C • . . . • • . ... • 1.178 • • . . , 1,086 • • • • Oo59 • • • • 53 
Pro file 1 ft, from C • . • 0 • • 0 1.191 .• • . • 1.100 • '" • 0 0.57 ~ • • Q 56 
Profile 1 ft. from C • • • 0 • • • 1,167 0 • • • 1.073 0 • .. • 0.61 0 • • • 51 
Description of bed • . • . • • Dunes 

Velocity and Concentration Profiles 

D-y c y/D 
y 

0.218 0000143 0,911 12 .. 53 
0.368 0,00182 0.821 12.30 
1.155 0.00173 0.,732 12.30 
1.667 0,00310 0.643 11081 
2.496 0.,00305 0.554 110 73 
4.050 0,00305 0,464 11.73 
8.346 o .. oo370 0.375 11.33 

55.000 o.oo5Io 0,.286 10.37 
0.196 9.48 
0.107 8.68 
0.178 8..,43 

Slope of Water Surface 

Piezometer Readings in ft. 
January 30, 1954 

Time 1 2 3 4 5 6 7 8 9 Slope% 
1130 .932 .,927 .926 .920 .916 .912 c907 .903 .895 .. 0898 
1140 .931 o925 .923 . 918 .914 .910 .907 .,903 ,.897 .o85 
1315 .919 .914 0 910 .907 0 903 .899 . 897 .888 .886 ,0825 



RUN 5 
General Data 

Q (cfs) ~ ft •••• 3.5 
G (lbisec) Q o • ., 0.1045 

k .o , 0 • 0 C/ifg 1/6 D (ft) o ., • , ... 0.,63 
urn (ft/sec) •••• 1.56 
u* (ft/sec) ~ ••• 0.133 
s (%) 0 • 0 ~ ••• 0.086 

n (ft) 
Re X 10 -5 
F • . 0 • • 

e 0 • .. ... . 
• • 0 

• . . . ... • 

" 0.346 .u.s 
• 0.021 
• 0 .. 936 . 0.347 

Temperature 

Time 

0725 
0845 
1315 
1545 

19.,0 
19.4 
21~0 
22.0 

----------------· 
Dune Characteristics 

E p L 

-----------·---------------------- ---Profile along c 8 ~ •• u 0 0 Q • ~ l pl92 • ~ ~ 0 1.131 0 a 0 0 o.64 ..•• 50 
Profile 1 ft~ from c .• " • ~ 0 • 1~ 181 •• , • 1.117 ~ > 0 • o.65 •••• 57 
Profile 1 ft. from C ••••.• e 1~18 7 • u •• 1.118 •••• 0.67 •••• 52 
Description of bed •••••• Dunes 
- --·-· ·-......-----....-.-

Velocity a.nd Concentration Profiles 
U/U 

!tl c y/D Sta.~7 
y -- ----

0,0995 0.022 0, 910 14o92 
0.2045 0_, 028 " 0_830 14.18 
0.3320 0,.023 0 .. 750 1Jo58 
0.4890 0(1023 00671 13 .. 58 
0.6890 0,.034 0.582 13(110 
0.9500 0.,038 0., 512 12.82 
1.3080 0~037 0.413 11.91 
1.8270 0,.041 0.354 1le05 
2.6400 0.,.050 0.274 10., 78 
4.1200 0.083 0.195 10.19 

0,116 8.30 --
Slope of Water Surface 

Piezorr.eter Readings in ft. 
February 20p 1954 

Time 2 3 4 5 6 '/ 8 9 10 11 12 13 Slope % 
0715 1 0 125 1.124 1~118 1.118 1cll5 1.114 1.114 l.D.2 1i)l08 1.,108 1 0 105 1.100 .0853 
0830 1.123 1.117 1~114 lc11l 1 0 110 1 .,108 10 107 1.105 1Q106 1.103 1.,104 1.097 .085 
1305 l.ll6 1.,113 1.107 1.101' 1.105 1.,103 1.,:!.03 1 .. 101 1.,100 1.096 1.,092 1.,087 ~0866 
1705 1.ll6 1.113 1.1~9 1.107 1.10~ 10 103 1 0 102 1.100 10 098 1~096 1G095 1 0 089 .0866 



RUN 6 
General Data Temperature 

Q (cfs) o • Q 0 • • 4.0 k ~ 0.31 . Q 0 ., u 0 Q 0 • G (lb/sec) • • e • 0.1360 c;;g 1/6 • • . .11.,0 
D (ft) " 0 0 . .. • 0.69 n (ft) • . . • Oa022 
Um (ft/sec) • .. • • 1.54 Re x 10 -5 0 • • 0 o. 959 u* (ft/sac) " . . • 0.140 F 0.327 s (%) 0.088 • • .. ~ .. 0 .. • 

Q 0 0 . . • , 

Time Tenp. °C 

0850 15.,0 
1120 16.9 
1320 18.0 
1620 19.3 
1950 20.1 ·-------------------------------

Dune Characteristics 

E p ____ , ______ , _ __...__.__ 

L 

Profile along C ••• o ••••• Q 1Ql94 • 
Profile 1 ft" from C ••••••• 1.212 Q 

Description of bed • • • • • • .. Dunes 

.. . • 1.123 •••• 0~68 •• 0 0 48 
• a • 1.119 ~ o o ~ 0.55 o o o - 60 

------------------------------------·--------------------------~ 
Velocity and Concentration Pro.files 

D-:z c y/D 
u;u* 

Stal 6? 
~r 
u --- -----~,---.------- ---~ 

0.0787 0 .. 024 0.,927 14 .. 3 
0.1690 0.,022 Oa855 14 .~2 
0,2?70 0,029 0 .. 783 14~0 
0. 4040 0.030 0() 712 13. 7 
0.5620 0,033 0,640 13.0 
o. 76l~O 0., 035 0~567 1109 
1.0200 0 ... 038 0.,495 110 8 
1.3600 0,., 041 O~L.24 11,7 
1.8~:00 0~050 0,355 10,. 8 
2.5780 0,067 0,280 9o7 
3.8100 0.075 0.208 9~2 
0.1220 0.022 on 891L 14~0 
0,4810 o:o34 0. 675 1.).1 
0. 8800 o.o44 0.532 11"9 

Slope of Water Surface 

Piezometer ~eadings in ft. 
February 23, 1954 

Time 2 3 4 5 6 .7 8 9 10 11 12 13 Slope% 
1125 1.167 1.,:6) 1":.53 1.)58 1.159 l .. l55 1.,15Z 1..151 l cl49 1 0 150 1.143 1"142 .,0873 
1315 1, ~.63 1.2.65 1, ~_60 1.l59 1.,157 1.,157 1.155 1.,153 1.,152 1,149 1.149 lel43 .oe4 
1630 1.169 1 0 167 1 .. 166 1 0 163 1~159 10 1)8 1~ 157 10 152 1 .. 153 1 .. 151 1.151 1.147 0 080 
1650 lo165 1.,160 1.158 1 9 155 10155 1 .. 154 1"153 1.149 10 146 1.,144 1., 141 1.142 .083J 
1835 1.,16.3 1.160 1.158 1~155 l o:!-5'5 1~ 154 1 .. 148 1.147 1.146 1.143 1 .. 143 1.140 .088 
1955 1.162 1.159 1.158 1.154 1.154 1.,153 1<>151 1,.147 1.148 19 l45 1~139 lo139 4085 



RUN 7 
General Data Temperature 

------------------------------ -~-.. ----.,..--.-. ......,...., .. _ 
Q (cfs) • o ~ • o ~ 5~5 
G (11/sec) .. .. ,. 0.2160 
D ( fJ._ ) o , .. • • 0" 04 
l\n (ft/.sec) • • • .. 1. ?9 
Ui~ I ft/se·~) • 0 • 0 0.154 
s (%) 0 • • • 0.088 ------

k /(J • • :; 0 () • 

~at,) 1/6 • 0 

r-' 0 • 

Re X 10 -::::> . . 
F . . . . . ~ 

.. o OoJ? 
•• 11~6 
0 G 0 .. 022 
• f; 1.50 
• 0 

Dune Characteristics 

Pra .file a:!.ong c . " 0 • • e 0 • " " 1~ 220 0 " 0 " 1 ,., 134 . 
Proflle 1 ft~ from C • •• Q ., " o 1$230 ., o • " 1 0 1bO 0 

Description of bed n • ~ " e • • Dnnes ---------·--·---· 
Velocity and Concantration Pr?files 

u ·u I ~ 
~~ c y/D Sta_b7 

y 

0 • 

0 • 

··-
___ _. 

0.31..2 0<0225 0 ., 94 13 ., 2 
o.42J 0,. 0249 0 ~ 881 13~ 2 
0 5'' ' ) :J) 0 _0269 0.,822 1Ju0 
o. 71;; 0"0260 0.762 13 ._ 0 
o.,9oe 0 ., 0410 0 ,, 703 1209 
1.15S 0 _. 0351 0,643 12 8 
1~470 O ~ C402 00583 12 "7 
1.899 o ·o5ll 0 ?524 12,2 
2.4~6 O. C551 o. 46L~ 12). 
3 4'',J .... ~:J 0 , 0582 OJ405 11,5 
4. 989 0 ,; 0'773 0~345 llJO 
8.346 0<1088 0~286 10 ,.8 

o. 2(:5 1Cv0 
0,16? 9 .4 
0.107 8. 3 ______ ,__ ___ 

Slope of Water Sur:':ace 

Piezometer Re~dL~gs ~ ft, 
F: 1.)ruarJ 25~ 19.51+ 

Tin",,:~ TE:.rup. ° C 

0500 23~ 0 
0805 22.8 
1030 23.0 

1 N 

' o. 67 0 • • • 43 
~ 0.57 0 ? 0 ~ 53 

__ .....,...._ 

Time 2 3 4 5 6 7 8 9 10 11 12 13 Slope % 
1.,.329 1~32'{ 1.32'~ 1 .321 ] ,;18 1 _, )12 lo31J ~ "J12 1eJ10 "2. 0 307 1 0 304 1.,)02 0 08?0 

0920 1.)3.2 l~J2f> 1 , 32~ 1 )2'1. 1,JJ6 ~ ., JJ6 1. Jl.5 ~ )08 ::. 0 ]10 J."J06 ~ ,., )02 . 09)8 
12 "" ~"' 1 3''' , 3" ' 1 3'-r ' 32~ 1 324 - ·2- - 3"' ~· .. 31~ ., 3-J - "'14 ., 308 L306 088 ):;;> , .):;;> ~> .; : . ~" t:....) -1 • ., .:. -.:. ..:.. _, j L J..,. .!, ( l,., ( -'- c· J.+ ~., _, ·- < _ • 

1623 1 0 33) 1 0 ))'.:.. 1.,3£~9 l,,J24 1.,320 1".322 1.,320 1c3l6 1..,317 1~ 313 l ~o:J12 1.312 . 090 
2330 1.,330 1 0 327 1.,324 1 .. 319 l.Jl'f 1.,316 1.,317 ~o314 10 )11 1 0 )10 1 0 )06 1 • .30'7 . 085 

February 26 _ 19.54 
0610 1,332 1 0 327 1~324 1,,322 1 ., 320 1,318 1~Ji5 1 .. 313 1.,310 1,.)09 1 0 )08 l c304 .0858 
1040 1 ., .338 1,.332 1 .))30 1 .,J2A 1.>325' 1.323 1~321 1.320 1 0 )17 1.0 316 1 0 315 10 31.5 v086J 



RUN 8 

General Data Temperature 

Time Temp. °C 
Q (cfs) • o • • " o 3ol k t' 0 Q • • " 0 0., 37 
G (lb/sec) 0 ... 0 ., o.o452 cj{g o- .. . 0 10,. 0 
D (ft) • 0 ., .. " • 0"65 n (ft) 1/6 • 0 • • 0., 024 
Um (ft/sec) ., • . .. 1.33 Re X 10 -5 

0 .. .. " 0. 825 u* (ft/sec) • • . • 0.133 F • • • ., .. " • • " 0.291 s (%) ., . ~ • • . • 0.084 

0005 21.0 
0800 21.,0 
1310 21.8 

-------------;=---------- ----
Dune Characteristics 

L N 

---------------------------- ---------------
Profile along c ... 0 0 •• ~ 0 0 0 1,220 • ~ " ~ 1 .. 104 • 0 e .. o.68 •• 0 • 51 
Description of bed • • • • ., u Dunes 

·---------------·--------------------------------------------
Velocity and Concentrat ion Profiles 

u/u* u/u 
D-y Sta" 67 y/D Sta. t1 

y 

0.923 
00 846 
00 769 
0,.692 
0·. 615 
o.538 
0.462 
0.385 
0.,308 
0.231 
0.,154 

130 3 
13.4 
13<>1 
1201 
12.5 
11. 1 
11.9 
11.3 
10.5 
10.0 
8.0 

0.923 
0 .. 846 
OQ769 
0~692 
0.615 
0.,538 
0.462 
0 0 385 
0.308 
0.231 
0.154 

12.,4 
12 .. 2 
12.,0 
11.,6 
ll.2 
10.8 
10.5 
10.0 
9.3 
8.8 
7.8 

Slope of r ater Surface 

Piezometer Readings in ft. 
February 17, 1954 

Time 2 3 4 5 6 1 8 9 10 11 12 13 Slope % 
1325 1.116 10 113 1.,111 1.,109 1.,109 1.107 1.107 1 0 104 1 0 100 1 8 099 1.097 1.094 .079 
145o 1.091 1.o88 1.o82 1.o82 1.,o8o 1.080 1.017 1.011 1.075 1.010 1.069 1.o64 .o85 
1535 1.086 1.086 1.o85 1.o8o 1.011 1.018 1.011 1.016 1.016 1.068 1.067 1.o65 .o85 
1715 1.087 l.o85 1.~81 1.080 1.019 1.019 1.019 1.011 1.074 1.011 1.010 1.066 .o86 

February 27, 1954 
0805 1.089 1Q091 1.088 1.086 1.084 10 081 1.079 1.078 1.076 1.073 10 071 1,067 .o86 
1205 1.093 1.090 1.088 1.087 1.086 1 0 086 1.083 1.081 1~079 1.078 1.075 1.070 .076 
1300 1.075 1.070 1.070 1.069 1.069 1.069 1.066 1.063 1.062 1.058 1.,057 1.052 .082 
1325 1.070 1.067 1.066 1.064 1.062 1.060 1.,060 1.058 1.056 1.053 1.051 1.047 .092 



RUN 10 
General Data 

------·--------------
Q (cfs) • o 3 • o • 2,0 
G (lb/sec) o • ., • 0.0322 
D (Zt) a o o ~ • ~ Oo51 
Urn (ft/sec) 0 o ~ G 1~ 14 
u* (ft/sec). ~ . o • 0$120 
S (%) a 0 0 e • 0 ~ 0.088 

~lit .. . ~ 0 • Q 0 0.,25 
n v(oft) 1/6 • • ~ • 9~5 •• • • o.o25 
Re X 10 -4 • • • • 5$24 
F o o • e 4 • o o ~ 0.282 

Dune Characteristics 

Temperature 

1845 
2210 
2330 

L N 

Profile along c + o •. 3 ft, ., • "' 0 1,. 194 " -~ ~ ., 1.094 0 a " • o.53 • 0 " 0 69 
ProZile 1 ft o from C ~ 0.3 ft .• lel93 ~ o • " 1.087 • o o G 0~49 o • ~ • 13 
Description of bed • ., o .. 3 o Dunes ----------------- -----------------

Velocity and Concentration Profiles 
U/U~:-

.P.:~1: c y/D Sta. 67 
y --------------·----- -------------

0..,063 0.,,95 0, 941 12.1 
0~134 1, 20 o.B82 12 ~ 5 
0.215 1, 25 0"823 12?·1 
0.,307 1~35 00 765 12,,4 
0.419 . J-a 35 00 705 12.,0 
0.548 1.,50 Oo6L6 11.6 
o .. 701 1 .. 45 0<' 588 11. 0 
0*891 1,.50 o.529 10e7 
1.130 1~ ?5 0.470 10&5 
1. 430 1,80 0. 411 9. 75 
1~840 1.,60 0,352 9. 75 
2.~00 1.70 0,294 90 15 
3.260 2.00 Oe235 7~ 75 
4. 670 Oe176 8,.00 

Slope of ~ater Surface 

Piezometer Readings in ft~ 
March 11, l954 

Time 1 2 3 4 5 6 7 8 9 10 11 12 13 14 Slope % 
1655 .947 e944 ~942 o939 .937 .934 .933 0 931 0 929 ~927 0 925 ~922 v917 .910 .099 
1850 o948 ~945 .942 o941 .940 0 938 0 936 e93J 9 93G 0 927 0 927 ~ 923 .918 .914 .089 
2230 .954 .950 .947 o944 ~944 ft941 .939 a937 ,934 ~933 ~930 ~928 0 923 .,920 o087 
2335 .955 .951 .948 .945 .942 o942 .940 .937 o9J4 n933 .,928 ~ 928 0 923 0 919 .091 



Slope % 
OU085 
0.087 

o.oo88 
00084 

RUN 11 

General Data Temperature 

-----·------------------·-·-----·-
Q (cf/s) •••. •• 10 50 
G (lb sec) o 0061 D(ft) •••• • -· 
Tim (ft/s~c) • • :· g~~ 
u-11- (ft/sec) .... 0, 112 
s (%) •. • • • 0"087 

... 0.40 
••. 8~ 9 

OcOJl 
.• 4 .. 27 
• • (J, 257 

0745 
1405 

'i'omp. oc 

---------------------·--·------
Dune Characteristics 

E p L N 

Profile along C ~ 0.3 ft •• 0 •• 1.177 • 
Profile 1 ft. from c + .3 ft. a • 1.171 
Description of oed . : • • • • • Dunes 

0 1., OBl " > • 0 .,45 • • iB 
• 0 1.076 0 ~ • 0~45 • o 78 

Velocity and Concent~ation Profiles 

D-y 
y c 

U/U-11-
Stao 67 

--------~o~.~o~r27. -------------.o;91~33~~r~I3 

0,156 0;0048 0.865 10~9 
o.25o o.oo58 o .. 8oo 10~3 
0.364 o.0061 o. 733 10a3 
o.SOJ o 0054 0.,665 10,4 
0,66'( o:oo54 Oc6oo 10"4 
0~877 0 ~ 0066 0~533 9, 6 
1.145 0~0072 0~~66 9~6 
l.5oo o.0098 o.4oo 9o0 
2~000 0.0088 00 333 80 6 
2.760 0.014 0.266 8 ~ 0 
4 .00 o. 011 o. 200 6,,0 

Slope of Water Surface 

Piezometer Readings in ft. 
March 121 l S'54 

Time 1 2 3 4 5 6 7 8 9 10 11 12 13 14 
1645 .886 .881 . 880 .877 ~875 c874 0 871 .867 .867 . 866 . 862 ,859 .856 ,851 
1905 o893 . 887 . 885 .880 ~881 .,879 ¥876 . 877 .872 ~8 70 . 870 ~866 ,863 .856 

March 13s 1954 . 
0805 . 891 . 887 . d85 ~882 .882 ~a8o w875 .873 o871 . 870 &866 . 864 . 863 .859 
1400 0 892 .887 . 886 .882 . 881 .880 0 879 . 878 ~876 ~873 ~869 .868 . 864 .860 



RUN 12 

General Data 

----------
Q (cfs) -o , 0 • • " 1~ 96 k/ (} 0 ~ ~ I) 

G (lb/sec) ~ .. v c 0.00227 ~ {ft) 1/6 D (ft) " e 0 u ., .. 0066 
urn (ft/sec) "' . • .. 0.93 Re X 10 -4 
u* (ft/sec) c .. • 4 0.096 F • • " " " s (%) ... " .. 3 . . . 0.044 

0 ~ Q 

.. • • 
Q " . 
0 .. • 
~ 0 • 

• Oc55 
e 9 .. 7 
6 0"032 
" 6 .01 
~ 0 .,. 202 

Tempe rat/. 

·--------·-Tim3 

1315 
1720 
1850 
2040 
2l30 

21 ., 3 
22.3 
22.5 
22~5 
22.5 --.. _.----·---·---· _______ ., ________ __...... _____ ·----~·---'· ~·------------------.-._ 

Dune Characteristics 

1 N 

Profile along c ·l- 0,.3 ft, • c Q ~ 100.52 (J " ~ " 0 .,989 0 a 0 0 0.,43 0 0 " '" 64 
p .. ~ofiJ..e 1 ft u from c + .3 u 0 ~ c l ol48 " > n • l o090 0 0 0 .. 0,48 0 " • " 56 
PL·ofile 1 ft, from C ~ ,3 ft. o o l olB3 c Q ~ " 1&013 o •• o 0.51 o e .. " 29 
Das•;ription of bed ,_. • o " o o Dlli"'les 
------..------~----·~-----~-----·---------------~----

VeJ.oci ty and Concentration Pro files 
U/U;'*' 

D--~ c y/D Sta. 67 
y 

--·-------·-------·----------·--~--.-.. -------·-
0.08J 
0~182 
0., 29'7 
0.460 
0. 617 
0~845 
1~150 
1u570 
2.195 
3.235 
5.250 

10~ 910 

0.,0030 

000026 

000028 
0.0041 
000025 
0.,0054 
0.,0053 
0,0066 

0 ., 923 
0~847 
o<) Tfl 
0 .,685 
0.,61·5 
0 (,542 
Oe465 
0 ,.389 
Or313 
0 0 236 
0 <.1160 
o .. o84 

-------~---·--~ -----~----·-

Slope of Water Surface 

11 0 6 
11c0 
10<>27 
10.,68 
10.,27 
10~27 
9 _. 85 
9~:65 
9.44 
9.,13 
7,.88 
7 ~ 46 

Piezometer Readings L"l ft., 

--- __ ...,.. ___ 

M~ch 17~ 1954 
Time 2 3 4 5 6 '7 · 8 9 10 11 12 13 Slope % 
1325 1.098 1~096 1:.097 1 0 095 1 130$-j 1., 092 1 0 092 1.,089 1 0 08'? 1 0 086 1 0 083 1,.083 ~ 054 
1600 1,.098 1.,09;) 1,096 1 ., 09J 1 0 092 1 092 1 0 09'2 1 0 091 1 0 090 1 0 089 1"036 1 {, 08;)' 0 042 
1{10 1 , 093 1.095 1,,095 1 0 094 1 0 092 la093 1 0 093 1 0 091 1,090 1.,088 1 0 087 1.085 :~049 
1850 1 , 097 1.,096 1"09? 1" 094 1 0 0~4 1 0 09}-l 1~094 1.,092 1 ., 091 ·1.,090 1 0 086 1 _, 08"( 0 039 
2100 1~097 1., 096 1¢097 1.,095 la094 1 0 095 lc0?5 1.,092 1~089 1v089 1~088 1 .. 085 0 035 
2J.25 1o098 1,.096 1"097 1 ., 095 1 0 095' 1 0 096 1 0 0?6 1.091 1<J090 1.090 1 0 088 1~087 ~039 

Remarks: Data appears to be good, but Kappa is too large. 



RUN 13 
General Data 

1.-n:.. 
Q (cfs) •• o • o .. 1~53 \ k • ., ••• -. ••• 0.58 
G (J.b/ssc). " 0.0266 G/Fg 1; 6 •••• 10,2 
D (ft) •. , .. Go •• 0=54 n (ft) 

4 
• • •• 0.023 

u;n (ft/sec) . . ... 0.,90 Re X 10 - • 4 .. 78 
D.,.t- ( ft/sec) ••• ~ 0,.089 F •• o , o •••• 0,_ 216 
s (%) " ~ • • • 0. 045 
----·---~----------

Dune Characteristics 

Profi:.e along t + 0.3 ft. 0 " , "' 19 161 c " • 0 1.108 • . 
Profil.e 1 ft. from c "" . 3 ft • • .. 1.175 0 . • G 1.115 ~ . 
ProfjJ.e 1 ft. from c + .3 ft. • - • 1"162 . 0 ~ ~ 1.102 0 u 

Description of bed . ., . n ... " .. " • "' Dunes 
---- ·----·--··-~-·· 

Veloc:tty ru'ld Concentration Profiles 

Q_-y 
y c U/U* 

y/D Sta. 67 

Temperat,;re 

Time Tel!!p. oc 
10.50 21.,4 
1310 22H2 
1500 22.8 
1730 23.,0 

L 

0 ~ 0.,44 . . ~ 0 

• 0 Oc44 . • . . 
• .. 0,47 . 0 v " 

---------··-- ------------------------OeltS 
0.424 
0~806 
1.087 
1 .• 4?0 
2 ~ 020 
2e900 
4.490 
8.25 

29,3 

., 00138 

.00274 

.,00294 
q0038 
•. 0034 
00034 
e0045 
._0039 
~0053 
.,0049 

0,925 
0.851 
0~ 777 
0~ 702 
0.628 
0,554 
0.479 
0.405 
0.331 
0.256 
0~182 
0. 108 
0.033 

11.7 
llo7 
1L4 
11~ 5 
11~ 4 
11.,0 
11.0 
110 0 
10,. 5 
1001 

8,2 
7.8 
7.3 

Slope of Water Surface 

Piezometer ;:{eadir.:.g8 in ft., 
March 19., 1954 

N 

80 
69 
73 

Time 1 2 3 4 5 6 7 8 9 10 11 12 13 14 Slope % 
lOSO .995 .991 .990 ~990 ~ 989 ~988 .987 ~987 .985 .984 g982 .,980 ~979 "975 .047 
1135 ~994 e991 ~990 ~990 .989 .,988 ~987 o987 ~98.5 ~984 ~982 u980 .978 .975 ~047 
1300 .. 995 .·990 0 990 .,990 0 989 .,988 .987 .,987 :.986 ,984 ,.982 ;,~81 ,, 978 0 9/6 .,0Lf5 
1505 .995 .., 992 ,. 990 .,990 ~989 ~988 .988 .988 ., 986 .984 ;> 982 .,981 0 978 o9?6 .,046 
17JO ,.99'{ ..-994 o99J o99J .992 .,991 .,989 ,.,989 .,989 .,987 .,986 .985 o981 ~979 ,044 



RUN 15 

General Data 

Q (cfs) ~ 2 ~ 7 
G (lb/sec) • : ••• o,, 206 
D (ft) . 0 45 
Um (ft/s~cj : : : : 1:64 
u* (ft/sec) •.•• 0.147 
s (%) • • Q • 0,150 

k 0 • e • • • • ~ n Oo39 
c ;';.(g "1/6. .11.1 
n (ft) 0 .. 021 4 s • • • • ..... 

Re X 10 - ••••• 1.05 
F • • • • • • • • • 0.43 

Dune Characteristics 

Temperature 

Time Temp. oc 

llhO 19 .• 2 
14GO 20.8 
1720 22~4 

L N 

Profile along c • • • • • e 0 f~lo&--:--:--:-:-:- 1"039 -::-~-,-., -:-o .. 74 0 • n • '-::-46 
Profile 1 ft. from C • • •• lo09) o • o o • 1~ 038 " o Q • 3 Oe85 , ~ • ~ • 41 
Area near Sta. 67 . • o •• u ., 1.104 " o " • , 1.025 , •• ~ .. • ••• ~ s·o 
Descrj_ption of bed • ~ ~ , , Dunes ---· --·-------------·-----

Veloc~.ty and Concer.tration Profiles 

~l Y/'.J 
UiU->(-

c Sta~ 67 y 
0 .. 126 o.o5o 0.9Ll 13.6 
0.290 0,067 0 ,888 1209 
0 J41 .~ 0,063 0_., 775 12 .6 
0. 814 000£6 0<662 12 ,, 2 
1028 o.::.::n 0.551 12,2 
2.06 0" J.4'/ 0,439 12.,0 
3,65 0. 142 0.321 11.2 
8 "') o r~ 00256 00215 837 

0.103 8., 3 

Slope of Water Surface 

Piezometer ReadDlgD in ft , 
April 10.7 1954 

Time 1 2 3 4 5 6 7 8 9 10 11 12 13 14 Slope % 
1145 .)844 ,836 .831 .827 .824 ~821 .8 :~o .80? 08o2 . 8o1 • 798 0 783 .. 787 .. 779 o.J..6 
1345 .841 .829 G82[ .823 c820 .816 0 8~4 .812 ~808 w807 .802 a800 ,.794 .780 Oel45 
1600 .835 .829 .82) .8:i.8 819 )8:!.0 .807 0 808 ~809 ,807 ~ 800 0 796 • 790 0 783 0.132 
1715 ~835 ~8~5 0 821 ~819 8:~ cfil~ .817 , 809 0 80? ~ 801 ~ 796 0 796 .794 0 785 0.125 
1755 "836 8 829 0 828 0 820 ,. 820 .,813 0 813 s810 ,_806 ,.804 ,, 797 0 794 0 790 • 784 0~136 



RUN 1.6 
General Data Temperature 

Time T ·- p °C 
Q (cfs) • • 

c ... .ol '-> . . 1.,9 k • <> ., o .. 4o G (lb/sec) ·"~ 0 • ' 0 

• • . 0 0.0675 Cf-vg .6 0 9.,2 1000 18.,9 D (ft) n (ft) l/ .Q • ,. 
. 'l, Q e • " , . 0.,40 • 0 • • 0.,025 1310 21 ., 0 

Um tftjseo) .. " • 0 lc31 Re x 10 ··4 .. . . 0 5c22 1?35 23 •. 0 
u* (ft/sec) .. 0 .. • 0.143 F • " .. • • 0 .. • • 0,, 365 2005 23c4 s (%) , 0 " 0 . . 0 Ovl58 
----·-----,-··---~------·-·--·-··-----------· 

IRL~e Characteristics 

1 N 

-----·---·--·- --
?ro file along C ,. , • " • o ;j ., <> ,., 1, 085 ') ,, " ., 1 .. 01.5 ., ., • .. o 0 o 69 • o ~ 4 7 
Profile 1 ft. from C " ~ ., .-.. 0 , " 1 .. 074 ., .. 0 a l oQl2 •· ., .. 0 0. 61 ~ ., ., 55 
Area near Sta. 6'( • " • ~ ., •• ,. " 1"090 <> , • ., 0.995 , • " " ~ ., • , 62 
Description of bed • • .. • • ,, Dunes 
-~----- ~-,---.-----.---···-- -----------------------------·----

Veloci ty and Concentration Prof:tles 
U/U* 

Q:l c y/D Sta~ 67 
y 

-----·----~--~-------------·- ..---·· ... -·-----------------O,. l f.l9 
Oe3:11. 
0.461 
1.2h0 
1 .. 720 
2. 460 
3o760 
6.6)0 

17.800 

0., 02 
Oa0247 
0,.0237 
0; 0525 
0,0504 

- ~5 O"Ob,.. 
0"0757 
0,.1700 
OQ1580 

0, 921 
0,841 
o. 763 
00604 
0, 605 
00525 
0., 446 
0.368 
0.289 
0 ., 210 
0.,131 
0.053 

11.0 
11~2 
lJ..,l 
10,2 
10')2 

9.,.8 
9.4 
9QD 
8:.1 5 
803 
s,;o 
'fe2 

--------------------~---

Slope of Water &~rface 

Piezometer Readings in ft. 
April 12~ :)54 

Time 1 2 3 4 5 6 7 8 9 10 11 12 13 14 Slope % 
1000 .. 774 \l 770 Q 76: "76l '> '756 "75?. ~ 750 • ?43 .. 742 .. 73? g 732 "730 0 722 • 713 ~160 
1120 ~ Tl2 • 764 o 763 , 753 o 752 "749 o 747 c 743 .. 740 • 734 ., 733 • 729 .. 719 ~ 710 ~lh8 
1310 • 771. "765 "761 ~ 757 .. 752 "748 i) ?45 0 742 • 737 ~ 733 ~ 730 "726 "719 ~ 710 .154 
142.0 o 768 ~ 760 0 758 ., 752 e 750 "748 • 743 "740 • 737 0 734 '{29 .. 'j'2,5 0 71.6 , 710 .J.48 
1.535 • 766 "760 • 7.54 Cl 752 "750 ~ 744 Q ?41 .. 735 • 733 • 727 ~ 724 It 721 .. 7J.4 ~ ?05 .1.56 
1720 0 764 "756 • 7.54 • 746 • 74.7 744 .. 738 0 736 6 730 "726 • 722 v 720 "' 709 .. 700 , 160 
2'1,;:. _5 ., 764 "756 • 756 I} 752 0 747 • 742 • 740 0 738 .. 133 .. 728 • 723 • 721 • 715 • 703 .158 



RUN 17 

General Data Temperature 

Time Temp. °C Q (cfs) . • " c 1.34 k 0., 38 
G (lb/se~): 0.0254 r~ • . .. 0 • 0 .. . . ~ • C r.;g "1/6• . • . 0 8.,25 
D (ft) .. , ~ o • • " 0 0 • .36 n (.ft) -4- • 00027 
Um (ftisec) • . • .. 1.14 Re x 10 • . . " . 3<, 73 u* (ft;'sec) • .. . • 0.138 F 0 . . • • . . • . 0 .. 335 s (%) • • 0 ~ . .. • 0,161 

OT30 18p5 
1700 20.0 

Duna Characteristics 

L N 

-·-·---------- --·---------··--
Profile aJong C • Q c • o • o 1,062 ••• o ~ 1,007 ~ • • ~ " 0 ,49 D o o .. o 66 
Profile 1 ft. from c •.. 0 10069 Q e • 0 • 1~009 . ~ ••• 0~51 •• ~ ? .. 61 
k:'ea near Sta. JO • • • • e • 1~077 • w ~ ., • 0,.969 • , ., • • ~ •••• 124 
Descr:!.ptlon of bed • " ~ • w • , " , Dlh"':'.es 
-·-----------·--~-------· ---·--·------·-------

Time 1 2 
0835 • 702 .696 
1J05 0 701 . 695 
1305 , 706 • 700 
1500 ' 706 J703 
1700 0 707 ~ 705 

Velocity n.nd Con:::ent.r·ation Profiles 

c U/U* 
Sta. 67 

-oct·:io--oJi'i.so--0:9113- 10~ 7 --------
. o. ·.:.93 0,,0172 0.835 10, 7 

0,324 0. 0194 0. 755 lOJ2 
0. 434 0 ., 0226 0.,674 9 ~ 4 
0. 692 0 ~ 0236 0 .. 571 9~0 
0 ~ 961 0:> 0276 0,.510 8, 8 
l • .J3J 0., 0.39:1 0.429 8.5 
1.8?5 000528 0.348 8~1 
2,760 0~0544 0_, 266 '(

0
2 

0 184 6.7 

Slope of Water Surface 

Piezometer Readings in ft~ 

4 6 
Apr:!.l 14.? .l.954 

14 Slope % rl 8 9 J.O 11 12 13 I 

.691 .684 . 680 "677 6'7 ''J 
t . ) . 6'10 .,665 ~659 .,651 e 6J.J+ .157 

.687 , 682 6'('1 6T;. 6r'0 ' 65 " I e ,.J o f cO .660 <1655 0648 .640 <161 

.696 . 690 .686 , 681 .67~ .672 .668 .664 .655 .648 , 168 

.,696 .,690 • 685 0 682 • 6','9 c 674 0670 Q665 .,656 .. 61.~8 .163 

.. 698 .693 0690 .687 . 68J 0678 .675 .671 .664 0654 .. 15.3 



Q ( cfs) • • . . • 
G (lb/sec). • • • 

• 7~4 

RUN 18 
General Data 

k.t~•••• 
• 0~ 897 . . ~· • o. 72 

• . .15.4 cj.;g 1/6" 
D(ft). Q . ••• 0~6~ n (ft) 

4 0 • • 4 o. 016 
um (ft/sec) • . • • 2,.84 Re x 10 - • . . • 1.95 
u* (ft/sec) • 0.184 F • . 0 . . .. . . • o.G03 
s (%) • ~ . . . . • 0.156 

Dune Characteristics 

Temperature 

Time T€.mp. 0 c 
1540 22.1 
1615 22.5 
1720 22.7 
1915 23.2 
2035 23.5 

Description of bed • • • • • • • .. a Smooth bed 

Velocity and Concentration Profiles 

p ~~ y/n 
U/U* 

y C X:/o Sta.. 67 Q 

G>-~ --=:>X l ~ \'fV\1' ---- ~ 
0.,080 0.0602 ·0.,926 16.,57 " ' u oo 6 () 'L...:.. 6o2. 
O.l"t'4 0~0730 .o. 85'2 16.67 
0, 286 0.0828 ·0. 778 16. 51 
0 4 ) ~ .. .. J.. 0.0936 o. 704 16.40 
0.588 0~0988 o. 'i 16,24 
0.800 0,1068 .0.556 16.14 
1.077 Oc1224 .o.482e 16. 03 
1. 454 0.1342 0.408 1~ 8'" . " '· c. 2,.JOO Ool492 D.~ 15.55 
2.375 0. 1604 0.2 1 15,:;,8 
2.857 0.,1620 0.2 15.07 
3.500 0.1796 0.222 14.85 
4.400 0, 2070 0.185 14.37 
5.750 0~2374 0.148 14~00 
8.000 0.2382 0.11 13.56 -

Slope of Water Surface 

Piezometer Readings in ft. 
A.pr1l 26, 1954 

Time 2 3 4 5 6 7 8 9 10 ll 12 13 8lope% 
15~0 1~103 1~ 099 1.093 1.090 1~086 1.080 1~079 1~075 10069 1,065 1 063 1.057 .160 
1615 1.101 1.098 1 .. 092 1.090 10 084 1 , 080 l c0'(8 1.074 1J069 1.,067 1.,062 1J056 ,.151 
1710 1.102 1 .. 098 1 .. 092 1 0 089 10 084 1.,080 ~.0!8 1 0 074 lg069 1 0 066 1.062 1 0 057 .158 
1920 1.105 1.,102 1.096 1.,091 1.,088 1.083 1.,082 10 078 10 072 1.,069 1.,067 1.,061 .,152 
2020 1.106 1.,102 10 096 10 092 1~089 1 0 085 l 0 08J 1 0 078 1 0 072 1.070 le067 1 0 061 0 155 
2040 1.,105 1 .. 099 lo092 1.091 l.OD6 1 .. 08~ 1.08:-J l.,OT/ l~O?U 1,.06~ 1 <- 063 1"CSf .161 
2235 1.,101 1.095 1.088 1.,087 1.081 1.076 1,076 1\)067 10065 1,060 1() 055 .155 

Note: Kappa affected by upstream baffles. 



General Data 

Q (~fs) o o ~ ~ ft e 9o0 
G (:b/sec) o ~ o ~ • 1~027 
D ( ft) 0 ~ " "' 0 • • • o<t 75 
um (ft/sec) •• 0 • 3. 17 
u* (ft/sec) ~ •• ~ 0.201 
s (%) .•• ~ c ~ • 0.167 

RUN 19 

--~·-·-·-------~--------

Dune Characte::-lstics 

Description of bed • o c: o o .... Smooth bed 

Velocity and Cono;mtration Profiles 

y/D 
U/U-l~ 

St.a ~ 67 

Temperature 

Tine 

1345 
1425 
1900 

--------

--------------------
0. 0 72 0.0332 I 0.,934 16~ Tl 0 ·•. :'5 0.: 0450 1- 00867 16.,8'( -·""' . ) 

0., ;.:51 Oq0486 ~ 0,,800 16.., 81 
0,,366 0 ~ 0562 q 0~ 733 160 67 
0.503 00 06l6 $ 0"666 16061 
0. 671 0.0692 ' 0,.,599 16n51 
0,881 0 ,0748 1 0,. 532 16.,41 
1 .154 0.0852 a O.,h65 l6, 16 
1.517 0,0944 q 0.,398 150 ~6 2.365 0010)2 (0 0.,298 1 S.bo 
3.343 0.12('2 II 0,,230 150 10 
5.123 0~1554 /~ 0"'163 14-:. 25 
9"3?5 0 'rj 'l 0 o. o96 lJo29 0 <-4-- 13 
14~894 o, 2912 11 o"o64 12.59 
32.955 Oo5436 1 (* Oe 031 11.68 
73~ 700 o .. 7292 tb o.ol5 10"83 

-·-
Slope of Water Surface 

Note: H:i.gh Kappa value caused by upstl·es.m baffles~ 



------ · 
Q (cfs) • o o ~ ~ 
G (lb/sec) ., • o 

D (f~). , e o • • 

um (ft/sec) ••• 
u* (ft/sec) 0 •• 

S (%) o o e o • • 

RUN 20 

General Data 

• 6e 7 
" 0~805 
0 0 0 61 
• 2. 97 
• 0.180 
0 0,166 

k ,"C' .Otl'lCQOO 

~ fft) 1/6 ~ ., 0 

Re X 10 -5 : : : 
F •• ,OO(" 0 • 

0 0.53 
016.5 
0 0.015 
• L 78 
,, o. c 7 

------------------------------------------
Dur~ Characteris t ics 

Description of bed o ., • ~ • • • o Smooth bed 

-- ---·---..--...----
Velocity and Conce~tration Profiles 

J!':Y c y/D 
y 

0.., 09·) 000366 0 ~ 918 18 .. 0 
0,,:!5/8 0,0456 0.,835 18.,2 
o.J>'J 0.,0~60 o. '63 1'( ~9 
0.., ·~.vi.+ Oe0620 0 670 1? ~ 7 
0~ 7C·~~ 0,.0680 00587 17~5 
0 0 98~ 000816 0~504 '7~ 2-
1. 3~3 0 ,~ 0836 00 422 16 ~ 9 
1.9:,1 0.102.0 0,339 16.,~ 
2?903 0..,1250 0.256 ;_5 ,, 9 
3.654 0 0 2440 0.215 15 
4o 762 O ~ l?SO O. l'i4 15,,2 
6.562 0 , 2}-40 0.1.32 14, 8 

10.000 0 ~ 2820 0.091 14~ 0 
19.167 0 .. 4740 o . o5o 13, 0 

120,, 000 J .• l'(O') 0~008 11,2 

Temperature 

Time 

1130 
1305 
1505 
1.600 
1700 

22<5 
22., 6 
22 ~ 5 
22 ,. 5 
22 ~ 5 

___ _, ______ 
Slope of Water Surface 

Plezometer Readings in ft., 
April 29 :; 1954 

·--

T='-'"te 2 3 4 5 6 7 8 9 } 0 11 12 J 3 14 Slope % 
0903 loo:l.5 l.OC9 l "OO.':S .998 o995 (' 990 .987 .982 , 978 .;975 .. 972 o966 .. 958 .167 
0935 l •. OlJ 1 ~ 008 1, 002 .998 .993 ., 990 ,986 "98J 978 ,9'/4 o97l ~965 .,957 0 165' 
JJ.35 10016 1.,010 1 0 002 ,., 998 0 993 .,990 ;> 987 ,., 983 .. 979 .,9'(~ .,972 , 966 0 960 .165 
1320 1 0 0.L6 1 .;,009 l -. 003 "998 0 995 .. 990 .,988 c 984 o979 03 976 t-972 966 o959 .167 
1500 lo.Ol.c 1,010 l.,OOJ 1 0 000 .. 995 .,99l.,. S'88 ,.934 ~980 ,.976 ._97'? .,966 .. 9.58 .167 
1603 l"m.6 1.,010 loOOJ .,999 0 995 ~ 99l • 989 ,:984 :.979 0 977 o9'f5 ,.967 • 958 e 167 

No te ~ High Kappa Value caused by ~pstre~ baffles. 



Q C£s) ~ • " • • 0 

G (::;_b/~ec). 
~ 

D (ft) 0 0 0 . • , 
fft/sec) urn . .. • "' u~. (ft/sec) < c . • s (%) 0 ' 0 , • ~ .. 

RUN 21 

General Data 

0.90 lc- Or36 - tit 0 ~ 0 <) (.' Q Q (, 

0.,0063 C/{f 1/6 0 ,. • ., 6o9 
0~30 n (ft) 00031 

lie x 10 -4 
0 ., • 0 

0 .85 . ~ 2, 85 Q • 0.124 F " ~ e • ~ • . (), 277 
0.160 
----· ---------

Dune Characteristics 

E p E t 

Temperature 

083~ 23c0 
J..520 23, 0 
1755 22,7 

L N 

Profile along c (l • .. • • • o d o 1< C49 -:-:·-~~-o;998 -.-.-·:-:-o-:-~:->-0 ;9 
Profile 1 ft ~ from C ~ , • • o o ? 1 058 o o o o 0~ ~96 • o • • 0.49 o ~ , 6h 
Area near Stao 67 •• o ,. o 1., 067 , ~ o D 0.,9'17 •• o ., o .. " o 77 
Description o~ bed • • • • • • o Dwnes 

--~--·------ ·----·--·--·----- --------
Vc ~ o ..:i ty Cl.i."1d Concentration Profiles 

U/U~~' 
J:'b~r c y/D Sta, 67 

y 
---·----------- ~·-··~-------

Time 
0'(15 
C840 
1315 
1330 
1345 
1517 
1750 

00}.08 
0 , 2·d 
0.4·;.6 
0.642 
o. 785 
0,955 
1,. 162 
1.4:L'( 
1. 74~-
2.165 
20 744 

, , (:0~08 . or- I r'6 
o V4:> 
.OG876 
' 00790 
.0125'0 
.009J.. 7 
. 0:320 
.00928 
002320 
.0314u 
.03740 

0 0 902 
0.,804 
0,. 706 
0 ,,608 
0,560 
0"5.tl 
0.,462 
o .. h13 
0"355 
0<: 3}.6 
0,_ 257 
0, 218 
0.,170 

9.81 
9"25 
8 35 
7o44 
7. 85 
7., (! 7 
7, : 1 
6 . 'i'9 
6 .. 19 
6u54 
6. 21 
5"56 
5.56 

----·----·-------~ ---·· 
Slope of Wate!' Surface 

Piezometer Readings in ft,. 
Ap!'il 29, ~954 

1 2 4 6 8 :1.0 12 
, 6~1 .636 .,627 .. 621 06l4 .605 ,,596 
.639 .635 . 625 .;621 • 6JJ+ .605 .596 
.633 $626 ~620 612 , 604 .595 . 585 
c630 .625 ,617 e6ll ,.,602 .597 .58'7 
~629 .626 .617 .,609 4 60J. .593 5;:;85 
.630 .624 .617 . 610 .602 "'o4 ,.)/ .584 
.. 628 .621 .614 .,608 .598 $590 .581 

13 
.587 
o587 
• 58'( 

14 Slope % 
8579 . 1.62 
c531 ~157 
.. 567 .155 
.567 .164 
.. 564 .160 
.568 .163 
Q566 ,162 



Run 22 

General Data Temperature 

Time Temp, °C 
Q (c.fs) •• 0 • • o 9ol k !,) • • • • 0 • • • 0.38 
G (lb/sec) • • • ~ 0.990 c/,;g } • • • .15.8 
D (ft) " 0 . • 0 . oa 76 n (f't) 1 6 

0 • • , 0.016 
~ (ft/sec) .. • 0 .. 3.27 Re X 10 ·-5 

~ . . • 2.36 
* (ft/sec) 0 • • , 0.208 F o • . II 0 0 • . • 0.661 

s (%) • .. .. • • • .. 0.170 

0930 18.1 
1240 20 .. ~ 
:J-800 22.3 

-------·---·-----· -----------
Dune Characteristics 

------------------·-·-·---- ·---------------..---
Descripti.on of bed • • ~ • It ., o Smooth bed. 

Velocity ~~d Concentration Profiles 

~J. c y/D 
y 

O . OT~ 0,.0305 0, 935 16.,84 
0 ., r'4 

l l ..... :.; 0,.0359 0.,870 16., 93 
0 ., 2:;0 0.,0399 0~ 805 17.00 
0.,364 0,,740 17.00 
0.,500 0,, 04?9 0,674 17el0 
0,666 o .. o5ll 00609 17.,00 
Oo8?5 0 1) 0492 0 ~ 543 16 .. 90 
1.150 0"0551 0, 4'18 16 .. 50 
1.500 0,0599 0,.412 16.21 
2.000 o,.n690 o. 3146 15.78 
2.750 0.., 0820 0~282 15,,15 
4.000 0.,0955 0,. 216 14 .. 52 
6?500 O.,J420 0,.190 14,.09 
8.370 0.151 13.50 

14.000 0 ,3060 0.111 13.,59 
36.500 0.,9370 o.oe5 12.10 

0 .. 046 10"60 
Og020 7 .. 60 

---
Slope of Water Surfa~e 

Piezometer P~adings in ft. 
June 3, 1954 

Time 2 3 4 5 6 7 8 9 10 11 12 13 Slope % 
0845 1.135 1.,128 10 121 10 Ll5 1,.110 1,107 1"102 l 0 C98 1,094 1.089 1.,086 1 0 080 .. 170 
09 JO 1.135 1., .1.30 l (,J.22 l nl16 1 ,109 1,107 1.,101 10 098 l f) 094 1.,089 1. 086 1.,080 .160 
1020 1 .. 133 1.127 1,122 1 0 115 1.)109 1~102 1.099 1.095 1.,090 1.,086 1f>079 .163 
1230 1.133 1.1.27 1Gl21. 1~115 1 .. 108 1..,106 1 0 101 ,l.098 10 093 1.,089 1.085 1,080 .173 
1510 1.-134 1e128 l,:L2l 1.114 1.,1C8 1"106 1.,).00 1.097 1.,092 1«>088 1,.084 1 ... 079 .,173 
1645 1~133 1 0 128 1 0 121 1 0 114 1.108 1Q106 1.101 1 0 099 1.093 1.,090 1~ 087 1,080 .,173 



Q (cfs) 
G ( lb/s~c~ : : : 
D (ft) 

t) • • • • 0 

um (ft/sec) $ •• 

u* (ft/sec) • • • 
S ( ~ ) ~ • e v • o 

RUN 23 

General Data 

e 7 .. 4 
. o. 778 
• 0.65 
• 3.18 
~ 0.196 
~ 0.183 

~jjg;g • • • • ., • • 0.42 
n (ft) 1/6 . • • • .16o2 

5 •••• 0.015 
Re ~ 10 -· 2 2 • • ., • 0 

F • • • • • o • • • O. 695 

Temperature 

Time 

0855 
1140 
1615 

0 Temp. C 

26.3 
26.0 
26.2 

·-------~~------------------------------------------------------
Th.me Characteristics 

Description of bed • • • • • • • • Smooth bed _ . .,..._......_ --
Velocity and Concentration Pl~files _ 

D-l c y/D 
y 

o.o8J 0.022 0.923 17.,09 
0.,161 00029 o.846 17.09 
O.JOO 0.,034 o. 769 17.35 
0,44h 0,038 Ooo92 17.24 
o.625 0 ~044 0.;,615 17.09 
00857 0 .. 039 0.,538 16.94 
1~166 o.o55 o. h61 16.86 
1.600 o.on 0.,384 16.43 
2.250 0.., 065 0.,307 15.95 
3~333 00 089 0.230 15.18 
5.500 0.105 O.l.S'J 14.16 

12.000 0.175 0.076 12.60 
25.000 0.,440 Oo038 9.85 

lo250 

Slope of Water Surface 

Piezometer Readings in ft. 
June 5, 1954 

'rime 1 2 3 4 5 6 7 8 9 10 11 12 13 Slope % 
0915 1.038 1~026 lo018 1.,010 1~005 l.ooo . 997 o992 o989 .,983 .979 .977 .972 .170 
1000 1.035 1.022 1"013 1.005 1 000 .994 .992 . 990 . 986 .981 .978 .977 ~971 .152 
11L5 1.037 10 026 1.019 10 01.2 l.OJ7 1.,002 ~999 .993 .989 Q979 .978 .975 0 970 ol93 
1330 1.047 1.034 1.027 1.018 1.014 10008 1.,003~998 G990 .984 .980 .978 .971 .270 
~05 10 033 1.018 1.013 1.,005 10 000 .994 .994 .985 ~980 0 973 0 972 .972 .963 .183 



RUN 25 
General Data 

Q (cfs) ... I> • • " 8.1 k ,, .... .. 0 .. • .. 0.38 
G (lb/sec) . • 0.813 C/(i 1/6 • • • o 15u8 
D (ft) •• • ~ . • o. 78 n (ft) . • • . 0.016 
U (ft/sec) .. 2. 77 Re x 10 -5 II • . . 2.22 u! (ft/sec) . . . • 0.176 F . 0 • • • • • . • 0.553 s (%) • • . .. 0 . • 0.124 

-----------------------
Dune Chara·~"teristics 

Temperature 

Time 

080.5 
0915 
0950 
1310 
1420 

24.5 
24o3 
24.3 
25.0 
25.0 

·--------------------------------Description of bed • • • ~ • • • Smooth bed 

Velocity and Ccncentration Profiles 

D-:r c y/D 
y 

0., 147 0.,0480 0.,872 17 .. 3 
0.238 0.0535 0.,808 17~3 
o.:.~5 0.0590 05 744 17 .. 1 
o. 4'/2 0.,0650 0,680 17v2 
0.6;'5 0, 0720 O.bl6 16.9 
0.8:.3 0.,0810 0,552 16., 7 
1.0)0 0, 0890 0.488 16.6 
1.360 0, 0940 o. 1 24 16~1 
1., 790 0 ... 1100 0,, .360 15 .. 7 
2.390 001300 0. 296 15.3 
3.340 oc.l770 0.232 14.3 
4.030 Oc2000 0.192 14., 2 
4.880 0.2230 0.168 13.6 
6.430 0.,2150 0.134 12.8 
8.750 0.5840 0.104 11.,4 

13.200 0.6250 0.071 10.1 
0.038 5.8 
o. oo6 4.6 

Slope of Wate~ Surf'ace 

Piezometer Headings in ft. 
June 10 J 19 54 

Time 2 3 4 5 6 7 8 9 10 11 12 13 Slope % 
1025 1~152 1.150 1.145 1.137 1~136 1,.133 1,132 1.131 1,.130 1.124 lftl22 1.117 .120 
1040 1.154 lol48 1.144 1~136 1 ~140 1~ 137 1~133 1.,129 1~126 1.123 1,121 1 0 118 .123 
1123 1 0 157 1.150 1.148 1~141 1 ~138 1.,1,36 1&133 1.,130 1 0128 1~123 1.,121 1.116 .128 
1305 1.160 1.,153 1.146 1.143 :..~ .142 10 139 lol37 1.135 1.131 1 0 126 1.,123 1.122 cl2,5 
1500 1.156 1.150 1.146 1.140 1.140 1.142 1.135 1$130 1.126 1.124 1.123 1.119 .124 



RUN 26 

General Data Temperature 

Time Te:np. °C 
Q (cfs) e 0 • • • 7.,0 k 0 0.32 G ( lb/sec~ ! ' , . ~ I> • • c; 

• . • • 0.625 c { g /6 0 0 • .1604 
D (ft) • . • • 0.69 n (ft) 1 

0 0.016 
um (ft/s;c) 

;) . • 
• ... 0 2. 71 Re x 10 -5 .. • • .. . 1.94 

u* (ft/sec) ( ~ • 0 Oe166 F • .. 0 $ .. .. • • 0 0.575 s (%) 0 " , • . • 0 0.125 

1000 24.,. 2 
1055 24.2 
1335 25.0 
1450 25.4 

Dune Characteristics 

Descripti.on of bed 0 0 " .. • o • • ~ Smooth bed 

----------------------------------------------·-------------------
Velocity and Concentrat,ion Pro files 

U/U* 
D~r. c y/D Sta,. 73 

y 

00 0799 
0~2.696 
o. 2C~. O 
o.L~ !.: a 
0 5··'t"'O ~ .:J 

o. T.' 'i'O 
100)~00 
1. 4000 
l .. 9J.OO 
2. 7100 
3.4200 
4.0800 
5.5400 
7.0700 

11.4000 
18 .. 7000 

0.023 
00031 
01')034 
O,.OLJ 
o.o48 
0,054 
Oj062 
0006'{ 
Oe080 
o.u98 
0~130 
0 .. 158 
0.217 
0.238 
o. 481 
2 .. QL.4 

0 0 926 
o.855 -
o. 781 
0.709 
0.635 
0.563 
0.490 
0>416 
0.344 
0. 270 
0 .. 226 
0. 197 
0.153 
0.124 
0,0805 
0,,0514 
o.o22 

Slope of Wat er Surface 

Piezome~er Readings in ft. 

18.4 
18.4 
18.2 
18.1 
18.1 
17.6 
17,3 
16 6 
16.3 
15.5 
15.1 
14 .. 5 
13.9 
13.,2 
12 ~ 1 
10.0 

6,87 

June 11, 1954 
Time 2 3 4 5 6 7 8 9 10 11 12 13 Slope % 
0530 1.059 1 0 053 1~049 1e045 1.042 1.037 l e034 1 0 031 1.027 1.023 1.020 0 125 
0800 1.058 l 052 1.047 1.044 1@042 1.039 1.035 ~031 1~C25 1 .. 022 1.018 .129 
1000 19 057 1.052 1oOL.7 1.042 1.040 1.036 1.,0}3 1e029 1.026 1,.026 10 020 1"016 .. 141 
1100 1.055 1.050 1.047 1.043 1~0L.O 1 .. 037 1.035 1.,032 1 .. 027 1.,026 1.022 1,.018 .125 
1335 1.054 1 0 050 1.044 lc040 1 0 0)8 10 034 1 0 030 1.028 1.022 10 024 1r020 1.016 .125 
1500 1.052 1.048 1.041 10 038 1a037 1e034 1,.031 1.029 1.,024 1~023 10 020 1.017 .123 



RUN 27 

General Data 

Q (cfs) • •. • • . 2 .. 1 
G (1blse~)o • • • .,0.1316 
D ( ft ) 8 ' e 0 _ 0 • 0 • 0 • 40 
urn (ft/sec " •• . ~ 1. 33 
u* (ft/sec) • • • •. 0.133 
S (%) 0 0 • e 0 • ~ 0.140 

k/0 •· 0 · - • 

~ ~) 1/6 
Re x 10 -4 

0 0 ... 0031 
•. -•• . • 10.,0 
a 0 , 0 0 • 0 ,. 023 
·-·· •.. •. 5.47 

F • "e" G 0 • . . •• • •• 0.31 

Dune Characteristics 

E p 

Temperature 

Time 

0820 
1310 
1630 

L 

2);.5 
24.5 
25.0 

N 

-------------------------------------~----------~-----------~----------~ Profile along c e .... o •• ., .. ., l oo46 ... ., • o.994 ••• '" o.S2 • o • o 64 
Profile 1 ft. from C ••. • ., •• , 1, 050 " •• • 0.999 •• • • O.SS f) •• Q 63 
Area near Sta. 75 c • ~ •••• " ~ l ,G55 ~ ••• 0.955 4 • • • • • o • 64 
Description of bed ... ..... " , Dunes 

Veloctty and Concentration Profiles 

~-~ c y/D u/u* 
:y· Sta. 75 

o,,oe23 OQ043 0.874 13.6 
o.::SJO o.o5l 0, 810 13.55 
0 .. :?5:50 o ~ o;1 o. 746 13.65 
o. ~::>.30 0 _, 0~0 0,,684 12, 8 
0. 4:i~O 0< 06i~ 0 0620 12,2 
0. 6470 O-:- C3i+ 0.494 12.3 
0~8390 O OD 0.430 12,4 
1.0800 0,08'( 0,. 367 11 .. 7 
1.4000 0:.098 0_, 304 11.4 
1. 8300 0,.09'1 0., 240 11.2 
3 .. 3900 0.152 o .. J 77 10.2 

o. S57 12.0 

Slope of Water Surface 

Piezometer Readings in ft. 

Time 2 4 6 7 8 
June 15, 19 54 

9 10 11 12 
llOO • 735 • 726 .. 717 • 715 • 711 • 706 .699 ._698 .692 
1300 • 734 • 730 • 724 •. 721 • 715 .711 • 707 • • 702 • 700 
1310 • 745 • 738 • 728 • 731 • 727 • 723 • 716 • 711 • 707 
1330 • 747 • 739 • 736 • 729 • 725 • 720 • 718 • 713 • 711 
1350 • 752 • 746 •. 742 .736 • 737 • 734 • 726 • 724 .716 
1525 • 751 • 748 • 741 • 743 • 738 • 733 • 729 • 727 • 721 
1620 • 756 • 746 • 742 • 739 • 737 • 730 • 728 • 722 .. 719 

13 14 Slope % 1 
.690 .681 .150 
• 644 • 683 .147 
.701 . 691 .147 • 754 
• 704 . 694 .141 • 751 
• 711 .700 .136 .763 
• 717 .705 .130 • 
.715 .702 .140 • 760 



RUN 28 

General Data 

Q (cfs) 
(I .. • o 2e63 k .. 0.31 . . . c(lt ·· " • 0 ., '• G (lb/sec) " .... 0 0.149 .11 .. 5 D (ft) n (ft) l/6 e • • 
• . .. • 0.48 • 0.020 Urn (ft/s;c) Re x 10 -4 

. .. . 
• • • .• 1.53 • • . • 7.47 

u.,~ (ft/sec) • . . . 0 0.133 F • • • ·o ·• .. • . 0 0.39 s (%) • • . . .. • • 0.116 

Dune Characteristics 

Profile along C • o • o ••• 0 o 1~055 o ., •• 0~984 ~ 
Profile 1 ft. from C • ~ •• ~ • 1.047 •••• Oo988 • 
Area near St~ 73 o • .•• ., o • ~ 1.062 •••• 0.969 .. 
Description of bed • • • , • • .. Dune Pattern 

Tem~rature 

m · .l.l.IDF.! Te-.:np .. °C 

1405 21.,5 
1840 23.6 
2105 24$2 
2145 24 .. 2 

L N 

e • o 0,67 o o o ~ 51 
0 .... o .. 71 • • • 0 49 
.. 0 0 0 . •• · • 64 

Velocity and Concentration Profiles 

y/D 
u/u~~-

D-y c Sta. 73 y/D ......,... 
ol 

0.,130 041 036 00885 13~9 0. 895 13.6 
0.268 0.,0425 01!789 13.9 o" 789 13.5 
0.463 00048 00684 13.6 0.684 13o4 
o. 725 0._054 0,579 13.1 0.579 12.9 
0.944 o.o62 00515 12.6 0.,474 12.3 
1.110 00067 0 .. 473 12~3 0,368 1200 
1. h40 00 091 00 410 12c0 0_.,305 11 .. 3 
1. 720 00081 00368 11.6 0.263 1004 
2.280 0,118 0.305 10.8 0.20C 8.9 
2.800 0.,094 0.263 10.6 0.158 8.6 
4.ooo 0.101 0.200 9.85 0.095 7.2 
5.310 Oglll 0., 158 8.65 
9. 520 00202 0.095 7. 75 

17.900 0.181 o.o53 6.92 

Slope of Water Surface 

Piezometer Readings in ft. 
June 16!) 1954 

Time 1 2 3 4 5 6 7 8 9 10 11 12 13 14 Slope % 
1500 ,834 .830 .826 . 824 0 822 .• 813 .816 0 815 .811 6 807 e806 , 802 0 795 . 78d 0 113 
1535 .835 .828 .826 . 823 .820 . 820 .~16 .813 . 812 . 805 .803 . 802 • 794 • 786 .115 
1620 .836 .831 .824 .821 .a2o .818 .816 .813 ~809 . ao7 .803 .Boo .795 0 7~6 .119 
1840 .838 .832 .830 . 825 .825 L821 .818 .816 .813 . 805 Q805 . 802 .794 .788 .130 
2000 ,836 .831 .830 .827 .825 .820 . 817 .815 .813 . 810 . 808 . 801. 799 . 789 .107 
2105 .837 .831 .830 .827 .824 ~822 ~821 .816 .814 $810 . 806 . 804 • 799 -789 .115 
2135 .. _838 .832 .828 .826 .824 .• 821 .a2o . 817 .• 813 .811 .ao8 ,. Bo5 .aoo .790 .115 
2300 • 835 • 830 • 831 • 825 • 821.. ~20 .• 8],9 • 616 .• 814 .. 810 • 806 • 803 • 799 • 788 .116 



RUN 29 

General Da. ta 

k Q ( cf'3)., • • • • • S. 8 
G (lb/sec) ~ .... 0~384 /8 0 Q •• 

~ fft) 1/6 
" ., ... 0.32 
• .. 0 .. 1605 

D (ft) .~ .... ~ . ., o.6o 
um (ft/sec)~ ••• 2.54 
u-~~ (ftjsec) •••• 0.153 
s ( %) ~ .. 0 0 • • 0 0.121 

Re X 10 -5 
F •• o o .. 

9 o ll o On014 
0 ., • 0 1.61 
0 • • " o. 573 

Dune ~haracteristics 

Description of bed • o • • • • Q • Smooth bed. 

Velocity and Concentration Prof~les 

y/D 
U/U* 

D-y c Sta. 73 
y ----

0 .. 0893 0~016 0. 918 19.0 
0.198 0~ 021 0.835 18.9 
0 .. 330 0.,027 0,, 752 18 ~ 9 
0 .. 493 0!>031 0.670 18.4 
0.,704 0.,035 0.587 17.9 
00981 0 ~ 045 o.5o5 17.4 
1 .. 370 0.,05!+5 o.422 17.0 
1.,9.50 0~059 0;,339 16.3 
2.950 o.o87 0 .. 256 1.5,6 
].830 0.103 0.,207 15.0 
4. 750 0.143 0.174 14.5 
7. 070 0.232 0.124 13.0 

10.000 0,482 0.091 11.,6 
23.400 1.074 0<> 041 6.9 

0.025 5.0 

Slope of Water Surface 

Piezometer Readings in ft. 

Temperature 

Timo 

0630 
0950 
1305 

Temp. °C 

June 17 9 1954 
Time 1 2 3 4 5 6 7 8 9 10 11 12 13 lh Slope % 
0625 .961 .957 .952 d949 .946 ,.943 .9L~l e938 .936 .935 .933 .926 .920 .10 
080.5 .971 . 957 ,.954 .950 .9L6 .. 94.1 .,940 .938 .934 .933 .931 ,.928 0 920 .915 .124 
0915 ~972 .959 .956 ~950 .947 .945 ~941 .939 .936 .,935 e93h .930 .924 . 919 .,118 

Jurte 18 9 19 54 
092.5 .969 ,957 .,954 .,950 .945 '"943 0 940 0 938 .. 933 .. 932 ,.931 .930 .924 8 918 .138 
104.5 .969 .,957 .954 .950 ~945 .944 .939 •. 940 ~935 .933 .931 .928 ~923 .919 .. 114 
1200 . 961 0 957 .953 .948 .947 g944 8 943 .937 .936 .935 .934 .928 .924 .118 
1310 .963 .. 959 .955 0 951 .948 .945 .943 .939 .,937 .')37 .9J5 .929 ~92.5 .113 



RUN Jl 
General Data 

Q (cfs) • o •• o ~ 4.2 
G (lb/sec) o • O, l JO 
D ( f t) " o s • • • 0. 42 
Urn (ft /sec) .. • • ~ 2 71 
u* (ft/sec) 0 ••• 0.129 
s ( %) s • < ~ 5 .. ., 0,123 

k ~ • • C) • 

~~~) 1/6 
Re X 10 -5 

0 ... 0 0025 
. ~ • • 21 ,. 0 
•• 0 0 0.011 
• • • • 1 . 22 

F • • • o • • • • • Oo 738 

Temperature 

Time 

0650 
0830 
0955 
1120 

Temp. C 

26.0 
26. 2 
26 .5 
27. 0 

-----· ------------------------------------------------------~---

Description of bed • • 

Dune Characteristics 

. . . . . • • • • • • • Smooth bed. 

Velocit y and Concentr ation Pr ofiles 

D-~ 
y 

c 

--------·-------. -·------·-----~-------------

Time 
0645 
0820 
0935 
1050 
1120 

2 
• 746 
• 747 
• 747 
• 747 
• 749 

0.136 000066 0~88 24 ., 4 
0.235 000084 0. 81 24~ 2 
0. 351 0~0096 o. 74 24.0 
0. 492 000120 0,67 23.4 
0. 667 0"0149 0 ~60 2207 
0~ 9 24 0. 0204 OQ 52 22.1 
1. 222 OQ0266 0~ 45 21 ~ 8 
1.632 O. OJ38 00 38 20~ 9 
2. 230 0,0461 0.31 20 ?2 
3.170 0.0797 0824 19.h 
4.880 001490 0.17 18.2 
9, 530 Oo 4190 0.095 15e9 

19,800 On048 12,8 

4 6 
0 737 • 730 
• 737 • 731 
• 738 0 731 
• 738 • 730 
• 738 • 731 

Slope of Water Surface 

Piezometer Readings in ft~ 
June 22s 1954 

7 8 9 10 11 12 
• 729 • 726 0 722 • 718 • 715 0 711 
• 730 0 727 • 723 0 720 • 717 • 713 
• 729 • 72 7 .. 722 0 719 • 7l? • 714 
• 729 • 726 ,. 7:....2 • 720 • 717 • 713 
• 729 • 726 • 723 • 720 • 716 • 713 

13 
0 707 
• 708 
.708 
• 709 
0 708 

14 Slope % 
1)697 .137 
.698 .120 
.697 .123 
.699 .112 
.698 .123 



RUN 32 
General Data Temperature 

Q (cfs) .. • .. " . 0 4.,2 k 
tD 0 • Q .. .. • 0.32 

G (lb/sec) . .. 0 .. 0.145 c/it 1/6 • 0 Q ,.11.3 
D 1 ft) o " • • ~ o. 73 n (ft) 0 . ., • • 0.022 
U (ft/sec) • • • • 1.57 Re x 10 -5 • • 1.21 t]! (ft/sec) • • 

- ~ .. • " 0.139 F " • ~ . 0 c 0 . " 0.323 s (%) 
•,) . 0 .. • • Q 0.,082 

1300 25Q2 
1415 2S. o 
1630 26.7 

Dune Characteristics 
1 N 

Profile along c 9 D 0 b o 0 0 0 ~ 1 .. 106 ~ = ~ n 1Q037 0 ~ 0 o o.66 c tD U o 38 
Profile 1 ft~ from c o o o g 0 Q lol24 ~ e • ~ 1,071 e 0 o e 0.,50 o 0 o D 53 
Profile 1 ft. from c ... a e a 0 1.099 0 ••• 1.044 •• 0 .. 0051 0 e 8 0 48 
Area near Sta. 73 ........ " 1~116 o "' , • 1.,024 .... o •••• 64 
Description of bed • • ~ • • o Dune Pattern 

Velocity and Concentration Profiles 
U/U-:;. 

D:l c y/D St a. 73 
y 

0,.0742 
0.159 
0,.258 
0.377 
o.52o 
0.695 
0.919 
1.209 
19600 
2.140 
3.030 
4.550 
7·.920 
21. 70 

----··---::-::--:::-----------0"022 0.,931 13\)3 
o~o25 o.863 13 ,6 
0~029 0~ 795 13&2 
0.029 0.726 13 0 3 
0*036 0.658 12~9 
0.,039 0,.590 12~ 7 
0.048 0.,521 12.8 
00054 0.453 12 ~ 2 
0.,050 0~385 11.,4 
0.059 0.318 10.8 
0,.061 0"2L~8 9. 85 
0~086 0.180 9.06 
o.o85 0.112 7.35 
0.099 0.044 3.52 ---------------- . 

Slope of Water Surface 

?iezometer Readings L~ ft. 
June 23, 1954 

Time 2 3 4 5 6 7 8 9 10 ll 12 13 Slope % 
111!5 1.114 1.,112 1.,110 1.,107 1.105 10103 1.,100 1.,097 1.096 1.094 1~092 1.091 .088 
1300 1.11.3 1~112 1.110 1.106 1"'104 1 .. 103 1 0 100 1.099 1 0 096 1.095 1.093 1.091 .080 
1410 1.114 19 112 1,.111 1.108 1.104 10 104 1.103 1.101 1.098 1~097 1.095 1.091 ,.078 
1530 1.116 10 115 10 111 1?109 1?108 1.,105 1 8 104 1~101 1~099 1.099 1,.097 1,.093 .081 
1625 1.115 1.115 1.112 1.,108 1.,107 1.,106 1,.103 1,.103 1 .. 100 1~098 1.097 1.092 .081 



RUN. 33 
General Data Temperature 

-------
Q (cfs) ., • • . • 0 7, 2 k • 0.3.5 
G (j.b/sec) c!fi . 0 0 . " • . , 

~ 0 .) 0.2.52 
1/6 . . .11., .5 

D (i't) ., • 1.03 n (ft) 0.023 "' 0 • . ., • • 0 um (ft/sec) .. " :, .. 1.63 Re X 10 -.5 • . • ~ 0 1080 
u* (ft/sec) . • . 0 0.142 F 0. 283 s (%) 0~061 

. 0 . • 0 . • 
~ 0 . 0 . 0 • 

Time Te-;p. °C 

- Jl s 26.1 J. + 
1520 26 • .5 
1650 27.0 

Dune Cr~racteristics 

L N 

Profile along c 9 ~ •• ~ " ., :-:·--:-T.:"ill -;-:-; • 1Go46:-:-:-:o.s9 .. " Q -:-·42 
Profile 1ft. from c ...• 9 1 .118 ., ., • " 1 .. 063 .. ~ ~ ., o.S9 o " ... 4.5 
Profile 1 ft$ f:::-om C ~ ., • o • o ,, l~ 102 " ., • c 1. 04 7 o ., ., a O • .58 • " , " 46 
Area near Sta., 73 • • • • • o . o • , l,l3J • • • o 1. 043 • ~ • • ., • • •· 64 
Description of bed ••• ~ Dunes with possible sandbars. · ---

Velocity and Concentrati on Profiles 

P.-Y c y/D Stac 73 
y _ _.. _____ ---

0.0.51.5 0 , 951 14"1 
0.106 oe 0261 0.904 14. 1 
0~241 Oe0332 0 ., 806 13.9 
0.411 00 0411 0 ,, 709 13 .. 4 
0.636 0~ 04.57 0 ~ 611 12~8 
0.942 0, 0.519 0 • .51.5 12 ., 2 
1.400 0 "0.579 0. 417 lL. 7 
1. 710 0 .,0609 0 .. 369 11~3 
2.130 0.0668 0 .. 320 11~2 
2.680 0.080~ 0 .,2 72 10.8 
3.490 0,08'17 0 .,223 10~2 
4~ ?10 0. 1040 0.17.5 9.1.5 
6.930 0~ 1090 0.126 8 .. 38 

11. 900 0~1120 0 . 0776 8.03 
0.0291 7.31 

Slope of Wate r Surface 

Piezometer Readi ngs in f ·::.. 
Ju:1e 24!t 1954 

Time 2 3 4 .5 6 7 . 8 9 10 11 12 13 Slope% 
1310 1,43J 1Q432 1.,426 1.,423 1 . 427 lc427 1.,42.5 1 ., 423 1 0 418 1 0 423 1.420 1~412 0 0~8 
134.5 1.}434 1.,434 l..,428 1.,426 1.,4Z5 l c4~8 1 0 42.5 1 ., 424 10 422 1,. 419 1 '"421 1 0 416 0 060 
1.51.5 1 ~>43.5 1 0 433 1 0 4:•2 : .. 4Jl 1 . 4;:8 1 ., 424 1 ,.42 7 1 cJ.+24 1 0 422 1 ,425 1 <419 1 ~420 ~Oo:; 
16:!.0 1a 438 1.,435 le4.34 1 432 1.,428 l e4JO 1"426 l o:; 426 1,.. 425 1 ,.423 1 , 424 1 ,421 ~0530 
1640 1.444 1.,440 1)436 1 0 437 1~432 1~433 1,.430 1.427 1 429 1 0 428 1~ 424 1 »421 .068 
16.5.5 1 .. 442 1~439 1.435 la435 1 0 432 1e430 1.428 1.426 1.429 1.428 1 .. 424 1~420 .065 



RUN 34 

General Data Temperature 

Q (cfs) 0 ;) • • 0 () 8,8.5 k . ~ ,-::. a • . • • • o Ooh7 
G (~.b/sec) • ~ . 0 0. 184 C/.;g . 0 ~ • 9c 75 
D (ft) .. · •• .. 1.38 n (ft) l/~ • ' • 0 0.,028 
11m (ft/sec) . 0 . . 1,, 66 Re X 10 _, 

It . .. . 2.40 
U-h- (ft/sec) ~ • 9 • 0, 170 F . . . • . • • • 0.249 

Time Temp.°C 
13CO 25.1 
1410 2.5J3 
,.J..~oo ,.,5 r-

/ L o:J 
1600 2.5.6 
16L5 25.6 

s (%) . 0 ~ ~ .. . ' 0.065 
------

Dune Characterist!cs 

Ep Et L N 
----------------·----------·----Profile along C ••• ~ . .. ,. 9 " .) 1.084 • ., • • J. .• Ol4 .• ,, • - 0.67 • " ~ • 41 
Profile 1ft, f=om C • • • • ., • l c091. " • 0 1,033 ~ • o , 0.59 0 • •• 47 
Pro .file 1 ft J from C • • • .. .. • , 1. 090 o •. • • 1. 028 0 o , ~ 0 • .52 o o • ~ 53 
Arou ncar Sta. 73 • •• • o •• ~ 1~106 ..... l<Ol5 ~ ... ~ • 96 
Description of bed • • Dunes -·----·-------....-

Velocity and Concentration Profiles 
U/U-lt U/U7~o 

Q:r c y/D Sta. 73 Sta. 73 
y 

·a:-o?87 0:0::.45 
0.110 o.ol63 
0.278 O,,Cll85 
o.4o8 o.o2o·;_ 
0.567 0.0215 
o. 710 0.0244 
1.030 0., 0269 
1*380 0 <> 0291 
1.600 0 .. 0289 
1.870 0"0317 
2.200 0.0332 
2. 620 0,.03'(6 
3.180 0.,0401 
3.9.30 0.,0432 
4.990 0 .. 0418 
6. 700 0()0621 
9. 650 0.0742 

0.927 
0~855 
0, 783 
0.,710 
0.638 
0.,.565 
0.493 
0.420 
0.384 
0.348 
C.312 
0.276 
0.239 
0.203 
0.167 
0.130 
0~094 

10. 'j' 
10.8 
10.6 
10.5 
10.5 
10.4 
10.2 
9,88 
9.70 
9.81 
9.53 
9.41 
8.81 
8.11 
7.41 
7.17 
7.17 

Slope of ~ater Surface 

Piezometer Readings in ft. 

10.9:: 
11.,0 
10.8 
10.8 
10.,6 
10.52 
10 .. 3 
10.0 

9 • .54 
9.54 
8. 77 
8. 47 
8,53 
8.01 
7.24 

June 27 9 19.54 
Time 2 3 L. 5 6 7 8 9 10 1~- 12 13 Slone % 
~300 1. 729 1.728 1~726 1.72.5 10 723 1. 722 1.721 1 7l9 1G717 1. 716 10 7l2 1~708 .070 
l4oo 1~730 1.730 1. 729 1~~27 1~726 1~726 1~722 1, 120 19718 1G7i8 1. 713 1. 707 .c6o 
14JO 1 726 1,. 126 1 724 L 724 1., 'j20 1. 721 1. 719 1., 716 1~ 714 1. 713 1. 7:::.2 1., 706 • 068 
15J5 1. 727 1., '{27 1 ~ 726 1., '!'25 1~ 'j'23 1., '(?l 1,, 721 1., 720 10 716 10 718 10 713 1 ;, 710 • 065 
1630 1. 739 1" 740 1. 737 1 0 '(38 1,. 734 l.o 736 10 732 1,, 733 10 728 1. 7'29 10 725 1., 722 ~061 



RUN 35 
General Data Temperature 

Q (cfs) ••• , ... 7,2 
G (lb/sec) o •• ~ 1. 113 
D (ft) o ~ ~ 0 0 ~ 0 0.56 
urn (ft/sec) • 0 0 • 3.34 
u* (ft/sc<:.,;) • • 0.170 
s (%) • ? • " 0.1 0 

k 
ot. tt • • a 

~~f~t) l/~ 
Re X 10 -:;> 

F • o o o 

C! 0 0 11 0~ 32 
... .. 19. 7 
0 <> • (I o. 012 
• 0 •• 1.97 
.. . • • o. 786 

Dune Characteristics 

Description of bed • • • • • • • Smooth bed 

Time 

0825 
1000 
1055 
1215 

Velocity and Concentration Profiles 
uju* uju* 

D-y c y/D Sta~73 Sta, 73 
y --- ------- - .. . _...,._.. __ 

0.099 0.,027 0691 22.4 
00218 0,039 0, 82 22.3 22.4 
0.368 0._ 050 OoD 22.,1 21.8 
0.558 Oe-063 Oa64 21.,4 21,6 
0.809 0,.081 0"55 20 .. 9 210 1 
1.160 0"089 0~464 20.5 20 .. 6 
1. 670 0, 108 0 ~ 375 19.7 19.8 
2.030 0,118 0.330 19.4 19e4 
2,500 0._131 0.286 19 .. 1 18.9 
3.150 0.150 0.241 10. 1 18 7 
4.100 0,172 0.196 17.8 18.1 
5 • .580 0.235 0,152 17.1 17.0 
8.340 0,.31.!) 0~107 16. 3 16.,5 

15,000 o. 721 0.063 15 . 3 15.1 
54.500 2.570 0.018 13 .0 13.0 

~-·---

Slope of Water Surface 

Piezometer Readings in ft. 

Temp.°C 

25~5 
?5 5 
25~6 
26.0 

Jme 29, 19 54 
Time 2 3 4 5 6 7 8 9 ~0 ll 12 13 14 Slope % 
0815 .950 .942 o93J . 926 .922 .917 .914 n908 ~908 o903 . 89 7 o892 . 885 ~ 168 
0930 .946 0 939 , 9.31 ~ 926 .920 .,915 .913 ,9J..O q907 .904 .896 . 893 .,886 .150 
1.010 .950 ., 9)9 .935 .927 0 921 ll> 917 o9J5 .910 .. 907 C'905 .900 . 894 . .. 886 .150 
J.055 .957 .,947 .940 o931 ~926 o92J. .9~.6 ., 91]. ,909 0 904 .899 .893 .882 c, l 80 
1150 .947 .940 ,933 .. 927 ~922 -917 .9:5 .,9'!.0 .. 908 ,905 .. 900 . 895 . 887 .150 
1210 . 947 .938 .932 .927 ~921 ~9l6 c9l5 ~910 . 907 c905 .899 .892 . 813 .157 



__ , _________ _ 
Q ( cfs) • , • • • 7. 6 
G (lb/sec) •••• 1., 790 
n (ft ) • D •••• o.53 
Urn (ft/sec) ~ ••• 3.78 
u* (ft/sec) •••• 0.189 
s (%) •• 0 •••• 0. 21 

RUN 36 

~I lifg. • • • ~ o • • ~ 0. 30 
n' (ft) 1/6 • • • o20o 0 • . . • o. 012 
Re x 10 -5 •••• 2.12 
F • o o e e g o o • 0,915 

Dune Characteristics 

Description of bed • • • • • • • • • Smooth bed 

Velocity and Concentration Pro~iles 
u;u* p-y c y/D Stao 73 

y 
--~----~ 

0.105 000258 0.905 22 0 5 
0.,235 0,0588 0.810 22.8 
0. 399 Oo0584 0, 715 2202 
00613 0.0764 0.620 21 .. 7 
0~905 0 0974 o.525 2102 
1~321. 0-1220 0. 431 20$4 
1.612 0~14LO 0 .. 383 19o9 
1.975 0,1890 0.336 19_,6 
2.470 0 .. 1930 0.288 19.0 
3.150 0.2660 0.241 1805 
4. 180 0.3600 0.193 18 .0 
5.850 0.5020 0~146 17.3 
9.160 0,8560 0.0986 15. 8 

18.500 2.1180 0.0512 1L. .2 
0.,038 10. ·r 

Slope of Water Surface 

Piezomete r Readings in ft ~ 

Time 

0820 
1320 

25.2 
27.0 

---

July 1, 1954 
Time 1 2 3 4 5 6 7 8 9 10 11 12 13 14 Slope % 
0820 .937 . 915 c900 e893 .883 . 875 .871 ~867 0 863 .854 e848 .843 .837 .827 .230 
J.OlO .930 o910 .898 ~891 o880 ~874 .870 ~ 866 .860 o857 0 851 ,844 0 836 ~827 .210 
11~0 .928 .908 )898 .. 890 .878 . 874 .870 .866 857 ~856 .850 08~3 . 833 .823 .248 
1200 .926 o908 .897 . 889 .877 ,.873 .,869 .866 0 856 0 856 . 851 .845 0 835 . 826 . 200 
1320 .904 c894 .887 .876 0 871 .866 0 863 0 856 .854 .. 848 .843 0 834 .823 .203 
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