
l=OL.te 
TAl 
Cb c.ee-:sg --z. 
upZ- FLUME STUDIES USING 

MEDIUM SAND (0.45 mm) 

Geological Survey 
Water-Supply Paper 1498 -A £ 

F. -r-.-
er: 

< -· 

l~ 

Simons, Richardson, and Albertson 

CER58DBS2 



Flume Studies Using 
Medium Sand 
(0.45 mm) 
By D. B. SIMONS, E. V. RICHARDSON and 1\1. L. ALB ERTSON 

STUDIES OF FLOW IN ALLUVIAL CHAN ELS 

GEOLOGICAL SURVEY WATER-SUPPLY PAPER 1-!98-A 

A comprehensive study of 
fluvial hydraulics 

UNITED STATES GOVERNMENT PRI ' TING OFFICE, WASHINGTON 19 6 1 



UNITED STATES DEPARTM ENT OF THE INTERIOR 

STEWART L. UDALL, Secretary 

GEOLOGICAL SURVEY 

Thomas B. Nolan, Director 

✓ 

For sale by the Superintenden t of Docume nts, U .S . Government Printing Office 
Washington 25, D.C. ~ 



CONTENTS 

Page 
Symbols and dimensions _____ _________ ·___________ _________ __________ VI 

Glossary of terms__ _______________________________________ _________ vn 
Abstract ___ ___________ __ ___ _ ~--- ---------- - - - ---- -- - - --- ----- ---- - A- 1 
Introduction ___________ _________ _______ ___________________________ . 1 

History ______ ___________ ______ _____ _______ ___ __ 2____ ____ _____ 2 
Importance of roughness in alluvial channels_____ ____ ____ ___ ____ __ 5 
Research program ____ _____ _______________________ ___________ __ 6 

Theory of resistance to flow in alluvial channels __ ____ ________ ___ ______ 7 
Dependent and independent variables_________ ___________________ 7 
The Pi-theorem__ ____________ __ ____ __ ___ ___ ____________ __ __ __ _ 10 
Summary of theory _________________ ___ _________ _____ __ _____ ·___ 19 

Experimental equipment and procedure ___________ ___________ _ --·~___ _ 20 
The flume _________________________ __ _________________ __ ____ __ · 20 
Alluvial bed material_ ________ _______________ __ _____ ___ _________ 21 
General procedure________ ___ ___ ___ __ _______ ____________ __ ____ _ 22 
Data obtained _________ ____________ ________ _____ ·__ ____________ 23 

Water-surface slope_______ ___ ___ _____ ____ ______ ______ ____ __ 23 
Discharge_______ ______ ________ ________ ___ ________ __ ____ __ 24 
Water temperature ____ __ ____ __ ______ ___ ____ ~ __ __ ____ __ ~- __ 24 
Depth_ __ __________ ________________ _____ _____ _____________ 25 
Mean velocity____ __________ __ _____ __ ______ ___ _____ ________ 25 
Velocity profiles ___________ __ ___ _____ ______ _______ ___ ___ :. _ _ 26 
Bed materiaL _ ___ __ _ _ _ _ ___ __ ___ ___ _ __ ___ _ ___ _ ___ _ __ _ ___ __ _ 26 
Total sediment load ____ ___ ·.., ___ __ ______ _________ __ __ __ ______ 26 
Suspended sediment samples:_ ____ ________ ___ ___ ______ ______ 27 
Bed configuration _____ ____ __ . _____ ____ ________ -:-___ ___ _____ _ 27 

Presentation of data __ ____________ ~----- - --------------- -- ------ ---- 28 
Water-surface slope ______ __ __ __ _____ ___ ____ ______ ______ ___ _____ 28 
D~charge--------- - - --- -- - -- - --- - --~ -- - --------------- - - - --- - 28 
Depth of flow ___ ___________ _____ ___ _ '.. _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 32 
Kinematic viscosity __ _____ _______ __ _______ , _______ ___ _____ _____ ._ 32 
Mean velocity _________ __ __ ________ ________ __ --~•-- -__ ____ ______ 32 
Velocity profiles ___________ ____________ ____ __ ___ _______ ___ ~ _ _ _ _ - 3 3 
Bed material_ ____ _____ ____________________ ______ __ ·- ____ _______ ·. 34 
Total sediment load ____ _____ ____ c___ _____________ ___ ___ ______ __ 35 
Suspended sediment ____________ ____ ___ ____ _______ :;' __ ·_-~--__ ___ . 35 
Bed configuration__________________ ______________ ______________ 36 

III 



IV CONTEN'l.'S 

Observed fl ow phenomena __ ____________________________________ ___ _ 
Page 

A- 36 
39 
39 
41 
42 
47 
49 
49 
50 
52 
58 
59 
60 
61 
62 
68 
73 
75 

Bed forms in the tranqu il-flow regime __ ______ ______ ____ ___ __ ____ _ 
P lane l>ed without move ment_ ________________ __ ___________ _ 

Ripples------ - - -- -- ----- -- --- ---- -- - --- ----~- - ----"---- - --Dunes ________ _________ __ ___ ____ ______ _____ _____ ________ _ _ 
Transition fr om dun es to rapid-flow form s ___________________ _ 

Bed form s in the rapid-flow reg ime __________ __________ ____ _____ _ 
Plane bed with mo ,·ement_ _____ ___ _____ ____ ___ __ _____ _____ _ 
Standing waves ________ __ ______ __ ________ _________ ___ ___ _ _ 
Antidunes ___ __ __ ___ ______ __ _____ ______ ___ _____ ______ ____ _ 

An alysis of data ___ ______ ____ ____ _______ . _________ __ ___ ___ _____ ~ __ _ 
Variation of velocity with depth _______ __ ______ _________________ _ 
Variation of total sediment load concentration and l\1 anning n ____ _ _ 
Variation of tractive forc e and total sediment load __ _____ _____ __ __ _ 
R esistance to flow rela tions __ _______ __ ________ _________ . _______ _ 
Forms of bed roughness relat ed to s ize of bed material __ __________ _ 

Conclus ions _____ ______ ____ ____ _____________________ __ _____ _______ _ 
Literature cited_ . _____ . ____ ___ ___ ______________ _______ ____________ _ 

I LLUSTRATIONS 

Page 
FI GURE 1. Schematic diagram of the fl ume__ ____ ______ ____ __ ___ _____ A- 21 

2. Size distribution curve of the bed materia l_ ________________ 22 
3. Typical water-surface profiles __ . __________ · _____ _____ ~-___ 29 
4. T ypical vertical velocity distribution curves at different sta-

tions across the flume _____________ ____ _______ ___ __ -: ___ 33 
5. M a jor forms of bed roughness __ ___________ ,_____ ____ _____ 37 
6. View of bed with no seqiment movement (run 1-l )_________ __ 39 
7. View upstream of ripple configuration (run 9)__ __ _______ ___ 41 
8. View upstream of dune configuration (run 23) __ _ _ _ _ _ _ _ _ _ _ _ _ 42 
9. Flow over dune configuration sim ilar to that '.shown in fi g ure 

10_______ ______ _______ ___ _________________ ____ ______ 43 
10. View upstream of dune configuration (run 2-!)____________ __ -1-t 
11. T hree-dimensional flow over (he sand bar configuration of 

figure 12 (run 35l-- - - - -----~------ --------- - -- --- - ---- 48 
12. View upstream of sand bar configuratio n (run 35) _ _ _ _ _ _ _ _ _ _ 49 
13. View upst r eam of a plane bed during ra pid flow (run 26) _ _ _ 50 
14. · View downstream of standing wave dur ing rapid flow (run 3!J) _ 5 l 
15. View upst ream of cross-laced configurat ion (ru1127) _______ __ · 51 
16. ·water s urface before the antidune wave starts .to build up 

~un 42) ---------------------------- ---~ - - ---- ------ · 52 
17. View across the flo\\· at an antidune "·a ve that is forming ____ 53 
18. View upstrea m of an antidune w&\·e at the poi nt of breaking ._ 5:3 
19. Ant,idune wave a fter breaking (run -12) _______________ _____ 5-l 
20. View of bed configurat ion after antidune flow _________ _____ 5-! 
2 1. Profi les of the actual water s urfaces and bed co nfig uratio11s 

(runs 44 and 41) ___________ ______ ___ _______________ ___ 56 
22. Variatio n of velocity V with depth D___ ___ _____ __ ___ ___ __ 59 
23. Vari a tion of shear ro and concentration of total load Cr -___ _ 62 
24. Variation .of Vr0/ V*(C.-y ,)d with Y*d/•- -------~ --- --- - - --- 63 



CONTENTS V 

Page 
FIGURE 25. Variation of (Y*d/v) + 5 \\"i th VT0/l "*(6 -y,) dand Fr _________ A- 6-l 

26. Variation of V*d/v + 5 \\"ith [l'T0/ l"*(6-y,)d]0-m / ( l "/-\1gD}18___ _ 66 
27. Variat ion of l"µ/-y D2/ (V/-.fij5) 31• \\"ith [(Sd/o)3/' / (l'*Dfv) F'"- -- 67 
28. Criteria for bed roughness in allu,·ial channe ls ___ ______ _ . __ . 69 

TABLES 

Page 
TAIH,E J. Summary of data ...• __ . ____ __ . __ • __ .. _._._ . _._ .... _. . . .. A-30 

2. Values for predic ting bed form __ ___ . _. __ . __ __ : . . ___ .. ___ .. _ · 70 

/ 

/ 



A 
B 
C 

~ 
CD 
CT 
c .. 
d 
d, 
D 

Fr 
g 

G 
h 
K 
L 

n 

n1 
p 

Q 
r 
R 
Re 
sf. 

sf P 
sf, 

s 

Symbols and Dimensions 
Dime-n&ion.! 

Area of flow cross section_____________________ L2 
Width of the flume _________ _________________ L 

Chezy coefficient of discha rge in dimensionless 0 
form which is equivalent to V/V*. _ ---

Drag coefficient for the p article ______ --~.:-=--___ 0 
Concentration of total load _____________ --~____ ppm 
Concentration of fine  ma t erial_ _______________ _ 

Median fa.II diameter of bed  ma terial_ _________ _ 

Median fall diameter of total sediment load ____ _ 
Average depth of flow ___________ · ____________ _ 

Froude number (VhlgD)_ _________________ ___ _ 
Acceleration of gravity ______________________ _ 
Tota l load being transp orted _________________ _ 
Average height of bed  roughness ______________ _ 
Any constant ______________________________ _ 

Ave rage distance between features  of  bed rough-
ness. 
Manning coefficient of roughness _____________ _ 

Manning coefficient of  bed roughness (Eins tein)_ 
Wetted perimeter_ __________________________ _ 

Discharge  of water-sediment m ixture __ ________ _ 
R elative coefficient of correlation _____________ _ 
Hydraulic radius (A/ P) _____________________ _ 
R eynolds number V D/v _____________________ _ 

Shape factor of the chan nel  cross section _ _____ _ 
Shape factor of the sediment·particle __________ _ 

Shape factor for the reach of the stream, sinuosity-
Slope of energy gradient equ~l to wat er surface 
slope in steady, uniform flow. 
Time ______________________________________ _ 

Temperature _____________________ " _________ _ 

Average  velocity based on continuity principal__ 
Average velocity based on velocity profiles _____ _ 

Shear velocity which is ✓  ..f;;Ti, __________ __ ., 
F all velocity of sediment particles ____________ _ 
Specific weight of water_ ____________________ _ 

Specific weight of sediment __________________ _ 

Difference bet ween  specific weights of air and 
water. 

,PPm 
L 
L 
L 

0 
L/T2 

F/T 
L 
0 
L 

v is 

L . 
. L3/ T 

0 
L 
0 
0 
0 
0 
0 

T 
ci 
L/ T 
L/ T 

L/T 
L/T 
F/L3 

F / L3 

P/I.3 

.0.-y; Difference between  specific  weights of sediment F/ L3 

and water. 
4' Thickness of laminar sublayer ________________ _ L 
., Kinematic viscosity _______________________ : __ L2/ T 
p Dynamic viscosity _______________ -_____ -____ - Ft/L2 

VI 

ft2 
ft 

ft 
ft 
ft 

Unit, 

ft/sec2 

lbs/sec 
ft 

ft 

ftl/S 

ftJ/S 

ft 
ft3/aec 
, 

ft 

sec 
oc 
ft/sec 
ft/sec 

ft/sec 
ft/sec 
lbs/ft3 
lbs/ft3 

lbs/ft3 

lbs/ft3 

ft 
ft2/sec 

-

lb-see/ ft2 



CONTENTS VII 

Dimemion3 Unil8 
p Density of water ___ __ _____ _________ ___ _____ _ Ft2/ll Slug/ft3 

p, Density of sediment_ ____________ ___ ________ _ Ft2/Lt Slug/ft3 
ti.p, Difference between density of se<liment and Ft2/L• Slug/ft3 

water. 
<T R elative stand ard deviation of the size distribu- 0 

tion of the sediment. 
ro Tractive or shear force developed on the bed, F/L2 lbs/ft2 

-rDS. 
r • Cri tical tractive force associated with beginning F: L2 lbs/ft2 

of bed movement. 

GLOSSARY OF TERMS 
Alluvial channel: A channel whose bed is composed of appreciable quantities 

of the sediments transported by the flow at a given discharge or greater . 
A ntidunes: Symmetrical sand and water-surface waves which are in phase, 

and which move upstream. The surface wa ves build up with time, becoming 
gradu(llly steeper on their ups tream sides until they break like surf and disappear . 
These waves usually develop, break, and reform in groups of two or more. 

Bed material: The material of which a stream bed is composed. 
Dune: A sand wave of approximately triangular cross section in a vertical 

plane in the direction of flow with gentle ups tream slope and steep down stream 
slope. It travels downstream as a result of the move ment of the sediment up 
the upstream slope and the deposition of pa rt of this materia l on the downstream 
slope. 

Equal transit rate (ETR): A method of sampling suspended sediment to obtain 
the mean concentratio n of the water-sediment mixture in the flume. By this 
method the depth integrating sampler (DH- 48) is traversed through equally 
spaced verticals at an equal transit rate for each vertical. 

Fall diameter: The diameter of a sphere that has a specific gravity of 2.65 and 
also has the same terminal uniform settling velocity as th e particle (any spec ific 
gravity) when each is a llowed to set tle a lone in quiescent distilled water of infinite 
extent and at a t emperature of 24°C. : 

Median diameter: The midpoint in the size dis tribution; of a sediment such 
that one-half of the weight of the material is composed or' particles larger than 
the median diameter and the other one-half is composed of pa rticles s malle r 
than the median diameter . 

Plane bed: A bed without elevations or depressions larger than the maximum 
size of the bed material. 

Ripple: Small ridges and (or) crests, and troughs similar to dunes in shape, 
but smaller in magnitude, which ha ve rather small width normal to the direction 
of flow. 

Sand wave: A ridge (such as ripples, dunes, or symmetrical undulations) on 
the bed of an alluvial channel formed by the movement of ·t11c bed materia l. 

Sediment: Fragmental material that originates from weathering of rocks an d is 
transported by, suspended in, or deposited by water. 

Sediment concentration: The ratio of dry weight of sed iment to total weight of 
the water-sediment mixture, usually expressed in parts per m'u!ion (ppm). 

Standing waves: Symmetrical sand waves and water waves that are in phase 
and that gradually build up and just as gradually die down. Waves of this type 
are stationary, or essentia lly so, and usually develop in series and often reform, 
somewhat periodica lly, after disappearing. 
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S u8pended load: The sediment moving in suspension in a fluid as a result of 
turbulent currents and (or) by colloidal suspension. 

Total load: The total amoun t of sediment that is transported by water in a 
given length of t ime. 

Fine material: T ha t pa rt of the total load composed of. sizes not found in 
appreciable quantities in the bed materia l- normally th e silt and clay sizes 
(d<0.062 mm). 
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STUDIES OF FLOW IN ALLUVIAL CHAN NELS 

FLUME STUDIES USING MEDIUM SAND (0.45 mm) 

By D. B. SrMONS, E. V. RrcHARn sox, and M. L. ALBERTSON 

ABSTRACT 

The results pertaining to the progress du ring the first year of a comprehensive 
study of fluvial hydraulics, specifically roughness in alluvial channels, are pre-
sented. 

The report is based on the data collected by using a recirculating rectangular 
flum e of adjustable slope, 8 feet wide, 2 feet deep, and 150 feet long with an 
alluvial bed of sand approximately 0. 7 foot deep. A typical ri ver sand has been 
utilized. Its median diameter, d, is _0.45 mm and its relative standard deviation, 
er, is 1.60. 

A total of 45 runs have been completed over a range of bed roughness forms 
extending from the plane bed with no movemeut to antidunes. In order to achieve 
this range, the discharge was varied from 2 to 21 cubic feet per second, the average 
velocity was varied from 0.5 to 7 feet per second, the average depth of flow was 
varied from 0.3 to 1.0 foot, and the slope of water surface was varied from 0.00014 
to 0.01. Other variables measured included: water temperature, bed (oughness, 
suspended sediment load, and total sediment load. ~ 

Terms describing channel roughness were formulated and tested based on the 
data collected. The resul ts indicate, as one possibility, that the Chezy coefficient 
of discharge in dimensio nless form C/-,/g is a functio n of parameters involving the 
Froude number, viscosity of fluid, fall velocity, specific weight of the sediment, 
median di ameter of the sediment parti~les and slope of the ,water surface. The 
various expressions presented were form ulated on the fun cfamcntal concepts of 
fluid mechanics, dimensional analysis, and a detailed study of the variations of 
the variables measured. 

In the two regimes of flow the following forms of bed roughness were observed. 
For tranquil flow regime : plane bed without movement, ripples, dunes and 

transition from dunes to rapid flow forms. 
For rapid flow regime: plane bed with moveme nt, standing sand waves, and 

antidunes. 
These for ms of bed roughness are discussed and defined in various relationships. 
Other data of both a laboratory and a field nature were combined ,vith the flum e 

data to develop a graphical relationship in which the form of bed roughness is 
related to size of bed material. 

INTRODUCTION 

The problem of defining roughness in alluvial clrnnnels dates back 
several centuries . A satisfactory solution of this problem has thus far 
eluded man. The principal reasons that only limi ted answers, which 

· in some cases are of questionable value, have been developed arc the 
A-1 
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A- 2 STUDIES OF FLOW IN ALLUVIAL CHANNELS 

broad scope of the problem and the multitude of variables influencing 
resistance to flow in alluvial channels. Alluvial channels arc more 
complex than rigid channels because the form of the bed is a fun ction 
of the flow and the bed material. That is, not only do the roughness 
elements resist the flow but they in turn are form ed by the flow. In 
the experim ents discussed in this report, the form of the bed was 
changed from plane to ripples, to dunes, and to antidunes by altering 
flow conditions. The resistance to the flow for each bed form is quite 
different. Thus far, most scientists working in this field have been 
limited by time, faciliti es, lack of instruments and fund. As a r esul t 
only small parts of th e complex problem have bee,n thoroughly investi-
gated. However, sufficient isolated groups of data have been collected 
and are being collected so tha t ul timately it should be possible to 
combine ideas and data r esulting from these separate efforts to de-
termine a general solution superior to any obtained thus far. 

HISTORY 

It is impossible to give proper credit to all who have made contribu-
tions of value in the field of fluvial hydraulics. Consequently, only a 
few of the more recent investigators whose work relates directly to 
resistance to flow in open channels will be cited. 

One of the most thorough and complete groups of flume data ever 
collected resulted from a study by Gilbert (1914) which was sponsored 
by the U.S. Geological Survey and the University of Calif~rnia . H e 
investigated the natural laws controlling the movement of ma terial 
found on the beds of streams. The bed materials that he used con-
sisted of sands and gravels obtained from typical California river 
beds. In all, more than one thousand tests were completed. These 
data have proved to be very ' valuable to the :many investigators 
interested in flow in open channels. · 

Shields (1936) presented an analysis of the formation of roughness 
in stream beds. He proposed tha t the major parameters controlling 

· bed undula tions are r0/t::.pd and V*d/v = 11.6 d/o' 
in which 

r0 =critical drag force per unit area 
.1p=submerged density of the particles 

d=median diameter of the particles ,,, 
o' =thickness of the laminar sublayer 

V* = shear velocity 
v=kinematic viscosity 

His param eters have been rather widely use<l" in the analysis of prob-
lems involving drag and trnnsportation of sediment. 

The fundamental analyses that Einstein applied to sediment 
transportation (1950), to hydrodynamic forces on u rough wall 
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(Ein~tcin and El-Sayed Ahamd El-Sammi, 1949), and to river channel 
roughness (Einstein and Barbarossa, 1951) have plnyed an important 
role in stimulating interest and in providing a bet ter understan ding 
of the complexity of the laws of fluvial hydraulics nnd hydrodynamics. 

Kalinske and Hsia (1945) presented the results of a study of the 
transportation of fine material hy flowing water that is of importance 
because of the extremely small size of material used (d=0.011 mm). 
These data provide valuable information on how very fine material 
influences alluvial channel flow phenomenon . 

The importance of fluvial morphology in the study of open channels 
was clearly defined by Lane (1955). An adequate und erstanding of 
this science is necessary to the understanding of stream forms and 
their behavior. 

The hydraulic geometry of stream channels, as presented by Leopold 
and Maddock (1953), has contributed to a better understanding of 
the behavior of streams and rivers and verifies the existence of general 
laws that describe channel geometry. These laws are of the form 
developed for canals by Lindley, Lacey, Blench and other~ in India 
(Blench, 1957). That is, the wetted perimeter P, the hydraulic 
radius R, and the velocity V arc all functions of the discharge Q. 

Barton and Lin (1955) reported the results of a flume study done 
at Colorado State University, which was sponsored by the U.S. Army 
Corps of Engineers. The data presented therein were collected using 
a flume 80 feet long and 4 feet wide. The data, the collection pro-
cedures, and the analysis of the data are worthy of attention. 

A study of roughness in alluvial channels by Ali and Albertson 
(1956) provides a qualitative expression defining roughness of the form 

I_ 

C ·[ RJ ..fg=<I> Re, d 

and relating these variables to the tran~ition function 

C R [ M"n Re ] - - 2 log - =</> -v32 --../g d R_Q 
d ..fg -

C=Chezy coefficient 
Re=Reynolds number 
R=hydraulic radius 
d=median diameter of bed material 

Their work indicates that: 

✓ -

1. The laminar sublayer and Reynolds number are intimately related 
to the formation of ripples, dunes, and sand waves; 
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2. An increase in size of bed material decreases the influence of the 
laminar sublayer; 

3. The normal sequence of the form s of bed roughness with increasing 
velocity is: no rnovemen t, ripples, dunes, sand wu. ves, plane bed, 
and antidunes ; 

4. Other variables being held constant, the magnitude of bed rough-
ness increases with a decrease in size of bed material within the 

· non cohesive size range. 
The effect of introducing fin e material, clay size, on transportation 

of bed load was investiga ted in a turbulence ta nk by Makarechian. 1 

He found that adding fin es and holding the e11ergy inpu·t constant 
does not dampen the turbulence appreciably, decreases the fall velocity 
of the sediment in trnnsport; and increases the concentration at all 
points in the turbulent fluid. 

Fine material may play an important role in channel stability, 
channel roughness , and sediment tran sport, since it causes an in crease 
in viscosity and an incrense in fluid density. 

The nnalysis of sediment transportation by Bagnold (1956) is of 
importance to the study of roughness in alluvial channels, for, his 
concepts nnd equations provide a foundation from which predictio ns 
can . be made regarding th e influence of size and gradation of sedi-
ment on flow phenom enon. As the size of sediment is redu ced, a 
size is r eached where no add ition,ll energy inpu t is required to trans-
port additional quantities of this size and smaller. In fact; Bagnold's 
equations imply that the addition of very fin e material may in effect 
impart energy to the flowing flu id . This concept is consistent with 
the results of the research in the, turbulence tank done by :\fakitrechian. 
It also compliments th e curren~ concepts proposed by many individ-
uals working in the field of fluvial hydraulics conc_erning the influ ence 
of fine m a terial on the behavior of fluvial streams. 

A study of the theory of stable channels was completed by Simons 
and Albertson (1960). The field data presen ted therein should pro-
vide a valu able means of tes ting th e results of laboratory studies of 
roughness in alluvial channels. 

Liu (Hr57) presented a paper that explains accurately and in detail 
the mechanics of ripple formation. He conclucles · that ripples · result 
prim nrily from the instability of the zone of large velocity grad ient 
at the surface of t.he alluvial bed. He has formulated an experi-
mental criterion that pred icts the formation of ripples. That is, 

1 Makarcchian, A. H., 1956, Effect of wash load on s11spension of bed load: M.S. thesis, Colorado State 
University, Fort Collins, Co lo. 
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the beginning of ripples is given by plo tting cxpcrim enta,l da ta in 
accordance with the fun ctional rela tion. 

where V* = shear velocity 
w = fall velocity 
v = kinematic viscosity 
d = median diameter of bed material 

The results of using these same parameters to defin e other regimes 
of bed roughn ess were presented by Albertson , Simons, and Rich ardson 
(1958). 

Maddock (written communication, 1957) points out some of the 
significant factors of the foregoing an alysis of ripple formation pre-
sented by Liu (1957) and also the .impor tance of Durand's (1953) 
study on the transport of sediment in closed condui ts . In addition , 
Maddock proposes that : 
1. Sediment in motion should not be divided into a bed load and a 

wash load; 
2. V*, the shea.r velocity , is not a para.meter of primary importa.nce 

with respect to sediment movement; 
3. Velocity dis tribu t ion in alluvial channels is different from tha t in 

rigid boundary channels; 
4. Tli e shear velocity R eynolds number V* D/v is not directly related 

to sedim,ent movement. 
Finally, M addo.ck proposes a · m ethod for a.na1ysis of roughn ess in 

channel utilizing the concept th a t C/-/g probably consis ts of additive 
term s. ~ 

IMPORTANCE OF ROUGHNESS IN ALLUVIAL CHANNELS 

The importance of accura tely describing the resista.nce to flow or 
roughness in alluYial channels becomes immedia tely apparent when 
it is realized tha.t the accurnte evaluation of channel roughn ess _is 
essential to th e solution of all problems associated either directly or 
indirectly with water flowing on alluvial ma teri al. Jy.. rnore precise 
knowledge of chann el roughness would assis t rnateri i-illy in th e design 
of stable channels. For exa.mple, slopes could be accurntcly deter-
mined consistent with existing condi tions. Furthermore, an under-
standing of the behavior and control of rivers arid ri~rer systems 
could be developed, and , the influence of imposing changes such as 
cutoffs, increasing or decreasing th e sediment load, contractions at 
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bridges, and changing the characteristics of the sedimen t load could 
be predicted with greater precision . 

In the design of hydraulic structures that are influenced by allu-
vial streams, or that influence the behavior of alluvial streams, an 
improved knowledge of channel roughnC'ss is a practical necessity. 
H ere the applicability (or lack thereof) of da ta from the study of 
models to the prototype for flood routing, scour problems, backw11ter 
curve computations, and similar problems depends to a large extent 
on how accurately channel roughness can be estimated. 

The accuracy with which discharge can be determined, excluding 
direct measurement, is a function of the !lccuritcy with which chan-
nel roughness can be entluated. Resistance to flow in allu vial chan-
nels varies between wide limits with discharge, temperature and size 
of bed material, and the magnitude and type of sediment load. As 
a r esult, a change in discharge may occur without a corresponding 
change in stage. The cost of flood control structures, bridges, and 
soil conservation methods is directly related to the accuracy with 
which floods can be measured. 

These foregoing examples as well as many others, such as th e influ-
ence of roughness on sedimen t transport, flow problems in volving 
multiple roughness, aJl serve to illustrate the need for study and 
improvement of the knowledge of how and why channel roughness 
varies and how to evaluate its magnitude for any given set of 
conditions. 

RESEARCH PROGRAM 

In recognition of the need fo,r a more basic and theoretical treatment 
of the science of flu vial hydraulics a research project was organized 
at Colorado State University .in September 1956 to study the mechan-
ics of water and sediment movement in alluvial channels. Since 
this is an extremely broad and complex field of study, it was decided 
to consider only one aspect of the total problem at a time, in order 
to minimize the diffusion of effort. The ini tial objective of this 
program, therefore, was the evaluation of heel roughness in alluvial 
channels, a subject of paramount importance, . as already _stated. 
This obj ective was furth er subdivided into a laboratory phase to be 
followed later by a field phase . 

The project is a part of the research program of the Water R esources 
Division of the U.S. Geological Survey. P. C. Benedict and R. W. 
Carter assist with project planning and review of research develop-
ments. The study is under the supervision of S. K. Love, chief, 
Quality of Water Branch. 

The laboratory studies of roughn ess in alluvial channels are being 
made in a recirculating laboratory flume 150 feet l~ng, 8 feet wide and 
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2 feet deep with a sand bed. The flume is described in detail in the 
section, "Experimental equipment and procedure." 

The investigation thus far done in the flume has involved: 
1. Modification of the pumping system to meet the needs of the 

program; 
2. Development of special techniques applicable to the measurement 

of the independent variables; 
3. Selection and placement of a suitable sand to a depth of about 0.7 

feet on the bed of the laboratory flume; 
4. Collection of data for the sequence of runs thus far completed to 

obtain information on discharge, velocity, velocity distribution, 
slope, temperature, depth, bed roughness, to'tal sediment load 
and photographs. 

THEORY OF RESISTANCE TO FLOW IN ALLUVIAL 
CHANNELS 

In a study of flow in alluvial channels, so many variables are 
involved that it is difficult to determine the fundamental relation.ship 
that exists between them. Fortunately, dimensional analysis can 
be employed so that the variables are arranged in dimensionless 
parameters to help reduce the number of variables, make the results 
applicable regardless of the system of units employed, and systematize 
the research and the analysis of data. 

DEPENDENT AND INDEPENDENT VARIABLES 

If the depth of flow D is selected as the single dependent variable 
for study, it will depend upon variables that fall into each of these 
four categories as follows: ': 

D = ¢[Geometry, 'flow, fluid, sedimen't] 

or more specifically 

(1) 

D= <1>2 [B, sf., sf,, Q, S, P, µ, t:i:y, Cw, d, sfp. <l , l\'Y,] (2) 

in which D is the only dependent variable and all the others _a17e 
independent variables as defined in the list of symbols. 

At this point it is import.ant to be sure that each· of the variables 
on the right side of equation 2 is actually independent and that each 
is necessary in determining the depth D. Frequently, in dimensional 
analysis, the mistake of inserting an extra dependent variable or 
extra independent variable is made. Such mistakes cause confusion 
that may be quite difficult to eliminate. Therefore, the · initial 
selection of variables is worthy of considerable study before proceeding 
with the dimensional analysis. 
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Tho variables that describe the geometry of the channel are B, 
sf" and sf, . Tho width of the clrnnn ol B enters tho problem because 
the discharge Q is dist ributed over this \\·idth, the \\'idth 111::iy control 
to some extent the secondary flow, and there may be on e type of flow 
along on e side of the channel and a different type of flow along th e 
o ther side. 'If the shnpc of the cross secfioll sf, is vnricd, the depth 
of flow also varies to some exlrnt.. Although this varia ti on may in 
some cases be relatively unimport a nt , vlhc shape factor sf, should, 
noneth eless, be in cluded. The shape factor for th e reach sf, as 
measured by sinuosity may vary, a ffecting the depth , and should 
also be in clud~d. Th e flow variables arc discharge Q nnd slope of th e 
energy gradient S. The discharge Q is obviously of pararnount im-
portance beca use it ca n ho vnriecl at will, and such Ynria tion will 
cause tho depth D also to va.ry. Since the slope ca n vary independ-
ently of the other vnriablrs nnd th e depth of flow will then also Ynry, 
the slope Sis both independ ent and of great importance. In es tnb-
lishing the depth of flow, no aclclition nl rnrinbles arr needed to describe 
the geometry and th e flow. 

The variables that describe the fluid and influ enr,o the depth nre 
the density p, the viscosity 11, and the cliffrrence in specific weight 
!l:y , across the interfa ce of the lighter and heavier fluids at the surface. 
D ensity influences the depth oecu use it cxpressrs the mnss effects 
and, there fore, is the henrt of in ert ia, \\·l1ieh plays a very importa nt 
role in nearly all flow problems, asid e from purely viscous flow (eve n 
here d ensity seems to play an important pnrt in describing completely 
the flow pattern, such ns flo w around tiny particles of sediment, for 
very small Reynolds numbers). Viscosity, quite obviously, h ns an 
influence because of its close n.isocint ion with boundary shear or drag 
and fall velo city. 

The influence of D."f is not as obvious ns that of viscosity. It is 
the fluid property that accounts for the influence of gravity. Actwtlly, 
a stream is always submr rged in an atmosphere of some kind. This 
atmosphere is usually nir, but it might also ~e clen.r water with a 
stream of scdinwn t-lnden wat er (such as a density current in a reser-
voir) flowing unclrr it , fresh water \\'ith a salt-water intrusion flo\ving 
under it, or warm water \Yi th a cold-water stren.m flowing und er it. 
1n each case it is the effective or submerged weight of the lower fluid 
that is important in reflec ting tho influence of gravity. If the atmos-
phere is air above water in a n open channel, then D."f is essentially 
the same as the 'Y for the water. But if Li'Y is quite small , as for a n 
interface of cold and warm flu ids or for a, snJt \Yater intrusion, th en 
D."f must be considered n.s n. fn.ctor. This is discussed in gre,1'ter detail 
on page 9. 
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In brief, the fluid properties t1rc ver.r closely associt1tcd with moti-
vating and retarding forces involved in opcn-cha11nel flow . The 
effect of grn,Yi ty, as reflected in !i-y is to ca use flow to take place; the 
viscosity is the import ant fluid property that resists flow causing 
shear; and iner t ia, as refl ected in the density, p, is a property tha t 
resists any change in velocity (either in magnitude or direction ) . In 
steady, uniform flow the change in velocity is associated with turbu-
lence and seco11dnry ci rcula tion, which both play an important part 
in flow in open channels. 

The properties of t-l10 sediment involvPd with flow in alluviitl 
channels can best be described by the chara cteristic size d of the 
sediment in the bed, its clrnractcristic size distribution ns represented 
by u, its characteristic shape factor sjp, and the effective or submerged 
weight of the scdimPnt. . 

The characteristic size cl of the sediment. is a subject of considerable 
discussion since it is intend ed that this size be the signifi cnnt size. 
vYl1cn there is a wid e range of sizes, it, is difficult to say whether the 
50 percent size or some size snrnller or h1rgcr is most significant. 
Until further information is availnbl<·, th e 50 percent size will be 
assumed as most rcpresentati \·e and sign ifi cant . T he relative stand-
ard deviation is the second moment of the size distribution about the 
mean size, r cln.t ivc to the mea n size. It may be clin1cnsionless or not , 
depending upon the method of dctcrrnina tion. The selection of the 
characteristic shape fa r. tor, like t-he diameter d, is subj ec t to debate. 
In addition, it is difficult to measure shape of the particle . An 
indirect method would be to use !id, the difference between the 
median diameter, as determin ed · from mechanical ana lysis, and the 
median fall diame ter, as determin~cl by sedimcnt-a tion method s, or to 
use a ratio of the two diameters. · The ratio has th:c advantage that 
it would vary from 1 for perfec t spheres, whereas th e t::,.d would rnry 
from 0 for perfect spheres. The shape factor may not be very il!l -
portant with ordinnry sediments in th'e sand size range, as it may 
approach a constan t. However , sf P, d and !i-y, relate the interaction 
of the fluid and the sediment. Also cl i involved as a grain roughn c~s 
element, in addition to being relt1 tcd to the form of. bed roughness , 
such as ripples and dun es . That is, with a plane bed con dition the 
size of the sediment determ ines the roughness; \,ritli a dun e bed 
condition the resis tance to flow results from the bed configuration 
generated by th e flow and cl. 

The use of !i-y, is another it em that warrants discussion. Actually , 
ti-y, represents the effective specific weight of the.particles of sPdimcnt, 
but it gives no clue whatsoever about either the de11sity -or the weight 
of a particle, except through gravitt1tional acceleration , or the specific 
weight of the fluid. Basically, the question is which one is more 
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important, the effective specific weight tl:y, of a particle or the actual 
density p, of t,he particle. The !i-y, represents the net  effect of gravity 
Bnd hence the driving force causing downward motion, whereas p, 
reflects the inertia of a  particle that resists any change in velocity 
(either in magnitude or direction or both). The inertia may  be of 
particular importance in the association of the particle with the 
turbulence of the flow and the consequent continual changing of 
velocity (both in magnitude and direction). But if a difference 
-(such as ti-y,=-y,--y or t:,.p,=p,-p) is  used instead of simply 'Y, or p,, 
then t:,.-y, is most significant. 
The concentration of fine material C .. is a property of the fluid-

sediment mixtme, which  actually changes the effective properties of 
the fluid. Past research, both in t.he laboratory and in the field, 
shows that as O .. is increased from small to large values, the concen-
tration of the bed  material load in suspension is increased. There-
fore, C .. is of considerable importance. 

THE PI-THEOREM 

Using D, Q, and p as the  repeating  variables and applying the 
Pi-theorem to equation 2 yields 

. [B Qp Q
2 d wD2 Q

2 
] <l>a -D-, sfcisf,,S,-Dt:,.--, C.,, D' -Q, ll, t:,.--=0 

µ --2' D5 __Y:._D5 
p p 

(3) 

In equation 2 the fall velocity w which  relates the fluid and the 
sediment has  been substituteq. for sfv• The fall velocity depends on 
d, sfv, t:,.,., and µ, therefore it is not an independent variable. How-
ever, at this time it is the pest measure of tlw interaction of the 
fluid and the sediment. 
Although it is very helpful to use Q in determining equation 2, 

it is not usually included in the  parameters involving µ, t:,.-y, w, and 
li-y,. If these  parameters  are multiplied by (B/D)" in such  a way 
that Q is divided by the area BD, the velocity' V can be substituted, 
which then  makes these dimensionless parame½e~·s more sign~ficant. 
Equation 3 then  becomes 

✓

. [B VDp V
2 

d w "V
2 

] 
<l>i D' sf,, sf,, s, - µ- , ~'Y v' c .. , D' v' ll, _t:,.;· D = 0 (4) 

The parameters involving µ and t:,.-y can now be  recognized as the 
Reynolds number and the Froude number, respectively. Further-
more, since t:,."f/p~g for flow of wa,ter in open channels, the Froude 
number can be put in the form 
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(5) 

The las t term in equation 4, and various other fo rms of it, h11Ve 
. been much abused. F requently, at tempts have been made to cull 
this term th e Froucle number of the particle when it is actually pro-
portional to the drag coefficien t, except th a t the depth D must be 
replaced by d, the velocity V must be replaced by the fall velocity w, 
and th e inverse of the parameter must be used. T herefore, if the 
parameter is multiplied by D/d and (w/V) 2 and th en taken to the 
minus-one power there results th e drag coefficient Cv: 

which can be used to replace the las t term in equation 4. 
Equatio_n 4 can now be written as 

[ B d w ] t/>s D' sf , , sf, , S, Re, Fr , Cf/), D' V' u, Cv = 0 (6) 

In some cases it is desired to involve viscosity in a R eynolds num-
ber of the falling particle Rep instead of the Reynolds num her of the 
flow Re1. This can be done for equ ation 6 by multiplying the dimen-
sionless R eynolds number term by w/V and d/D which yields 

(7) 

t, 

and equation 6 can be rewritten ils 

[ B d w ] 'P6 D' sfc, sf,, s, R ep , Fr, Cui_, lY v' u, Cv = 0 . . (8) 

.• 

Before equa tion 6 or 8 can be used satisfactorily, it is ncces/ ·_;. · 
' to simplify them by reducing the num.ber of terri1s being considere . ' · 

This must be done with considerable care to be sure that importarit 
variables are not elimina ted . · · 

Laboratory investigations of alluvial channels and most field chan-
nels may be approximated by a rectangular shape. If this is not true 
in the fi eld, it usually is due to one of the following three factors: 
1. The channel is so wide, rela tive to the depth of flow and the size 

of the bed material, that two or more forms of bed roughness 
are existing side by side in the same channel. For example, 
there may be a deep par t of the cross section and a shallow 
part, or a dune-covered part and a plane part o.r a combination 
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of these. Under these condi tions the cross section should be 
divided into as many par ts as necessary and usually each part 
can be approximated by a rec tangul ar shape. 

A potential danger in assuming that the chann el can be sepa-
rnted in to parts is the possibility of transverse flow between 
parts. Such flow has not been inves tigated but is probably of 
secondary importance. · 

2. The bed of part of the cross section may have rock or chty exposed 
so the chann el is not truly nJluvial throughout. By assuming, 
however, that the bed is completely alluvial and that all parts 
of the cross section can be reprnsented by rect.angular shapes, 
the shape factor term sf, ca n be eliminated. 

3. In the flume the sides of the chnnnel are rigid and straight; conse-
quently , the shape factor, sf, can be eliminated. 

The width-depth ratio B/D is a term that is probably of secoriclary 
importance provided B/D ?:.. 5. When BfD< s, the resistance and 
other effects of the side walls or banks may become appreciable. The 
ratio may be of some importance for larger values, however, beca use 
of its relation to secondary flow and, possibly, its relation to tlu·ee-
dimensional flow. The actual phenomenon of secondary flow, as well 
as its importance, is not at all well understood. However, prelimi-
nary studies now under way indicate that a series of pairs of rotating 
vertical cells are formed under certain conditions . Th,e extent to 
which the ratio B/D is associated with these cells, and the importance 
of the cells hns not yet been established . However, the impor t.ance 
may be assumed for the present to be secondary compared wi th the 
other variables involved . 

The concentration of the fine material Ow is a variable that enters 
the problem only if sediment is introduced tha t h:;.s a size smaller than 
that found in appreciable quantities in the bed material. If such 
material is in troduced then Ow must be considered. Otherwise 
Ow may be neglected. T he extent of the influence of this fine material 
has not yet been determined. On the one hand, sediment of a size 
appreciably smaller than those sizes found in.

0

appreciable quantities 
in the bed material will effectively increase the dE:nsity and v~scosity 
of the fluid. Consequ ently, research in the turbulen ce tank and 
data from the Colorado River have shown the concentration of bed-
material load to be appreciably increased with fine material present 
over that concentration with clear water. 

On the other hand, if the fine material introduced is just barely 
smaller than the bed material its influence is not known. It may 
increase the concentration of bed-material load, or it may decrease 
the concentration of the bed-material load if it acts to replace in part 



FLUME STUDIES USING MEDIUM SA.J.~D A- 13 

the larger sizes. Fine material can be neglecLed only if there is none 
present. 

Thr. relative standard deviation <J of the size distribution of the 
bed ma terial is a factor that is of considerable importance und er cer-
tain conditions an d, apparently, of much less or no importance under 
certain othei· conditions. In the unsteady process of scour, Thomas 2 

bas shown that the rate of sediment scour may be doubled by cutting 
the standard deviation in half. Liu (1957), however, has shown that 
ripples are initiated in sediments of_ the same median diameter, but of 
varying standard deviation, at about the same flow conditions. Since 
it is likely that ripple form ation is more closely related to steady flow 
in alluvial channels than scour, the assumption can be made as a 
first approximation that the relative standard deviation <J is of sec-
ondary importance . 

The use of the Froude number as a parameter has caused consider-
able controversy. Fundamentally, it expresses the ratio of the forces 
of inertia to the forces of gravity. It is important when the flow is 
accelerating either locally o V/ot~O or convectively o V/ox~O. In 
other words, it can be important when the free surface flow involYes 
unsteady flow or nonuniform flow. Unsteady flow exists when the 
velocity at a point is changing with time oV/ot~O as is refl ected by 
increasing and decreasing discharge and velocity during a runoff event. 
Usually, if the rise and fall take place over a relatively long period of 
time the flow can be approximated as steady-that is oV/ot ~ o. 
Nonuniform flow exists in most natural channels because of local ex-
pansion or contraction of the cross section. In uniform channels 
such as a laboratory flum e or esr?ccially straight reaches of artificial 
channels, however, the flow can ·,.be assumed to be uniform. Non-
uniformity in these cases may be· 6lue to backwater curves, surface 
waves or sand waves. It should be remembered that since velocity 
is a vector quantity, it has both direction and magnitude. Therefore, 
the flow is nonuniform if neither direction or magnitude changes 
with distance in the direction of flow. .• 

Althougli there is little question that the Froude number enters the 
problem if surface waves are present, there is considerable contro-
versy over the importance of the Froude nu mber if sands waves are 
present on the bed without water waves at the surface. · For example, 
as the flow passes over the crest of a dune, it is accelerated by the ac-
tion of gravity, and the contact load of the sediment climbs the dune 
to the crest, beyond which it drops by gravitational action into the 
trough. Some scientists argue that gravitational action is inex-

2 Thomas, R. K., 1953, Scour in a gravel bed: M.S. Thesis, Colorado St.ate University, Fort Collins, 
Colo. 
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orably involved in this process and hence the Froude number is im-
portan t. Conversely, other scientists argue that essentially the 

' same accelerations of flow can take place in a closed conduit, owing 
to irregularities of the boundary where the dri viug force is due to a 
pressure gradient, rather than a sloping water surface or an energy 
gradient due to gravity. They further argue that in each case a gm.-
client of piezometric head Ph+Z is the driving force, regardless of 
the cause. Finally, they point out that data taken from a closed 
conduit flowing full with an alluvial bed have given no conclusive 
evidence to prove that Froucle number enters the problem. Also, 
Rouse (1950) states that with a completely confined fl.owing liquid 
gravitational acceleration does not effect the flow pattern, and, hence, 
there is no Froude number effect. When the Froude number has 
been used, in some cases it may be a modified coefficient of ,drag. 

The Froude number Fr can be combined with the slope S to obtain 
the Chezy discharge coefficient Cf.Jg. In so doing, either the slope or 
the Froude number apparently can be replaced by 0//g. Because 
the Froude number is so intimately related to the flow with water 
surface waves present, it is retained and the slope is dropped when 
Cf.jg is included. 

The need for some form of the R eynolds number to reflect the in-
fluence of viscosity has clearly been demonst~·a ted by Ali and Al-
bertson (1956), and by Liu (1957) to be important if the full signifi-
cance of the phenomena associated with fl.ow in alluvial channels is to 
be w1derstood. Apparently, this can be accomplished by using the 
R eynolds number of the flow Re1= VD/11 the Reynolds number of the 
particle Re11 =wd/11, or the shear velocity R eynolds number Re,= 
V.dfv=ll.6dfo', depending upon the particular need. The variable 
o', is the thickness of the lamin.ar sublayer. · 

The relative depth of flow Dfd bas been found to be important in 
rigid-boundary fluid mechanics as ar~ expression of relative roughness . 
It is logical, therefore, that for certain conditions of flow in allu vial 
channels it would also be important. In addition to expressing the 
roughness of a plane bed relative to the dept.h of t.Jrn flow, i t also re-
lates the size of the bed ma terial to the scnJe of the flow system. 
Therefore, Dfd is retained, at least for the present. . _ 

The relative fall velocity w/V is important 1n relating the fall 
velocity of the bed material to the velocity of the fl.ow system. This 
parameter includes the influence of shape of the sediment particles 
and, together with the size ratio D/d and the drug ' coefficient Ov, may 
make it possible to compare the data taken ,vith sediments of various 
specific weights in fluids of various specific wei~hts. 
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In view of the foregoing discussions of the variables in equation 8, 
the following equations can  be written 

or 

Since 

,pg(S, Re, Fr, DJd, wJV, Cv]=0 

</>10[CJ.,/g, R e, Fr, D jd, w/V, CD]= 0 

V V V 
CJ.jg=-=-= -
' ✓  ✓  V* 

equation 10 can  be WTitten as 
. 
·[v ·J ¢12 V/ Re, Fr, DJd, wJV, Cv = 0 

which. 1;1-ow p ermits using R e, = V*d and V* if so desired. 

JI w 

¢1a [~, Re,, Fr,~' 1;, cDJ=o 
Ol' 

</>u [ CJ.jg, Re, Fr,~' 1;, CD ]=o 
and 

[ 
D V* ] . 

¢15 s, Re, Fr, d'. w' Cv =0 

Hence 

in which  R e  can b e any one of the three Reynolds numbers. 

(9) 

(10) 

(11) 

(12) 

(13) 

(14) 

(15) 

The drag coefficien t CD can ,be modified by combining it with 
V*Jw to yield r0J6:y,d which is a ; parameter frequently  used, for ex-
ample, by Shields  and Einstein. This  gives 

¢16 [ S, R e, Fr,~' ~' 6::d]=o (16) 

Various combinations of these variables can  b e  .used to satisfy the 
paiticular problem in question. All are  equally valid theoretically 
but certain ones may produce b etter and more significant relation-
ships than others . 
The foregoing  equations may satisfactorily introd~c~ all of the 

dimensiqnless parameters necessary to analy ze correctly the problem 
of resistance to flow in alluvial  channels. On the other  h and it may 
be that even more significant groups of parameters can be established 
Tha t is, it may be desirable to evalua te all possi"blc Pi-terms and then 
select n-k of them for the final  relationship in which n is the total 
num b er of variables,  and k is the number of physical dimensions, 3 
in this case. All of the possible Pi-terms can  b e evaluat ed  by the 
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same procedure used to in trodu ce th e R eynolds number for the 
particle Rep and the coeffi cient of drug for th e par ticle Cv or, as 
another possibi li ty, various repeating variables can be selected an d 
Pi-terms evalua ted until all term s have been used as repeatin g vari-
ables. This procedure yields all possible terms in th eir mos t simple 
form . 

T he total number N of possible Pi-terms can be determined, accord-
ing to Van Dries t (1946), by the equation 

n' 
N (k+l) !(.N-k-1) ! 

where n and k are defi ned as in th e foregoing paragraph. To illus-
trate (three physical dimensions being involved, k =3) 5 variables 
yield 5 possible Pi-terms, 6 variables yield 15 possible Pi-terms and 
7 variables yield 35 possible Pi-terms, howeve1, not more th an n - k 
of these Pi-terms should be included in any one fun ctional relationship. 

As a fin al possibili ty, not introduced thus far , th ere also exists the 
possibili ty of addi ng still more dim ensionless Pi-terms by considering 
new terms fo rmula ted by taking sums and (or) differences of e:-.isting 
terms. Such an approach could be justified if ind ica ted by a mathe-
matical model or even hy simple logical reasoning. 

Other parameters of interes t, some dimensional and others non-
dim ensional (the latter group bein g formulated as indicated in the 
foregoing paragraphs), th at will be ut.il ized in the analysis_of da ta as 
follows : · 
CT 
G 
C 
..fg 
n 

Sd 
15 
V*d 

JI 

is the concentration of total load in ppm. 
is the total sediment load . 

i 
is the Chezy dischpxge coeffi cient in dimensionless form . 

is the Manning coeffi cient of roughness. 
is the shear or tract.ive force exerted on the bed by the 
fl.o wing mixtme of water and sediment. 
is the shear velocity. 

is the ratio of Fr2/Re which is a ratio of viscous forces to 
gravitational forces . ., 
is the product of; and S . 

is the Reynolds number in terms of the shear velocity and 
mean diameter of the bed ma terial. This parameter is 
proportional to the ~atio of particle size to the ·thickness 
of the laminar sublayer. Specifically, V*d/v= 11.6 d/o' . 
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is a mobility number or the sediment particle. That is, 
the ratio of the force producing motion and the force re-
sisting motion of the particle. 
is the Shields parameter (1936). It is used to indicate 
the beginning of movement on the bed. 
is tbc product of th e Shields parameter and the velocity 

. V rat10 -· 
v* 

is the product of the preceding parameter and~-

These parameters can be introduced into equations 9 or 10. 
To determine the dimensionless parameters that are most important 

in describing 0/-fg in equation 6, or subsequent equations that evolve 
from substitutions, an equation involving (n-k) of the dimensionless 
Pi-terms is selected. Such simplification (like that employed to 
obtain equations 9 and 10) must be done with considerable care to be 
sure that important variables are not eliminated. R egardless of the 
apparent importance or unimportance of the variable at present, it 
must be remembered that at a later time the variab.lc may prove to be 
of greater importance tha n it was initially thought to be. 

The various combinations of dimensional and dimensionless pa-
rameters deemed significant on the basis of existing concepts; a study 
of the data collected, and dimensio1rnl analysis are related graphically 
and in many cases by equations, in such a way as to emphasize what 
variables are of prime importance for evaluating alluvial channel 
roughness. ' _ 

Ali and Albertson (1956) simpiified (as a first approximation) the 
dimensional analysis of resistance to flow to the point where three 
parameters remained. 

C [ ,d] -fg=</>19 Re, D (17) 

While this is undoubtedly an over simplifi ca tion of the problem, it 
serves as a basis from which a first approximation to bed roughness 
can be made and it emphasizes the effect of Reynolqs number. This 
relationship may be slightly improved, using Laurson's (1958) con-
cept, for the flume data by selecting D/h as an index of roughness in 
preference to d/D although, consid ering field application, d/D can be 
determined more easily than D/h since h is very difficult to measure. 
The height of roughness h equals d for a plain bed, and height of the 
ripple, dune, or other form of bed configuration when they exist. In 
addition, h is a function of the same vs.riables as the roughness and, 

' ~ . 
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thus, is not an independent variable, as directly as is d. However, 
insight into the problem can be gained by considering the equation 

(18) 

It is noteworthy that the variables in equation 18 bear a close re-
semblance to the variables employed in the diagrams for pipe rough-
ness. 

If the methods used to describe resistance to flow in alluvial channels 
are to be improved, more variables must be considered in th e analysis 
than are considered in equation 17 or equation 18. That is, it seems 
quite certain that 0/{g must vary to a certain extent with more of the 
geometric characteristics, fluid properties, and sediment character-
istics than are indicated in these equations. This is borne out by 
some of the relations for 0/{g developed in the Analysis of D a ta. 
For example, in the following equation 

(19) 

most variables have been included and yet accuracy is still inadequate. 
· Another approach that might furth er improve the concepts of 

channel roughnt1ss is that 0/{g is an additive t erm. This approach 
seems logical, especially since total r esistance to flow probably con-
sists of surface drag, which is dependent upon the viscous effects as 
reflected in the R eynolds number; the effect of the sand grains as 
roughness .(form drag); and tho effect of ripples and (or) dunes as a 
form of roughness (form drag) . That is, in equation form 

f/:=¢22 [surface drag, form drag due to grain roughness, 
~g ' (20) 

form drag due to ripple and (or) dun e roughness] 

The grain roughness is of decreasing impo1 tance as the magnitude of 
the ripples and dunes increases. The drag duo to ripples and dunes is 
usually of minor importance at the beginning of movement, but it 

increases in importance (f,< 10) as the size of the ripples and dunes 

increases until the· rapid flow is established. At this point the sand 
waves develop a plane or a symmetrical pat tern of roughness, as shown 
in figure 23, and there is very li ttle separation and, consequently, only 
a small amount of form drng. However, there is dissipa tion of energy 
in antidune flow from the breaking of the wave. This should decrease 
the, discharge coeffi cient 0/{g. 
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Another factor that may be important, particularly with the rapid 
fflow regime, is that the concentration of sediment being transported is 
~y large on and near the bed, relative to that being transported as 
$USpended load. This is the effect of the density gradient, which 
Barton and Lin (1955) have related to a special form of the Froude 
mumber. Its effect, which is of unknown magnitude, would be to 
m, duce resistance to flow, perhaps in somewhat the same manner as for 
J1lug flow in pipes. 

In order to describe the types of resistance, considering the fore-
,going discussion, it would be necessary to know which combination of 
v.lllriables expresses the grain effect and which expresses ripple and dune 
tetiect. This accentuates the need for a mathematical model to serve 

a guide. Such an equation could help bridge the gap between the 
campirical treatment and theory. Currently no adequate mathe-
matical treatment has been developed. With progress in experi-
Imental research and an improved general understanding of fluid flow 
:phenomena, it is possible that a mathematical model will be developed 
dlescribing alluvial channel roughness. As an example of correlations 
- volving C/..fg as an additive term, refer to figure 26. In this case 

(21) 

-wihich of the terms in the foregoing equation are related to each type 
t& roughness is still a matter of conjecture. On the basis of the flume 
cll&ta thus for collected, this expression describes C/-{g more adequately 

an any of the preceding relationships. 

SUMMARY OF THEOR Y 

Although roughn_ess in alluvial channels has never been described 
arocurately over the_ complete range of operating conditions, it is quite 

[Parent that in the final analysis C/-{g, for this flume experiment, 
must be expressed in such a way that the effect of all the important 

ariables in equation 6 are included over the complete range of oper-
llBl ing conditions. 

As a final step, assuming that a satisfactory laboratory solution can 
:tmd will be obtained, it will be necessary to adapt the results to field 
conditions. This implies that appropriate scale factors must be 
t&termined and ultimately the effect of the bank material; the shape 

f the channel, which is probably a fun ction of the bank and bed 
material ; the bank vegetation; the wind; and the seepage forces should 

e included, even though it may be virtually impossible to describe 
1BOme of the effects-for example, the effect of vegetation on resistance 
1to_ flow-in a precise quantitative manner. 
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EXPERIMENTAL EQUIPMENT AND PROCEDURE 

The establishment of relationship that exist between the resistance 
to flow in an alluvial channel and the characteristics of the flow and 
the sediment requites laboratory experiments in which: 
1. Uniform steady flow exists. This is only possible in a statistica 1 

sense for with a rough movable boundary the velocity is changing 
both in magnitude and in direction with ti me and dis tance. 
However, just as turbulent flow, with velocity fluctuations, rn a,y 
be considered steady and uniform in a statistical sense, so may 
flow in alluvial channels. Similarly in terms of scour, the sum 
of the depositional forces must balance the 'sum of the aggrading 
forces. This also is only possible in a, statistical sense as the 
bed at a cross section is continually changing form a,nd the total 
load fluctua tes with time. H owever, considering a long time 
avernge, neither the bed nor the load is changing with time. 
Possibly equilibrium flow is a more suitable term._ than steady 
uniform flow. 

2. The variables that describe the fl ow and sediment characteristics 
must be measured accurately. The interval of tim e required to 
measme precisely a given variable depends upon the variable 
involved and how it va,ries with tim e. To illustrate, a sediment 
sample should be collected over a relatively long interva,l of tim e 
in order to ave~·age its variation with time. Con~ersely, the 
point velocities in a ver tical should be measured quickly before 
the bed condition, and consequently, the form of the velocity 
profile has had an oppor~unity to change appreciably. 

In addition, the scope of th'e investigation must simulate the con-
ditions found in nature. Tlrn t is: 
1. Various sizes and gradations of bed material that arc found in the 

field must be used, subject to the limitations of the flu me. 
2. Slope, depth, and water discharge must be varied enough to cover 

the complete range of field conditions. 
3. The effect of tempera ture variation must be investigated. 

Thus far, 45 runs have been completed using one .size of bed material 
with slope, depth, and water discharge varied fro,;n run to run. The 
slope was varied from 0.00014 to 0.01 foot per foo t, the discharge 
was varied from 2 to 21 cubic feet per second, and the flow conditions 
ranged from no sediment movement to antidune flow. This is, to our 
knowledge, the first set of data, excluding Gilbert's, that covers this 
range of conditions . . 

THE FLUME 

The runs were made in a tilting recirculating flume 150 feet long, 
8 feet wide, and 2 feet deep as shown in figure ( The flume is .of 
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EX PLANATION 
a Pumping units 

b1 b2 Orifices 
c Head box and diffuser 
d Baffles and screens 
e Flume 8 by 2 by 150 ft 
f Tai lgate 
g Total -load sampler 
h Tail box 
j Jacks supporting the fl ume 

-<-

t Storage sump 

FIGURE 1.- Schetnatlc diagram of the flume. 

----
' - -.. . ... ··• ... --
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wood construction resting on steel I-beams. The slope of the flum e 
was changed and adjusted by mechanical jacks placed every 10 feet 
along the flum e. Any slope could be set between the limi ts of 0 to 
0.013 foot per foot. The flume is constructecj so that the water-
sediment mixture that leaves the flume is return ed to the flume 
entrance by either a 7 cubic feet per second or 14 cubic feet per second 
centrifical pump (or both). This procedure of recii·culating the water-
sediment mixture aids in obtaining equilibrium conditions, and in 
simulating conditions in an infinitely long channel, because the sedi-
ment load _and size distribution are varied by the flow, rather than by 

·mechanical traps and shakers. ·, 
Flow enters the flume through ' a vertical manifold diffusor, Fiala 3 

constructed in· the hef1.d box. It" then flows throuth a }~-inch wood 
.!¼. 

lattice and a ¼-inch mesh screen . The cliffusor and screens effectively 
distribute t_he w~tcr-sediruent mixture and produce a small-scale 
turbulen ce' that is quickly dissipated .. The boundary layer is fully 
developed for all flow conditions beyo nd approximn,tely 25 feet down-
stream from th e entran ce. This was determined by inspection of the 
water surface, the bed configuration, and from calculations pertaining 
to the theoretical boundary layer. . _ . _ 

The backwater curve and depth are controlled •'by a syst.em of 
vertical notches in which slats are raised or lowered. This method 
gives precise control of the backwater curve and depth. 

ALLUVIAL BED MATERIAL 

The flume was filled to a depth of 0.7 feet with a natural river sand. 
Sand from the Cache La Poudre River was obtained from a com-

'Fiala, 0. R., 1957. Study or tnRnifold stilling basins, M .S. thesis, Colorad{> State University, Fort 
Collins, Colo. 
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mercial sand and gravel company. The sand was modified by washing 
and screening to meet specifications. Although it was supposedly 
free of particles larger th an one-fourth inch, a few particles of tltis size 
were observed although th ey were seldom sampled. The sand, 
principally qu artz and feldspar, also contained a small amount of 
mica. The micaccous particles have a large sieve diameter, but a 
small fall diameter. That is, they have a smaller settling velocit,y 
than a sand particle of the same sieve diameter. The median fall 
·diameter of th e bed material is 0.45 mm, based on sample analysis by 
the visual accumulation apparnl,us. The size distribution cur ve for 
the bed ma terial is given in figure 2. 
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FIGURE 2.- S!ze dist ribut ion cur ve of the bed matJr!al. 

The size analysis of the bed material and sediment load were made 
using the, visual accumulation apparatus cited in the foregoing piu-a-
,graph . It was developed by the Inter-Agency Sedi ment Proj ect at 
Minneapolis, Niinn . The theory and application of this apparatus 
were presented in detail by Colby and Christensen _(19 56) . -

GENERAL PROCEDURE 

The general procedure followed for each run in/~l~ed recirculat,ing 
a given discharge of th e wa ter-sediment rnixt,urc in the flume at a 
given slope until equilibrium conditions were established. 

Only in a general sense were slopes select c_d. I n any flow system 
where discharge, depth, and slope can be varied, only two of the 
three variables can be considered as independent. I n a natural 
tream the discharge and slope are normally independent with dept h 

dependent. In the flume the discharge was independent, slope was 
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independent within limits, and depth was dependen t . The slope was 
preset at the beginning of a run by adj us ting the tailgate. Such 
adjustment indirectly influences th e depth as a dependent variable. 
Generally, and especially at the flatter slopes (0.00014 to 0.0006), the 
slope of the water surface was adjusted parallel with the bed. With 
the developme·nt of bed configuration, the slope and depth adjusted 
to the new condition of bed roughn ess. Thus, for these experiments, 
the slope and depth are a function of Q and the roughness that devel-
ops for that regime of flow. The nonuniformity of flow caused by a 
change in bed roughn ess was eliminated by continuing the run until 
the bed slope and the slope of the water surface again became parallel 
to each other by natural adjustment of the sand bed. 

For tranquil flow the mechanics of establishing the desired slope at 
the beginning of each run were to set first an Ml backwater curve, 
and then alternately open the tailgate and 111easure th e water surface 
slope until the water surface was gradually adjusted to the desired 
slope. For the flatter slopes, (0.00014 to 0.0006 '\ the bed was carefully 
scrceded to the desired slope before the run. With steeper slopes, 
since the increased sand movement assisted in obtaining equilibrium 
conditions quickly, the bed was only raked to remove the dunes from 
the pr~vious run before starting the new run. In the rapid flow 
regime the slope was changed by altering the control at the lower 
end of the flume. The movement of sediment quickly established 
equilibrium conditions. ,, 

Equilibrium flow was considered established if the same '.:>eel con-
figuration was established for the full length of th e flume, excluding 
the section influenced by entrance conditions and the water surface 

1 · d • · 11 ·, · h · 08 o s ope remame essen~ia y consta~t wit respect to ,time ~= . 
The time required to establish· equilibrium conditions varied with 

the slope and the discharge. Some runs with fl at slopes required 3 
and 4 days to achieve equilibrium, wh ~reas, at steeper slopes equilib-
rium was established in 2 or 3 hours. Every run involved continuous 
flume operation until it was completed . Whether or not equilibrium 
conditions were established, in the final analysis, rested on the meas-
ured data and the judgment of the experimenter.' To insure · the 
achievement of equilibrium conditions most of the ~xperiments were 
continued longer than th e required time as indicated by measurements. 

DATA OBTAINED 

,vATER-SURFACE SLOPE 

Water-surface elevations were measured every 5 feet along the flume 
using a precision level and a Lory point gage . These elevations were 
plotted on graph paper and an average slope determined. Average 

~ 
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slope of the water surface was determined periodically throughout 
each run. These slopes were used to establish the water surface slope 
at equilibrium. The final slope that is used in the analysis of the 
data was computed by the method of least squares. To measure 
slopes for those runs in which antidunes formed was difficult because 
of the rapidly changing water surfaces. w· ater-surfacc elevations for 
th ese runs were determined by averaging the water-surface elevations 
taken at an ups tream and downstream cross section over a period of 
time. In addition, the slopes were also determined in the conventional 
way by taking more time and not measuring the water-surface eleva-
tion while antidunes were breaking. 

DISCHATIOE 

To obtain the desired range in discharge, two pumps were used. 
One, a 12-inch pump with a maximum discharge capacity of 7.98 
cubic feet per second and the other, a 15-inch pump with a maximum 
discharge capacity of 13.38 cubic feet per second. T he 12-inch pump 
was used for runs 1- 18, for which Q<8 cubic feet per second. For 
the runs 19-45 inclusive, th e 15-inch pump was used for all discharges 
up to 13 .34 cubic feet per seco nd. For Q> 13 .34 cubic feet per sec-
ond the 12-inch pump was used at its maximum capacity and the 
discharge from t.he 15-inch pump was varied to obtain the desired 
total discharge. Carefully calibrated orifice JD.eters and water-air 
manometers, read to the nearest one-hundredth of a foot, 'were used 
to measure the discharge. The orifice meter for the 12-ineh pump is 
made of stainless steel, is circular, and has a diameter of opening of 
10.137 inches. It is located ii1 a vertical section of pipe 10 diameters 
downstream from the pump and 6 diameters downstream from a 
right angle bend. The orifice meter for t he 15-inc;h pump consists of 
a vertical side contraction with ~tainless steel edge . I t is located in 
a horizontal section of pipe, 11 diameters downstream from a 45° 
bend, (fig. 1). . 

Both orifices were calibrated in place. The orifice meter for the 
small pump was calibrated using a calibrated Cipolletti weir . T he 
orifice meter for the larger pump was calibrated volumetrically. -

Water discharge was measured four to five times each day during 
a run. Th e average discharge for a nm is the mean pf these periodic 
discharge determinations. ✓ 

WA'l'ER TEMPERATURE 

Water temperature was measured with a mercury thermometer to 
the nearest 0.5° C each time the water discharge was determined. 
The effective tempernture recorded for each run is the average of th e 
temperature measurements made after equilibrium conditions were 
reached. 
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D EPTH 

Depth was determin ed by three methods. Two of th e methods 
involved ~he use of th e level and point gage, whereas the third method 
used discharge and average velocity measurements and the continuity 
equation. D epth was meosured directly by the first two methods 
after th e run was completed and the flume drained. 

Using th e first method, th e elevation of the be<l was measured 
along th e centerline of the flume a t 2- to 5-foot inter vals, depending 
on the bed roughness. From th ese bed eleva tio ns, th e average eleva-
tion of the reach was computed. The difference betw een the average 
bed elevation and the average wa ter-surface elevation is the depth. 

Using the second method a reach in the channel, from 2 to 20 fee t 
long, between stations 80 and 105, was carefully screeded. The 
length of reach used depended on the bed roughness. After screed-
ing, the bed was inundated with water to help attain natural com-
paction of the bed ma terial. The mean elevation was determined at 
the ·center of this screeded section by averaging the elevations for 25 
to 60 points located symmetrically in the reach. This average eleva-
tion was then su btractcd from the corresponding water-surface ele-
vation to determine the a verage depth. 

The third method was to divid e th e mean water-sediment discharge 
by the average velocity of th e flow as determined from the velocity 
profiles. That is, D= A /8= Q/8 VP for a nominal width of channel 
of 8 feet. 

The depths as determined by methods 1 and 2 are in good agreement. 
Five of the runs with the roughes t bed configuration had difierences in 
depth of about 0.04 foot. All the other runs had differences less than 
0.02 foot. However, the differences between depths determined by 
averaging bed and water surfa ce· elevations (methods 1 and 2) and 
depths calculated from th e velocity profiles and discharge measure-
ments (method 3) were quite large. Some of these differences exceed 
0.10 foot. The large difference between depths computed by method 
3 and methods 1 and 2 indicate that the velocity profiles obtained in 
the cross section were not adequ ate to determi~e the true avera_ge 
velocity. 

l\'IEAN VELOCITY 

The mean velocity was computed from th e velocity profiles , and the 
continuity principal, using the depth as computed by methods one or 
two. In the firs t case the mean velocity in each of three velocity 
profil es was calculated and then averaged to determine the mean veloc-
ity in the cross section . It was this velocity tliat was used to deter-
mine depth by the third method in the foregoing paragraph . · jn the 
second case, the average velocity is V = Q/S D as determined from the 
continuity equation. 

577668 0 - 61- 5 
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YELOCITY PROFILES 

Velocity profiles were obtained by measuring point velocities in the 
selected verticals with a calibrated pilot tube using a water-air manom-
eter. The pitot tube was calibrated in a towing tank. For slower 
velocities a tilting manometer which gave a 1 X l0 magnification of 
head was used, and for th e faster velocities a vertical manometer was 
used. After equilibrium conditions were established, profiles were 
taken at 3 to 5 verticals in a cross section with 4 to 12 velocity points 
in each vertical. The cross sections where velocities were measured 
were always located between stations 95 and 105. 

Velocity profile <la ta at a cross section were determined as rapidly 
as the pi tot tube could stabilize. However, in a run with a dune bed, 
the dunes would often change the lower pnrt of the profile considerably, 
especially if measuring was started over a trough and then the ere.st of 
a dune moved in where the trough had been before th e measurements 
had been completed. In the regime of flow with antidunes it was 
virtually impossible to obtnin velocity profiles in that part of the flow 
where the antidune existed. However, velocities above the crest and 
in th e trough of anticlunes were determined with the pitot tube, und 
surface velocities were measured by timing floats through th e crests 
of the antidunes and to th e side of the antidunes. 

BED. MATERIAL 

Except for runs 13, 14, 16, 17, and 18, at least four samples of the 
bed material were taken from the bed at random for each 'run. The 
size distribution of each sample of bed materinl was determined using 
the visual accumulation tube JVA tube). The VA tube determines 
the fall diameters . ' 

TOTAL SEDIMENT LOAD 

Total load was determined periodically, nfter equilibrium conditions 
were established, by using a width-depth integrating totnl lond snm-
pler. A water-se~irnent sample weighing from 100 to 160 pounds 
was taken 4 or 5 times during a nm. These ifarnples were analyzed 
and the results . were combined to determine total load. The tim e 
during which the samples were coll ected varied froi11 half an hour to 3 
hours. .,, • -

From these samples of the total load, the concentration was deter-
mined on a dry-weight basis and the size distribution was determined 
in terms of fall diameter, using the VA tube . WJicn the amount of 
sediment in the samples was small , the samples were composited for 
the size analysis. When the amount of sediment was large, the sum-
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Jes were combined and then split until reduced lo the amount of 
lIIlaterial that coulcl be analyzed . This sometimes meant four or five 

plittings. Duplicate analysis of separate portions of the splittings 
were run through the VA tube apparatus and averaged to establish 
· :he size distribution of the total load. 

SUSPENDED- SEDIMENT SAMPLES 

Suspended-sediment samples were collected at the same cross 
ection as the velocity profile data using the DH--48 hand sampler. 

lFive samples were obtained for each run , using the equal transit rate 
('ETR) method of sampling. Where the depth wa~ shallow (less than 
R '5 foot), the sampler was rocked forward to sample a larger portion 
of the flow. Some runs were not sampled and for runs 1-6 and 8-18 
the suspended load was too small to measure . Concentration and 
size distribution were determined for the suspended sediment usmg 
tib.e same procedure as for total load. 

B ED CONFIGURATION 

The height and length of the ripples, dunes, and antidunes were 
measured by the point gage. The bed configuration was measured 

ohg the center line of the flume over a reach that varied from 20 to 
0 feet in length, depending upon the roughness patlern . Th at is, 

a s the magnitude of roughness increased, the length of reach for whi ch 
hed con figuration was measured was increased. 

T he bed configuration was always measured after the flum e had 
heen drained. However, when standing waves and (or) anti duncs 
existed, the bed con figuration was also measured during the run. 
T he elevation of the crest anc( trough of the water surface with 

: anding waves and (or) antidunes and the corresponding elevation 
di the bed was measured. Beca use the bed is extremely firm with 
tlhis type of flow, the elevation of the qed was accurately determin ed. 

To determine the average length and height of th e bed configuration s, 
he bed profile was plotted . The height, was computed by summing 

tJh~ vertical distances between the crests and trotig hs and dividing by 
itihe number of these distances. The wave length ,v:as compute1 by 
dividing the overall flum e length, from crest to crest or trough to 

rough, over which the bed configuration had been .measured by the 
:itrnmber of dun es or ripples in that length. 

In addition to measuring the bed configurntion, photographs of 
tllii.e bed were taken for all runs. The velocity of the dune was 
determined for some of the rims by observing the time of travel of 
tlh.e crest of the dune with respect to a fixed point at the glass window. 
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PRESENTA'l'ION OF DATA 

In the foregoing section, descriptions are given of the method of 
measuring and (or) collecting the data needed to describe the channel 
geometry an d the characteristics of the flow and sediment as they 
_relate to channel roughness . In this section these data will be 
discussed with respect to their range, variation, and accuracy of 
measurement. 

The basic variables that were recorded for each run are given m 
table 1 and a discussion of the basic variables follows. 

WATER-SURFACE SLOPE , 

The fin al water-surf ace slope based on water-surface elevations 
measured along the flume and the corresponding coefficient of 
correlation are given for each run in table 1. The variation of 
magnitude in slope for the runs ranges from 0.00014 to 0.0101. 

The precision with which the water-surface slope determinations 
were measured is excellent. This is illustrated graphically in figure 3 
by plotting water-surface elevatioD.s versus distance along the flume 
for typical runs. The bed roughness for these five runs range from a 
plane bed with no movement of bed material to antidunes. Note 
the relatively small amount of scatter about the least-square lines. 

DISCHARGE 

The average discharge of the water-sediment mixture fo:r each run 
is given in table 1. The tabulated discharge is the mean of the 
periodic discharge measurements recorded during a run. The ma:-.7.-
mum deviation from the average discharge for any one run, as 
determined from the periodic 'discharge measur,ements, is approxi--
matcly 4 percent. However; in most of the runs the maximum 
deviation from the mean was less than 2 percent. The magnitude 
of the discharge ranges from 1.84 to: 21.62 cubic feet per second. 

The discharge calibration curves for both pumps are well defined, 
although there is more scatter for the small circular orifice than for 
the side-contracted orifice . This scatter results from the method of 
calibration. The maximum deviation of any calibration point from 
the rating curve in the range of discharge used is 4 perccn t for the 
circular and 0.7 percent for the side-contracted o~·ifice. 

The maximum change in discharge for each 0.01 foot change in the 
manometer reading for the entire range of discharge was 2 percent 
of the discharge for either of the orifices. ;Howe'ver, for discharges 
greater than 2.7 cubic feet per second for the 12-inch pump and 6.0 
cubic feet per second for the 15-inch pump, the change in discharge 
was less than 1 percent. 
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A-32 STUDIES OF FLOW IN ALLUVIAL CHANNELS 

DEPTH OF FLOW 

The average depth recorded in t able 1 was obtained by the 
.screeding method described in the precedi ng section (method 2). This 
'})rocedure gives bet tei· results with fewer bed elevation determ inations 
than are required when working with the undisturbed bed. That is, 
relatively speaking, the average elevation of a plane can be described 
more accurately with fewer readings than are required to describe 
the average elevation of an active stream bed when there are dunes 
nd potholes tl111t are sometimes of the same order of magnitude as 
he depth. Screeding the bed was done with care since any disturb-
nce, such as th_at caused by walking on the bed, changed the degree 

QOf compaction of the bed material, and hence its average elevation 
:and the average depth . To offset this dai:iger, the bed was first 
.earefully screeded without increasing the com paction and then fl ooded 
to achieve natural condi t ions before taking elevation measurements. 

Another possible source of error always present is the degree of 
11IDmpaction of the bed material, which varies with the form of the 

ed roughness . For instance, a bed with dunes and potholes is fairly 
loose prior to draining the flume as compared to its conditioning 
·rter drainage. This problem of changing density could be avoided, 

well as the probl em of the erosion of the roughness pattern caused 
·y draining the flum e, if a suitable means of measuring bed elevation 
uring the run could be found. · 

KINEMATIC VISCOSITY 

The kinematic viscosities are given in table 1 and are based on the 
· emperature of the water during· the runs. In the runs, the t empera-

nre varied from 9° C to 20° C, which resul ted in a range in kinematic 
w1scosi ty of 1.082 to 1.46 X 10-5 square feet per second. 

The record ed temperature for each run is the average of the water 
temperatures· obtained after equili9rium was established . The 
®ax:imum deviation fro m the recorded temperature during any 
individual run was approximately 1 ° C . This magnitude of tempera-
,ture fluctuation changes the kinematic viscosity about 3 percent. 

MEAN VELOCITY 

The mean velocity v, used in th e computation of ~a;ameters was 
obtained by dividing the discharge by the product of the width of the 
flume times the average depth. The velocity thus accumulates the 

rrors inherent in depth and discharge calculations. T he errors in 
<ifischarge and depth may be additive or compensating in thei_r effect 
on the velocity. The velocity, as determined by the continuity 
principal, is given in table 1. Also included in table 1 is the mean 
weloci ty. VP as determined from the velocity profil es. ~ 
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VELOCITY PROFILES 

Typical velocity profiles are given in figure 4. This figure illus-
trates the form of the distribution curves of the velocities on semi-
logarithmic paper for a plane bed with no movement, run 14, for a 
bed covered with ripples, run 9, for a bed covered with a fully formed 
dune pattern, runs 21 and 24, for a plane bed wi th F7·>I, run 26, 
and for antidune flow, run 44. The stations given in the figure locate 
the· velocity profiles in the transverse clirection. The zero station in 
the traverse direction was at the righ t edge of the flu me. 

Velocity profiles in an alluvi al stream o,re continually changing in 
form. For example, the lower part of th e velocity profile is con-
siderably difterent when taken at the cres t of the dune than when 
taken in the trough where a separation zone exists. In the separation 
zone, the direction of flow is reversed. For flow with standing waves 
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and antidunes, the velocity profile in the vertical is considerably 
different through the trough than through the crest. In addition, 
the velocity of this type of flow at any point changes so rapidly that 
the profile is constantly changing. 

BED MATERIAL 

The median fall di ameter d, the nondimensional standard deviation 
u , and the fall velocity w of the median diameter of the bed material 
as determined from the samples for each run are given in table l. 

The median fall diameter of the bed material d for each run was 
determined from size distribution curves plotted on log-probability 
paper. The standard deviation u of the bed material for each run 
was calculated from the equation 

in which 

u= 1/2 [-~+ ds4] 
du d 

· d16 is the size of the material for which 16 percent is smaller. 
d84 is the size of the material for which 84 percent is smaller. 

(24) 

These sizes were obtained directly from the size distribution curves 
for each run . 

The median fall diameter of the bed material used to calculate 
parameters was obtained by averaging all of the data for size anal-
ysis and plotting the results to obtain the composite size distribu-
tion curve given in figure 2. This was done because the probability 
is small that any single sample or small group of samples will give 
the size distribution of a nat~i-al unsorted sand. The more samples 
that arc analyzed the greater the probability or obtaining the actual 
size distribution . The possibility that the characteristics of the bed 
material change with time was inves tigated by taking the size dis-
tribution, as determined from samplrs from the first 18 runs, and com-
paring it with the size distribution for the hist 26 runs. There is 
very little difference between the two, which is an indication_ that 
the sand size was not changing as a result of abrasion and there is no 
appreciable selective sorting of certain sediment sizes. 

Using the data shown in figure 2, the median · fall diameter, as de-
termined fro m all the samples, is 0.45 mm or 0.00148 foot, and the 
relative standard deviation is 1.60. Statistically there are 99 chances 
in 100 that this median diameter is within 4 percent of the true median 
diameter of the bed material. 

The fall velocity of the bed material, which is given in table 1, is 
based on the average median fall diameter (0.45 mm), shown in 
figure 2, and the temperature of the water for tbe run in question. 
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This fall velocity was determined using the graph on page 41 of Inter-
Agency R eport o. 4 (1941 ) . 

· TOTAL SEDIMENT LOAD 

The median fall diameter, the standard deviation, th e fall velocity 
of the median diameter, the concentration of th e total load, and th e 
computed to tal sediment load for each run are given in table 1. The 
m ethod !:/ used to determine size, relative standard deviation, and fall 
velocity were similar to t.hose used to establish th ese values for bed 
material. The total load was computed by mul t iplying th e concentra-
tion by th e discharge and a constant to convert to th e uni ts of pounds 
per second per foot of wid th. · 

Th e median diameter of the particles in the total load varied from 
0.000361 to 0.00174 foot. In certain runs the median di ameter d for 
the total load was slightly larger than th e median diameter of th e par-
ticles in the bed. This may have been clu e to segregation of th e bed ma-
terial and possibly error in sampling and analysis . In other runs the 
d for the to tal load was smaller than the d for th e bed material. To a 
limited extent , this may be cl uc to some sampling error, bu t it is 
largely caused by the transpor t capn.city being proport ionately smaller 
for certain sizes than th eir proportionate availability in the bed. 
Beyond a certain limiting bed shear , however, th e d for th e total load 
should be equal to the d fo r the bed material. 

The concen tration of the total load varied from 0 to 15',100 ppm 
which gave a total load variat ion from O to 1.28 pounds per second 
per foot. 

Samples had to be taken over a time long enough to average th e 
effec ts of storage in th e dun es and the res ulting flu ctu ations in con-
centration pass ing the samplers'._ A short sampli og t ime resul ted in 
concentration da ta tlrn,t were usually either too high or too low, and 
size distributions that were eit her coarser or finer th an they should 
have been . This may expla in the sqialler total load and fin er size 
distributions for runs 20- 24, 39, 40 , and the coarser size dis tribu tion 
for runs 6 and 10. However , th e sampling t imes for run 20 were long 
enough for the dun es to move a distance equal to four tim es their 
length, and for the dun es corresponding to the other runs ·to move a 
distance at least equal to th eir length. This indica tes tha t the 
sampling tim e was long enough and th a t the fin e;· s ize distribu t ion 
resulted from storage of certain sizes of bed material in the dune. 
However, la rger samples collected over a longer time should be 
obtained with the rough er beds . , · 

SUSPENDED SEDIMENT 

The concentration of suspended sediment varied from 0 to 14,500 
ppm. There were some concentrations of suspend~cd sediment tha t 



A-36 S'l'UDIES OF FLOW IN ALLUVIAL CHANNELS 

were larger than the concentrations of toto,l load. This  is  a physical 
impossibility considering average values and illustrat.es the inadequacy 
of the method of sampling. The greatest difficulty  occurred when the 
bed was extremely rough and (or) the depth of flow was quite shallow, 
and it is attributed to positioning the nozzle of the hand sampler too 
close to the bed. Suspended sediment is not included in the tabulation 
of concentrations. 

BED CONFIGURATION 

The geometry of the  b ed  is  described by the spacing and height of 
the sand· waves,  t he ratio of length to height of the sand waves, the 
ratio of depth of flow to height of sand waves,' and the form of the 
·bed configuratiori for each nm, which ar e all given in table 1. 
It is difficult to measure the  bed configuration accurately, as in the 

measurement of depth, because the accuracy  depends upon the effects 
on the original configuration of stopping the flow and draining the 
flume, and upon the number of bed· configuration mcasurE;ments taken . 
It was necessary to exercise care  in  stopping a run so· that a wave 

would not be created that would alter the bed roughness as the wave 
traveled up the flume, and in draining the flume so that the roughness 
pattern would not be  eroded. In the tranquil flow regime it was 
possible to stop the flow and drain the flume without appreciably 
, ltering the  bed configuration. However, with steeper slopes (rapid 
4}Qw regime) this was not possible. - ✓ 

OBSERVED FLOW PHENOMENA 

The form of bed roughness i,n alluvial channels  is a function of the· 
:sediment characteristics and th.e characteristics of the flow. That is, 
the bed configuration may  be changed by changing  either discharge 
(which effects the depth), slope,  temperature, or the median diameter 
or size distribution of the bed  material. In the flume experiments  the 
b ed material  was not changed  and the slope, temperature, and depth 
were varied. Under these conditions the following forms of bed 
roughness were observed: ., 

Tranquil-flow regime : 
1. Plane  bed without movement, 
2. Ripples, ✓

3. Dunes, 
4. Transit ion from d unes to rapid-flow forms. 

R apid-flow regime: 
5. Plane  bed wit h movement, 
6. Standing sand waves, 
7. Antidunes. 

The major forms of bed  roughness are sketched i~ figure 5. 
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F100RE 5.-Major forms or bed roughness. 
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Slope and size of bed material are the dominant parameters that 
determine what form of bed confi guration will occur, al though. with 
slope and b ed material size const-ant, the form of th e bed may be 
changed by varying depth (changing Q) or changing temperature. 
However, changing depth or temperature will not change the flow 
regime from tranquil to rapid unless the slope for a given size of bed 
material is close to the critical slope. T hat is, for a given size of bed 
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material with a small slope and the dune bed form of roughness, it is 
impossible to create the standing wn,ve form of roughness by changing 
depth or temperntui·e. With n, given depth n,nd temperature, nll bed 
forms can be created by changing slope when using a sand size bed 
ma terial. This last stntement has to be qu alified because three-
dimensionn,1 flow will occur in shallow depths and with it occur 
multiple bed roughness forms. It is possible to hnve a size of bed 
materinl that will prevent form ntion of some of the bed forms regard-
less of the depth, slope or water temperature. Figure 28 in the 
section Analysis of Data illustrates th e effects of temperature, slope, 
depth, and size of material on the forms of bed ·roughn ess. 

For a given size of bed material the change from one bed form to 
another is not necessarily abrupt. Neither does it occur at the same 
slope (depth and temperature held constant) nor the sn,me depth 
(slope and tempernture held constant), if the change in bed form is 
r eversed. That is, the change of bed form from ripples to dunes mn,y 
occur at a different slope (depth and temperature lield constant) 
than the reversed change fro m dunes to ripples. T his gradual change 
and (or) hysteresis effect result in a transition from one bed form to 
another. This transition of bed forms is of major importnnce when 
the flow changes from tranquil to rapid, or from rapid to tranquil, 
that is, when the bed fo1:m changed from dunes to standing sand 
waves with standing wn,ter wn,ves or to a plane bed with a plane wnter 
surface, or when i t changes from standing sand waves to d:unes . The 
change in flow regime from tranquil to rnpid or fro m rapid to tranquil 
may, if conditions are right, 9ccur in a natural river. That is, if the 
slope of the energy grade line 'is close to the critical slope, a change in 
the stage of the river could icsult in a chang(} in the flow regime. 
Tranquil flow eAi sts at low stage n,nd rapid flow 'exists at high stage. 
Vf ith a change in regime there would be a break in the discharge 
rating curve for that stream. Beqause there is a hysteresis in the 
transition fro m rapid flow to tranqu·il or from tranquil flow to rapid, 
the point at which the break in the disch arge rating curve would occur 
depends on whether the stage is rising or falling and also on the rate 
of change. 

It is important to note that the velocity of the Dow in an alluvial 
channel is not zero at th e bed. The velocity of t l~e water through the 
bed is slow bu t import.ant, especinlly when considering seepage force. 
The velocity of this flow "in t.he bed is highest in the dun e bed form , 
since t.h e porosity of the material is high, and srnallest in the rapid 
flow regime, where the bed material is closeiy packed. In the flum e, 
as a resul t of the effects of the floor, the velocity of the flow through 
the bed was probn,bly lower than in most natural streams, and conse-
quently, the seepage force wn,s lower. In a natural-stream the velocity 
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in addition to being greater in the di rection of flow, has verticnl com-
ponents in the bed resul ting from inflow or outflow. This inflow or 
outflow, which depends on the wi1ter table of the surrounding aren, 
causes large seepage forces. T hese forces may have a considerable 
effect on the form of bed roughness and transport of sediment. 

BED FOR MS IN THE TRANQUIL-FLOW REGIME 

PLANE 1nm 'WITHOUT MOVEMJ~NT 

The plane bed with no movement of bed material was soft and easily 
disturbed. Figure 6 is a photograph of a plane bed. This bed was 
photographed through the water cl uring the run. Th e word "plane" 
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:f' IGtlRE 6.-View of bed with no scdilllent movement. Water-sur face sloµc S=0.000147 (run 14). 

is used to emphasize that the surface of the bed was not hydraulically 
smooth. T\1at is, for a smooth, rigid hydraulic boundary the magni-
tude of d/o' must be such thot d/o ' < 0.25. The minimum d/o' for the 
flume runs was 0.40. Obviously it is possible to obtai~ a hydraulically 
smooth boundary without bed movement by decreasing the slope or 
the depth. However, obtaining a smooth bed or a plane bed without 
sediment movement in itself has li ttle practical irnportance. The 
important thing to consider is the point at which movemen t of bed 
material will begin as the slope or dep th, or both, are increased. I t 
is in teresting to note that the point ,,·here movement begins, for this 
size of bed material, is not the point where a transition from the hy-

~., ......... 
4; - aw w 
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RIPPLES 

The form of th e ripples is illustrnted in figure 5, and a photogro ph of 
ty pical ripple form ation is shown in figure 7. Tho height of the ripples 
w.as less than 0.10 foot and their longitudinal spacing was less than 
2 .0 feet. T heir length-height ratio, L /h, varied from 10 to 20 . The 
mtio of depth of flow to ripple height ranged from 4 to 24; Manning n · 
ranged from 0.019 to 0.027; and O/./g ranged from 7.8 to 12.4. The 
upper limit of n -values, and th e lower li mi t of C/ .fg, in general, were 
associated wi th the shallower dep ths. 

There was li t tle or no suspended sedim ent movement with th e 
rippl~ ped form. The water w as sufficiently clear ~o that the bed was 
visible at all tim es . The to tal sediment load ranged from 1 ppm to 101 
ppm and the sedim ent moved in more or less continuous contact with 
the bed, rolling up over the crest of the ri.pples and coming to res t on 
its forward slope. T he sediment on th e forward slope did not move 
again unt il it was exposed in th e UP.stream part of the ripple as th e 
ripple migra ted downstream. Thus the movement of the sedim ent 
particles takes place in steps. The length of th e step and time interval 
between steps depends on the length of the ripple and t..h o ripple 
velocity. 

Beds with ripples were soft, but not as soft as those wi th dunes . The 
w ter surface was very smooth with li ttle visible difTerence from the 
water surface for a plane bed without movement. The separation zone 
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FIGURE 7.-View upstream or ripple configuration. Water-surface slopo S = 0.OO(H03 (run 9). 
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downstream from th e crest of the ripple is. such that there was little 
evidence of jct impingement on th e downstream rippl e. The reverse 
flow in th e trough moved only the fin est mica particles and th e turbu-
lence was small at th e interface between the main curn\nt and th e 
separation zone. 

As th e slope and (or) depth were increased beyond a certain limit, 
the ripples were modifi ed and th e appearance of the bed changed. 
Compare th e ripples shown in figure 7 ·with the dunes in figure 8. 

""'Zi f''-// ... : 
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}' 1GURE 8.-Vlew upstream or d une configuration. Water-surface sf ope S= 0.00247 (run 23). 

The bed changed from the ripple . patt.ern to a dune pa ttern when 
the slope and (or) depth were chan·gccl such that d/o' was approxi-
mately 1.0. The Froucle number was approxim ately 0.28. This 
change was abrupt and the dunes established tficmsclvC's over the full 
length of th e flu me in a matter of hours. To change from dunes to 
rippl es (Q =constant) it was necessary to decrease the slope and 
increase depth from those values at which ripples· changed to dunes. 
Because of th e red uced transport capacity caused by decreasing slope 
and increasing depth, considera'ble t im e is required for the flow to 
convert a dune configuration to rippl es . 

DUNES 

The form or' the dunes is illustrated in fignre 5 and a photograph 
of typical dunes is shown in figures 8 and 10. In this sequence of 
runs, dunes ranged in average height from 0.15 to 0.52 feet and in 
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length from 4.0 to 7.5 feet. The lcngth-to-lwight ratio, L/h, varied 
from 14 to 28. The ra tio of depth of flow to dun e height, D/h, ranged 
from 1.5 to 5.0. The Froude number varied from 0.38 to 0.60 wi th 
0.60 fixing the upper limit of the <lune bed form. Tli e Manning n 
varied from 0.018 to 0.032, i lthough from observa tiolls of the bed, 
much larger values of Manning n would be expected (figs . 8, ~. and 
IO). The reaso n for these smaller n-values is tha t in a flume this 
large, as in a natural stream, t.hc dun es form a pa ttern that allows part 
of the flow to sideslip or bypass the dun e. This si<leslippn.ge or 
meandering of the flow around th e dunes is very obvious wh en a smaller 
discharge is nm over a dune bed formed by a larger discharge. 

D unes move downstream as a result of sediment toppling over the 
crest and accumulating on th e downstream fa ce of the dun e. The 
larger the amplitude of th e dune the more sediment is stored in the 
dune and the lower the dun e velocity. Small er dun es with their 
higher velociti es overt ake th e larger dunes. This r esul ts in a much 
larger dune and decreases th e dune velocity . Velocity of. the dunes 
varied from 0.03 to 0.70 feet per minut e. The highrr dun e velocities 
were associa ted with the steeper slopes and shallower dep ths. Con-
versely, the larger dunes were associated with flatter slopes and deeper 
depths. 

The L/h ra tios for dun es and ripples are simil11r. The rntio!:! ranged 
from 10 to 24 for ripples and l 4 to 28 for dunes. ·This indicates that 
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FIG URE 9.-Flow over dune con fi guration similar to that shown in~tlguro 10. 
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FIGURE 10.- View upstream or dune configuration. Water-sur face slop~ S=0.00289 (run 24) . 

th ere is a correlation bet.ween dune height and dune length for a given 
sediment. That is, if the height of the dune or ripple increases with 
change in slope or depth, Lhe length also increases. The variation in 
the L/h ratios may be the result of the randomness of the dune con-
figuration, making it difficult to obtain true average length or height. 
Some of the variation in the Ljh ratios may result from including the 
separation zone in the measu(ed lengths of the, dune. That is, the 
true length of the dune may" ext.end from the e'nd of the separation 
zone to the downstream crest. The measured length as used, how-
ever, was from crest to crest. The magnitude of t.he srparation zone 
increases as slope increases. 

The ratio of depth of flow to dune height, or t elu tive roughness D/h, 
was different for ripples from that for dunes. Ripples had n. larger 
D/h ratio than dunes. This parameter may help explain why the n 
values were smaller for ripples than for dunes. A~so for the ripple and 
dune be<l form, the larger n values occurred with the smaller D/h 
values. 

It seems from the flum e du.ta tlrnt maximum <June height, during 
two-dimensional flow, is limited by the depth of flow. The dune will 
only grow until its crest is " ·it hin a certain distance from .the water 
surface, unless t.hree-dimensional flow exists. Also, with a given 
slope and continuously increasing depth, the dun e height may reach 
some maximum value for that size of sediment and 'water temperature, 
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and increasing the depth beyond this limiting depth ,\·ill not increase 
th e dune height. If this is true, then in order to predict accurately 
the resistance to How in an alluvial channel, the point- where dun e 
height becomes independent of depth mus t be determined. This 
point may be a fun ction of the widtl1 of the chann el. If dune height 
becomes independ ent of depth, the n-vnJues may decrease wilh stage. 
That is, hf D, the relat ive roughness, will decrease . 

The bed with dunes is very soft and fluid, and ther<' is consid erable 
segregation of th e bed materi al. The upstream slope and crC'sL of the 
dun e, which has a slope of npproxirnately 2 to 4 degrees, consists of the 
fine and coarse material moving downstream . T his slope of the up-
stream face is practically the same as that for the upstream face of the 
ripples. On the upstream face of the dune, at Llie lower slopes, ripples 
form. At, the higher slopes these ripples on the dun es are not ap-
parent. The downstream face, which has a slope between 31 and 39 
degrees, consists of the coarser fraction of the bed material. This 
coarser fraction is the material that can not be swept in to suspension 
at the crest but topples over the crest an<l avalanches down Lh e fore-
slope. It, is this avalanching that results in the soft nature of a dunr. 
bed . The materi al is deposit ed by the force of gravity and has rela-
tively large Yoids. If it were depositl'd by the dyn amic force of the 
flu id it would be packed into place, with a relatively small voids ratio. 
Bugnold (Hl4 1, p. 238-240) observed and explained the sam e phe-
nom ena in wind blown dun es . The trough of the dune co ntains a 
layer one eighth lo 2 inches thick of the fin e material from th e bed. 
Part of the fines in the trough comes from the sediment that is swept 
from tL e c·rest and part comes ft-0;11 the lower part of the upstream face 
of the downstream dun e, wh ere \ he main cunent that overrides Lhr 
separation zone impinges on lh.e bed (fig .. 5). As; the water-surface 
slope is increased onr th e dun e form of bed roughn ess, the toe of the 
do,rnstream dun e is more actively blasted and eaten away by the 
water with high velocit.y that impinges on it. This is :1n addition al 
source of fin e material th a t is deposited in the trough by the reverse 
flow in the separation zone . Velocities as high as·l .3 feet per seco11d in 
th e upstream direction were measured in th e separnt_ion zone. . -

The slope of th e downs tream face of the dune, which varied from 31 ° 
to 39° with oan avernge of 34°, was clearly defined by li nes formed by 
the dark colored mica pnrticles as the dune moved dowustream (fig. 5). 
The angle of repose in air for d ry noncohesive sand 1 mm in di ameter 
(95 percent of the bed material in tb e flume was fin er than 1 mm) 
varies from 29° to 32° depending on angularity of the particles 
(Simons and Alberlson, 1960). That is, well round ed 1 mm particles 
have an angle of repo:=;e of 29° and very angular particles have an 
angle of 32°. It is probable that the angle of the fo~ward face of the 
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dune is increased above the angle of repose of dry sand in a_ir as a result 
of the increase in pressure in the separation zone on t he foreplane of 

be dune and as a r es ult of the reverse flow in the trough moving up the 
f11ce of the dune. This is verified by tli e fact tha t, as the velocity of 
flow was reduced to zero in the flume, the face of the crest of the dune 
iumped, r educing the angle of inclination of the face. 

With the dune form of bed roughn ess the water s urface is uneven 
a.nd turbulent (see fig. 9). Over the cres t of the dune, the wa ter 
urface is lower th an over the trnugh. This is the result of the accel-

eration and deceleration of th e flow as it contracts over th e cres t and 
expands over the trough. This was illus trated ,for rigid boundaries 
by Rouse (1946 p. 135 and 139). The degree of rough ness (turbu-
lence) of the water surface increases ,,i th an increase of bed roughn ess. 
The roughes t ,yatcr surface occul'l'ed wh ere there were la rge wa ter-
sm-face boils . These boils stood approximately one-ten th of a 'foot 
above the surrounding water surface. However, the roughness of 

e wa ter surface was not grea t enough to affec t the determina tion of 
the water-surface slope (fig. 3). The turb ulence crea ted at th e inter-
f:ace between the main flow and the fl ow in the sepa ration zon e dis-
ipated considerabl e energy, and normally th e dis turbance caused by 

the interference was visible on the wa ter surface downstream. In 
the dune bed form, the suspended sediment concentra t ion, th e in -
tensity of the turbu lence, th e relative roughness , and the yelocity of 
the reversed flow in the trough all increased with increasing slope . 
.A.fong with the dun es, potholes form ed th at had a depth equal to the 
height of th e dunes. These, as well as the dunes, caused boils on the 
:vater surface, which were evid 13nt downstream from the dunes. The 

potholes and boils moved dowf;is trcam in front of the dunes at the 
ame velocity as the dunes . There were normally: from 10 to 20 pot-

holes and boils evident in the full length of the flum e for this ty pe of 
bed roughness. The potholes appea r:cd to develop as a result of th e 
increased s t rength of th e secondary circula tion in th e separation zone . 
'The combination of the velocity in the direc tion of flow and th e second-
ary circula tion causes a spiral circulation similar Lo th a t in a whirl-
rind . This rota ting mo t ion scoms ouL addi t ion al ma teri al at a point. 

i.in the separation zone and prnrluces a pothol e. · The cxiste11 ce of 
dunes and po tholes is indicated visibly by the form a tion of very 
strong boils that trnnsport considerabl e suspended sediment upward 
to the water surface. 

This segrega tion of the ma teri al by the formation und movement of 
dunes means that a large number of bed material samples must be 
obLained and an aly zed before th e size dis tribution can be accurately 
established. For this flum e ma ter ial, 60 samples were needed before 
:another sample would not alter the median diamet: r by a significant 
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amount. This segregation s hould have some value, though, beca use 
in a natural stream where Fr<0 .G it might be possible to determine 
the characteristics of the bed roughness by taking core sa mpl es of th e 
bed, conditions permittiug. 

TRANSITION FROM DUNES TO RAPID-FLOW FORMS 

The change fro m dunes to rapid flow forms is complex and the form 
of the bed roughn ess is erratic. With small changes in depth and (or) 
slope the bed configuration may change from a form typical of dun es 
to a form typical of rapid flow or so me com bina tion of the two. The 
transition occurs when the depth and (or) slope arc changed to give 
dff,'>2 and 0.6<Fr< 1.o . 

There is a definite break in th e Froude number when changing from 
dun es to rapid flo w forms. For flow with dunes th e maximum Froude 
number was 0.60. Obviously , the minimum Froude number is 1.0 for 
rapid flow. Runs with 11 Froude number between O.G and 1.0 
showed a multiple roughness . Tha t is, the bed form was in between 
dunes and a plane bed and consis ted of washed out dunes and sand 
bars . 

It is logical tha t the upper li mit of th e Froude number, for the dune 
bed form, is considerably less than 1.0. The change in roughness, and 
consequ en tly the change in resis t.ance to flow, and the dissipation of 
energy are la rge wh en changing from th e plane bed or undulating bed 
during rapid flow to dunes, whereas the change in energy for changes 
in the Froude number in the vicinity of Fr = l is small. Thus, the 
velocity 1111d dep th, when the bed form cha nges, are changed consider-
ably, resulting in a low Froude number. Conversely, the change from 
dunes to rapid flo w form s results ' in smaller loss of energy because of 
the reduced roughness, res ult.ing-in higher velociti es, low depths and 
Froude numbers~ 1.0. 

There is a hysteresis e!Tec t in the change of bed roughness from dun es 
to rapid flow fo rms and back to dun es.' The value of slope and (or) 
depth for th e change depends on the bed configuration prior to the 
change. · If t,he brd is covered with dun es, a slope of 0.0035 may b_e 
required before rapid flo w will occur and the dun e con fi guration is 
destroyed. If the bed is plane, the slope may be decreased to 0.0025 
before th e flow will change from rapid to tranqui l and d°un es will form . 
This hysteresis effect muy be attributed to the change in energy witl1 
a change in flow regime from trnnquil to rapid, or from rnpid to 
tranquil. That is, a change from poten tial to kinetic energy with a 
change from tranquil to rnpid fl ow or change from kin etic to potential 
energy with a change from rapid to t ranqu il flow. This cha.nge in 
energy results from th e large change in roughness associa t.ed with tho 
change in flow from tranquil to rapid or from rapid to_ tranquil. The 
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.Manning n valu es for dun es range fro m 0.018 to 0.032, whereas, wi t h 
rapid flow, 1'1n.n ning n values range from 0.010 to 0.015 . 

The fa.ct tha t, for this bed material, a typical dun e patLern did not 
occu r with a Froude nu mber equal to or gre1itc r than 0.G0 is impor t1wt, 
especially if it holds trne for other bed nrnteri n.ls . Runs 40 and 29 
had Froudc numbers equal to or slightly greater than 0.G0. Their 
bed forms wern wn.shed-o ut du nes with rather ln.rge l, /h rntios. T ue 
1\1nnning n values worn 0.01 8 and 0.021 respectively, which arc small 
when compared with n values for dunes, but are higher t han rapid-
flown valu es . It seems that t he mn.gnitud e of ).fanning n increases 
as the percent of th e area of the bed that is covered with dunes de-
creases. 

Th ree o the r runs (30, 35, 36) with 0.G<Fr<L0 had long, low ba rs 
diagonal to the flow. These bars were 20 to 30 feet in length .wi th 
L/h ratios between 30 and 50. 

Runs 29 , 30, 35, and 36 had distin ctly different ty pes of flow occu r-
ring s id e by side (fig. 11 and 12). This three-dimension al f!ow was 
probably caused by using discharges that were too small with respect 
to slope. This phenomena was also observed where the an tidu ne bed 
forms exis ted and Lh e discharge was decreased beyond a given value 
(run 45). For three-dim ensional fl ow the n values ranged from 
0.014 to 0.023, whereas then values for standing ,,·aves was approxi-
mately 0.01 2. 

-· . .,.~ 

> }di I •. 

FIGURE 11.- Thrcc-d imcnsionul aow over the sandbar configuration or fi gurn 12 (run 35). 
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F ir.URE 12.-Vic w uµstrcam of sandbar configuration. W utcr-surfacc slope S=0.00-19-1 (run 35). 

Three-dimensional flow probably results because disclinrge and 
slope were controlled in the experiments , and with the stecp·er slopes 
the small discharges set up conditions favornble for three-dimensional 
flow. Other experimenters  m ay  have observed this flow condition 
because of the limited discharge capacity of their flume system and 
tbe  resultant large width-to-depth rntio tha t  develops ns slope is 
increased. In runs with the dule bed form, the  smallest discharge 
was sufficient to insure two-dimen~ional flow. Pres\1mably, howevci·, 
by further decreasing the discharge, three-dimensional flow could also 
occur in runs with the dune  bed form. · 
Runs 29, 30,  35, and 36 were discounted in analysis of data because 
they wer e three-dimension al. 

BED FORMS I N  THE RAPID-FLOW REGIME 

PLANE DF.D ,VITH JI! OVEl\l ENT 

In runs  with rapid flow (Fr> 1.0) , three forms of ;and bed surfaces 
and wa ter surf aces were observed: plane bed and water surface, 
standing sand and water "·aves, and antidunes. 
A completely plane  bed with a plane water surface over the full 

length of the flume was only produced once in all the runs (fjg. 13). 
It was anticipa ted from a study of the existing literature that this 
would be the most common type of bed configuration between dunes 
and antidunes. l\fost experimenters have recorded ·a large number 
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FIGURE 13.-Vicw upstream of a plane bed during rapid flow. Water-surface slope S=0.00366 (run 26) 

of runs with plane beds, particularly when they worked with short 
flumes. In many of tbe runs in this study, thern was a'plane bed 
surface and plane water surface for the first 60 to 70 feet of_ the flume, 
but beyond that point standing waves clever • 1• Laursen (1958), 
in his experiment using a flume 105 feet long' ~~ · 3 feet wide, also 
reported difficulty in obtaining a phne bed. Perhaps plane beds 
result from using flumes with i_nsufficient lcngth,for standing waves 
or antidunes to form. ' 
For the plane bed of figure 13 the Manning n value is extremely 

small (n=0.0078); the total seclimei'.it load is  large (4,580 parts per 
million); the Froude number is 1.6;.and the d/5' value  is only 2.1. 
This Froucle number is tbe next to largest recorded even though the 
slope for this run was not as great as for the runs in the antidune 
regime. The sand bed was very firm. 

STANDING WAVES 

The water surface consisted of symmetrical standing waves of low 
amplitude, (fig. 14). The standing waves formed and gradually 
disappeared but unlike antidunes they had r.o tendency to break or 
migrate upstream. The forms of bed roughness observed with stand-
ing waves, in the order of increasing slope, were a diagonal dune 
pattern cross-laced like  a shoe string (fig. 15),  a plane bed, (fig. 13), 

' 
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FIC1URE 14.-View down.stream or standing wave during rapid flow. Water-surface slope S =0.00364 

(run 39). 

FIGURE 15.-View of cross-laced configuration looking upstream. \-Yater-surface slope S=0.00435 (run 27). 
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and a symmetrical, undulating sand wave similar in form to those 
observed in th e antidun c regime. 

The standing water waves formed when Froudc number was 
.approximately 1.0. Th e standing water waves with the diagonal 
,cross-laced sand bars shown in figure 5 formed with this lower Froudc 
number. The stand ing water waves on a plane bed formed at a 
Froude number of about 1.1, and standing water waves on a bed 
with undula ting sand waves form ed when L2 < Fr< L 5. Th e ::\1nn-
,ning n for the standing sand wav e bed form is relatively small, rangin g 
from 0.012 to 0 .015. The water surface waves are 1.5 times as high 
as the corresponding sand waves. Concurren t 1heasurcments of the 
sand bed waves and th e water-surface waves arc illustrated in figure 21. 

ANTIDUNES 

When the Froude number, comp uLcd on the basis of average velo city 
and average depth, was greater than 1.5 and d/o' was grea ter th an 3.0, 
antidunes form ed. ·. 

Antidun cs are defined as a train of symme trical sand waves, in phase 
with a corresponding train of symmetrical water-surface ,rnves . 
Both trains of waves move upstream and grow in height until th ey 
bJ·eak (figs. 16- 20), resulting in a cyclical fluctu ation of th e water-

.<' 

.... :..,_ __ ... 
FwuaE 16.- Water surface before antidunc wave starts to build up. View is upstream. Water-surface 

slope S= 0.009!'6 (run 42). 
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surface waves and the sand waves. Tho waves build up from a 
plane bed with a plane water surface. They grow and move upstream 
un til one or two of the waves become unstable and break as shown 
in figures 18 and 19. Normally, when one wave breaks, other waves 
break immediately thereafter for a distance of one or two waves 
upstream and 4 or 5 waves downstream. That is, depending on dis-
charge and slope, from 1 to 8 waves at a spacing of 1 to 6 feet usually 
break within a short time interval. This chain reaction that follows 
the breaking of the first wave is apparently triggered by the action 
of the first wave that breaks. 

In making concurrent measurements of the bed and water surfaces 
in the troughs and crests of antidunos, it was observed that antidunes 
become unstable and break when the water surface in tho trough of 
the wave train is approximately the same elevation as the crest of the 
downstream bed wave (fig. 21) . The measurements also indicated 
that the water waves are 1.7 times larger in amplitude than the 
corresponding sand waves. The total height of the water-surface 
waves from trough to crest was from 1.0 to 1.5 times the average 
dep th . When the waves started to break, their heights were about 
twice th e average depth . The breaking of the waves is very spec-
tacular. T here is considerable turbulence, dissipation of energy, and 
mixing of the flow. When they break they sound like th e surf in the 
ocean and there is probably some resemblance, in that the ocean 
wave, as it climbs the sloping beach, also builds up to an unstable 
height before breaking. · 

When the antidunes are building up, the bed is very firm and there 
is no separation between the flow and bed . However, when the anti-
dune breaks, the crest of the sand wave becomes soft and flu id and 
seems almost to explode. When the water waves bi::eak, the flow is 
very turbulent; there is separation, and considerable sediment is 
thrown into suspension. ormally, most of the sediment load is 
moved as contact load. Total load concentration is very high, 
ranging from 4,240 to 15,000 ppm for these runs. It appears that the 
movement of the antidunes upstream resul ts from scour on the down-
stream side of one sand wave and deposition on the upstream side of 
the adjacent wave and consequently, the wave moves upstream . 

Except for run 45, which was considered three-dimensional, th ere 
was only one train of waves in the cross section. The train of waves 
was located off center at about the left %-point in the cross section. 
In subsequent runs, however, two trains of waves symmetrically 
located in the flume were observed several times. The wave train was 
not continuous throughou t the entire length of the flum e. That is, 
a train of antidunes would build up and break in one 20- to 40-foot 
length of flume and then repeat in another 20- to 40-foot reach, or 
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.,. 
they would build up and break in two or three discontinuous lengths of 
the flume. T he building up and breaking, in the differen t r eaches of 
the flume, might be in phase or ou t of phase. , 

T he period of time it took for one an ti<lune wave to build up a nd 
break, and Lhe number of a.n ticlune wu,0 es built up ftt one time varied 
with the slope and the discharge. During run 32 only one train of 
six to eight antidun e waves would build up and break at a given time. 
This train of waves, wi th a to tal lengLh of abou t 4(j fee t, would build 
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up in, for e~a,mple, the lower section, then next in the middle or upper 
sections, arrcr again in the original posiLion . Normally , abo ut two 
complete cycles occurred enry hour (a cycle in dudes s tar ting ,vith a 
plane surface, the building up of waves, the breaking of th0 waves, and 
the return to a pln,ne surface). For other runs with steeper slopes 
there were three or four r eaches in the. -flume where tb e train of Wfn-es 
built up and hroke in phase and out, of phase, almos t. con.tinuously. 

When the antidunes brea k , a considerable amount of water is stored 
in the flum e. Observfitions 1tt the g1ass-w,1,ll ed section of the flume 
show tha t when an anticlune breaks, the wa,ter and sediment in the 
wave crest ceases t,o move or movrs upstream unLil the breaking wave 
vanishes and then normal flow is r estored. At the higher slopes (run 
43), when three or four series of antidune waves in the train would 
build up and break simultaneously, &1 niuch water was stored in the 
flume tha t the pumps v..-ould surge. In the exLrem e case, antidune 
waves would build up and break in phase with the surging of the 
pumps, This r esulted in a fluctuat.i ng discharge and an -increase in 
anLidune activity. So much water was stored in tlie full length of th e 
flum e as a r esult of t.he more violen t, antidune action, th a t, the tail-
wa ter level in tlie tailbox dropped un til the pumps lost th eir prime. 
To eliminate this degree of surging of the pumps, the level of the watn 
in the sump was raised and more water was continuously added to the 
sump to replace th a t stored in the flume. When the antidunes were 
_not breaking, there \Vas t• surplus of wa ter, which was discharged 
through an overflow at the top of the snmp. 

The storage of water caused by the breaking of the antidune waves 
probably explains th e surging discharge observed in alluvi al sLreams 
with steep slopes. That is , the '.antidunes store and release water in 
the upper r eaches of the stream. in a random, hapl1"azard manner, but 
as the flow travels downstream this storage and release of storage 
causes the an tid unes to break in a more systcmat.ic pattern until 
surges develop that cause t,he nntidunes to form and break at r egular 
time intervals. Some field examples or surging flow arc Muddy Creek 
near Pavillion, Wyo., and Meda.no Creek in the Great Sund Dune 
National Monument, Colo. . -

Antidune flow, in terms of fluid mechanics, is very efficient. That is, 
the l\1anningn ranges from 0.010 to 0.013. Even though th e breaking 
of the antidunes dissipates considerable energy, th e length of flume 
that this breaking occupies is small in comparison with the total flume 
length and the period of time the breaking waves exists is small in 
comparison with the total time for one antidune cycle. This explains 
the low n values . It was observed Llrn t as the antidune activity in-
creased with an increase in slope there was a larger dissipation of 
energy with a decrease in discharge coefficient 0/...fg and an increase in 
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Manning n. Surface velocity measurements, obtained by t1mmg 
floats along a centerline of a train of antidune waves (when they were 
not breaking) and along a nearby pamllel line where the water surface 
was smooth, showed th at the surface velocity was greater in the train 
of waves . The vel~city in the trough of the an.tidune is considernbly 
greater than th at in the crest. It is possible that the antidunes break 
when Lhe velocity and depth over the crest decrease because of in-
creasing wave height until a Froude number less than 1.0 results. 

The stnncli ng wave and the anti<lune waYe may be compared to th e 
flow regimes of rigid bou n<lnry hydrau li cs illustratf'd by Rouse (l 94fi). 
T he crisscrossed bed pattern (figs. 15 anJ 20) that is observed with 
both stan ding wave and antidune flow resembles the shock waves 
that form wi th rapid flow (Fr> l.0) in rigid boundaries. 

ANALYSIS OF DATA 

The basic data (table 1, p. 30) have been utili zed ns dictated by the 
investiga tions of others, by various concepts (many of which are 
partly in tuitive) and the dimensiona,l analysis of the channel roughness 
problem to obtain the relationships presented in this section . It 
should also be borne in mind that th ese relations, excluding figure 28, 
are based on only one group of flu me da ta, and that the size and 
gradation of bed material remained constant except as altered by 
miscellaneous sorting, which may or may not be of s_ign ificancc. 
That is, d and u are constant, fwd w varied only because of temperature 
changes. The r elations presented in this chapter are given in a logi cn,l 
sequence that can be subdivided into four major phn,ses. 
1. Relations of a simple Qature t hat· illustrate t he interrelationship of the variables, 

geometric variables, th e form of bed roughness, and the regimes of flow. 
2. Relations of a more complex natu re that include the V(lriation of the !\fannin g 

n, t ractive fo rce and total sed.iment load concentration. 
3. Relations that involve roughness in all uvial channels. T hese relations vary 

fro m simple to complex. 
4. A plot that utilizes dat a from both the laboratory and the field to expand the 

usefulness of the foregoing concepts and to accentuate the existence of t\\'o 
regimes of flow and six major forms of bed roug'finess. 

Appreciable insight of the scope of the data collected, and -into 
the interrela tionships of flow to geometric vari ables ·can be gained by 
considering a few simple dimensio nal plo ts . .,. 

VARIATION OF VELOCITY WITH D EPTH 

The variation of velocity with depth 11,nd their relations to the six 
major forms of bed roughness arc shown in- figure 22 . In this and 
subsequent plo ts the follo wing notation is used to signify the two 
regimes of flow and six forms of bed roughness : Tranquil flow - P 1, 

is plane bed and water surface with no bed moveDJent; R, is ripples ; 
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with rapid flow . Runs of this type plot just below the critical velocity 
c urve. The lines dividing the p'lot into forms of bed roughness are 
based on the observed roughness and the Froude number, Fr. 

A similar relation, that of D to Q, can be plotted using slope and 
forms of bed rougness as the other variables. As in the preceding 
figure, the transi tion runs will plot just below the cri tical depth curve. 

V ARIATION OF TOTAL SEDIMENT-LOAD CONCENTRATION AND 
MANNING n 

Values of Manning n range from 0.008 to 0.032 . These n vn,lu es 
have been corrected for side effect in accorda nce, with the procedure 
presented by Einstein and Barbarassa (1951). The magnitude of 
n b increases with increasing V un til the regime of flow shifts from the 
tranq uil regime to the rapid flow regime where the n's reduce suddenly 
t o approximately 0.012. Undoubtcdly, a better relationship of' the 
forego ing type could be obtained by rela ting .:\1anning nor some other 
measure of channel roughness with suspended sediment l_ond, except 
tlhat in shallow depths it is difficult to sample suspended sedi ment 
load with significan t accuracy. More often than is desirable, when 
taking the suspended sedim ent sample, part of the bed material load 
nd in some cases even a part of a ripple or dune may be intercepted, 

particularly when the velocity is relatively large: 
By relating the concentration Cr and the ~fann ing n to t!ie regimes 

of flow these significant conclusions ·can be reached. 
l. As the flow is increased and the bed changes from a plane bed with 

no movement to one with ripples, the Manning n increases from 
about n = 0.015 to n= 0.02,5 with no significant discontinuities. 

2. As dunes form a marked ipcrease in Manning n occurs, from 
n=0.025 to n= 0.033. This increase in ~ is caused by the 
large size of the dunes at a spacing condu ciYc to maximum 
roughness. . 

3. In the transition from tranquil flow to rapid flow, the resistance 
to flow is also in transition. It shifts with a small change in 
depth and slope from high resistance, aln-i.os t as high as for the 
dunes, to low resistance, which is no t quite as low as for ra pid 
flow. The amount of the resistance to the tlo·w is depcndenL Oil 

t.he area of the bed conrwl by dun es. 
4 . In the rapid flow regim e there is a significant decrease in 1\1.nn ning 

n. This large decrease in resist.ance to flow can be attributed to 
the change from dunes to symmetrical sand waves. Dunes lrn vc 
a large separation zone with larg0. form drng, whereas the 
symmetrical sand wave has no separation zone and has only the 
form drag resulting from the pnrticle. Possibly some of th is 
decrease in Manning n can be attributed to the movernen t of 
large quantities of sediment as bc<l load .~ The turbulence 
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created is insufficient to hold large quantities of sediment in 
suspension. Consequently, the sediment load that was carried 
in suspension when dun es formed now is carried near the bed. 
This heavy concentrati·on, in turn, markedly changes the 
properties of the fluid-sediment mixture, which means that the 
fluid is no longer homogeneous. A sort of strntified flow results 
that inhibits mixing, and the effective bPd roughness is extremely 
redu ced. The flow hn.s some similarity to plug flow in pipes. 
For the single run with n=0.0078 the bed was plane, and the 
resistance cnused by the standing waves was not in effect. 
Under these conditions the similarity to plug flo,Y is even more 
pronounced. 

5. The largest concentration of total load for standing wave roughness 
occur just before these waves begin to move upstream as anti-

. dunes. With antidunes the Cr values are even larger. The 
same large concentration of sediment exists near the bed as 
und er standing wave condit ions, except for the short ,time while 
the antidunes are brea king, and hen ce the 1\111.nning n rcrnains 
small, 0 .01 I<n<0.015. 

VARIATION OF TRACTIVE FORCE AND TOTAL S EDIMENT LOAD 

Figure 23 is obtained by plotting the tractive force To, which has 
been calculated by the equation 

(25) 

with the total sediment load concentration in parts per million. 
Although there is apprecin,ble scaJter, a trend definitely exists. That 
is, the magnitude of total load Cr·increa.ses with increasing magnitude 
of tractive force To, Ea.ch run in figure 23 hl¼,s beer/labeled in accord-
ance with its form of bed roughness. Using this notation the regimes 
of flow and forms of bed roughness have been indicated. There is a 
definite tenden cy, in this case, for the 'tranquil flow runs to sep,1rate 
from the rapid flow runs because of the large tractive force associated 
with runs that have large dunes on the bed. 

The deviation of the runs that form dunes from the general trend 
is a result of an increase in shear To, due to the large size of the dunes, 
without a corresponding increase in concentration Cr:· .It .is significant 
that a sudden decrease in To occurs at about Cr=2,000 parts per million 
as the bed changes from dunes to plane bed or standing waves. This 
is caused by a reduction in roughness, which also decreases the 
ability of the flow to transport sediment. Consequently, Cr is cut 
in half from run 40 to run 36, beyond which point Cr, in th e tninsition 
from dunes to rapid flow bed forms, steadily increases. No such 
discon tinuity occurs at the change from ripples to .dunes or at the 
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change from standing waves to antidunes. There is, however, 
considerable scatter in the values for the rnpid flow regime, which 
shows that another variable is needed to describe the phenomenon 
more completely. 

R ESISTENCE T O FLOW RELATIONS 

Working more directly toward the evaluation of variable bed 
roughness in alluvial channels, and using C/{g as the index of rough-
ness, the applicability of the' following equation, suggested by Ali 
and Albertson (1956) , was investigated. , • 

~=~[~Re] (26) 

Certain trends were apparent involving these three para.meters bu t 
there was excessive scatter. It may be that the collection of addi-
tional data will impror e this condition . Certa~nly the dat_a 'pre-
sented by Ali and Albertson show that the foregoing functional 
relationship has merit and warrants additional consideration. . 

Applying an approach suggested by Liu (1957 ), the relationship 
between V*d/11 and Vr0/V* (D:y,)d, for ripple formation, was investi-
gated for both regimes of flo w (fig. 24) by using form of be<l roughness 
as the third variable. 
It is important to note how precisely the equation 

(27) 
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describes all forms of be<l roughness. These data plot as a curve on 
log-log paper. 

The foregoing curve is of such a nature that it can be modified by 
adding a constant to the ordinate term to yield two lines that are 
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essentially straight, one line  representing runs for Fr>l, the other 
line representing runs for Fn< L These lines arc shown in figure 25. 
Note tha t a constant. equal to 5 was assumed. That is, figure 25 
relates (V*d/)11+ 5 to V r0/V* (tJ:y,)d. These two lines are combined 
into a single line in figure 26 Ly noting that the Froude number can 
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FIOURE 25.-Varlatlon or (V,dM+5 with VTo/V,(t.y,)d and Fr. 

be used a, a third Yariable · to evaluate  a common interce_pt. The 
magnitude of this intercept (I) is. 

1=12 -( 
V )-118 
-JgJ5 

and the equation of the resultant line  becomes 

- +5-12.0 - - - --V*d . _ [ V ( ro )]0.445/( V )118 
II : v* tJ:y.d .../gl5 

(28) 

The rela.tion b etween(V*d/11) + 5 and~ (t:i~:)d/ c:~vY'8 
is given in figure 26. The foregoing equation modified to conform 
with this figure  becomes 

V*d _ ( V _!_Q_)o.4ss/(_£..)o.13 
+5-11.85 V A d ✓

II * '-'"/, glJ__ 
(29) 
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E xpressing this equation in the form of the Chezy equation 

and 
O = 0.0049 ( V*d +s)2.1s (Fr) 0 -21 !):y,d 

...fg II "(DS 

A- 65 

(31) 

The velocity term in the Froude number can be factored out and 
combined with the dependent variable for convenience. 

All six forms of bed roughn ess are indicated in figure 26. Excluding 
some overlap of the runs having dun e bedforms and the runs having 
transition bedforms, the forms of bed roughn ess plot in well-defined 
groups. 

Equation 9 resul ts from the dimensional analysis of the problem, of 
cha nnel roughn ess . 

<f,9 [ S,R e,Fr,~, ;, Cv ] =o (9) 

Considering for the present tha t because d, w and Cv are interrelated, 
OD and w may be of secondary importance and may be eliminated a t 
leas t temporarily from equation 9. Then, the foregoing expression 
reduces to 

V
2 

[ d] Fr2= gD=<t, Re,S, D (32) 

in which Fr has been squared arbitrarily. Ti~king the liberty of 
combining the remaining paramet,er as follows as a first approximation, 

Fr
2 ~ [Scfl (33) 

Re ff J 

a plot can be made using ~:
2

= 'Y1;;2=<f, [ ~ ] with V*D/11 as the th ird 

variable. A family of parallel lines of constant V*D/v values can be 
established on log-log paper . This family of lines can be compressed 
into a narrower band by finding the equation r ela ting the intercepts 
and values of V* Dtv and replotting according to . th_e indicated 
relationship . That is, 

(34) 

In doing so it is noted that Fr can be used as a third variable to yield 
a family of parallel lines , which can be reduced to u, single line by 
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again solving for the general intercept equation ✓  -substituting it 
in equation 34. Following this procedure the equation 

(35) 

., 
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was obtained. This relation is presented iu figure 27. ~olving for V, 

(36) 

and 

-=-s11s cv213 _ _J'_ 0 l (1!3/)4/3 ( · )213 
.Jg 2 ., !:,:y, 

(37) 

where Cv, the drag coefficient of the particle, is equal to tl'Y1, 
,._ pW 
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FORMS OF BED ROUGHNESS RELATED TO SIZE OF BED MATERIAL 

As suggested in the intrnduction, a study of Liu's (1957 ) curve, 
which predicts when ripples form, led the writ('rs to specul ate on the 
possibility of discovering similar curves for othei· forms of bed rough-
n ess. As lrns been illustrated in th e precedin g figures, various pamm-
eters and (or) combinations of parameters apparently make it possible 
to define form s of bed roughn ess . In order to relate ~h e foregoing 
concept to recent publications, the equ1ttion 

(51) 

was selected to t est the concept. Therefore, figure 28 1t11d table 2 
were prepared using data from several sources, which are cited. In 
this figure it is clearly eviden t tha t, in genernl, dividing lines can be 
drawn to separate th e form s of bed roughness. Furthermore, Liu's 
curve is extended more thnn one cycle to th e left by mea11s oft.he data 
of Kalinske and Hsia (1945), and it is extended mo re th an one cycle 
to the right by the diLta of Lane and Carlson (1953 ). In this figure 
a t emperature of 20°C was used to determine th e fall velocity and 
kinematic viscosity where temperature ,vas no t available. The 
scatter among the points from Laursen (1958) , Brooks (1957 ), Bnrton 
and Lin (1955) and the basic flum e da tn is d1io in large part to the 
tempernture variation . Lin es of constant temperature can be drawn 
for these data at an angle of 45°. It is also noteworthy that for almost 
any transition line, a change in temperature for a given size of b ed 
materiru can result in a change in the form of bed roughness . 

The. following are observations regarding figure 28 and table 2 
that ma,y have significance. · · ; 
1. Kalinske and Hsia (1945) reported ripple form atio n, although they 

'· did not record the cond it ions und er which movement began 
· and the conditions under wh\ch ripples were initia ted . The 
· minimum value of d/0 1 for t heir data is approximately at the 
same poin t where the Colebrook-White curve (Rouse, t946) 
connec ts with th e smooth boundary curve. To the left of this 
point the boundary is completely smooth, no influence of the 
overhead turbulence is felt at the bounda(y ," a~d t he lamina r 
sublayer is a completely protective bhtnket . This fact makes it 
doubtful that ripples form under these conditions. In any event 
the authors have been unable to locate ariy data for smaller 
,,alues of d/0 1

• The instabili ty of fii1e noncohesive materials 
may make it difficul t to determin e definitely when movem ent 
begins and ripples start to form. 
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2. The curves describing the forms of bed roughness are rather clearly 
defined and are nearly parallel for d/o' < IO. In figure 28 it is 
apparent that Liu's curve is not parallel to the foregoing family 
of curves in this · range, whereas the Shield's curve turns up at 
the left end more nearly in accordance with t,h em. Based on the 
rather definite and systematic orientation of the regime curves 
and Shield's curve, it is possible that Liu's curve should be 
lowered in the vicinity of d/o' = l. This resul t,s in a curve (fig. 
28) that more nearly conforms to the curves defining the other 
r egimes of flow. Such a minor adjustment might also be 
justified by a careful study of the effect of size distribution of t.he 
sediment. 

3. For increasing values of d/o' (the laminar sublayer becoming 
relatively thinner and thinner) the influence of viscosity becomes 
less and less for each type of bed formation. Ripples do not 
form beyond d/o'""" 10 and dunes cease to exist beyond d/o' ::::,40. 
Apparently, the data are sufficient,ly ·complete to pei'mit .these 
approximate conclusions regarding both ripples and dunes. 
For bed formations of the rapid flow regime, however, the data 
are not complete enough for any conclusions to be drawn .about 
whether the standing waves and antidunes ceuses to exist beyond 
some large value of d/o'. 

4. Because of the large surface waves and irregula.rities in rapid flow 
regime, the Froude number no doubt plays a very important 
part. No attempt has been made as yet to relate the Froude 
number beyond that done in table 2 and as illustrated in figure 
28. . 

5. Although the two variables V*/w and V*d/v, as shown by figure 28, 
are of primary importance; there is still need: for a significant 
third variable that will correlate the data in a quantitative 
manner as now is done in a qualitative way by the terms, ripples, 
dunes, transition, plane bed, standing waves, and antidunes. 
The Froude number is significant, as shown in table 2, in defining 
ripples and dun es, but there is considerable question whether 
it will prove to be as significant for these forms of bed roughness 
as for the forms in the rapid flow regime. The drag coefficient 
CD is essentially a constant for each size of bed material, and, 
hence, is not a logical third variable, except perhaps in estab-
lishing the points where the forms of roughness, such as ripples 
and dunes, may cea~e to exist. The remaining variables that 
might be significant are: the slope S, the· size of bed material 
d relative to the depth of fl.ow D, the concentration of total load 
Cr, the Chezy discharge coefficient C/-{g, and the parameter 
used by Shields, r 0/d6:y,. Which of these \v.ould be most 
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significant dcp(:mds, at least to some extent, upon the use of the 
plot. 

6. Figure 28 shows that as d/o' increases, the existence of two form s 
of the bed roughn ess are eliminated . Whcri d/o'>7 and scdi-
mcn tis moving, the possibili ty of the first rondition (movement 
without bed waves) is elimi nated. When d/0' > 10, ripples will 
no longer form , and when d/o'>40, dunes may not exist. For 
sediments with a specific gravity of 2.65, figure 28 shows that 
the changes in for m of bed roughn ess are related approximately 
to the size of sediment, the limiting size for the existence of 
ripples, and dunes being approximately 2·.5 mm, and 8 mm re-
spectively. In the rapid flow regime beyond d/o' = 40, several 
bed configurations arc possible, such as a plane bed and a bed 
with symmetrical undulations of various sizes. The limiting 
condi t ions for the standing wave and antidune forms of be<l 
roughness are not establi hcd. Although the factors tha t pro-
duce these limi ts are not known , they are no doubt r.elated a t 
least in part to the influence of viscosity ns expressed by d/o'. 
However, th e limits may nlso be related to gruvitational forces 
and the forces creating the sand waves, the drag coefficient, the 
size of the sand wans, the size of bed material, and th e Froude 
number. P erhnps both ripples nnd dun es disappear when the 
grain roughn ess approaches the same orcfcr of magnitude as the 
size of the dunes and ripples . 

7. Within the tranquil flow regime the form of bed rough ness is un-
stable when 0A < Fr< l.0. Typical dun es cease to exist when 
0.4<Fr<0.6, depending on the clrnracteristics of the bed ma-
terial. The flow for which (0.4 to 0.6)<Fr< J .0 is in the tran-
sition zone between dunes and rapid flo w fdrms. The proxi mity 
of the transition zone to critical flow co ndi tions Fr = 1 probably 
accounts for the instabili ty cited. . 

8. In the rapid flow regi me followi11g bed conditions occur : 
a. A plane bed forms wi th no visible sand waves of any kind · 

and with a very smooth water surface. These .flum e 
studies showed that this condi tion is unstable and is diffi-
cult to reproduce, particularly as the length of flum e is in-
creased beyond 75 fe et. · 

b. Symmetrical standing waves of low ampli tude form and 
gradually disappear. Unlike anticlunes th ese water su r-
face and bed waves have no tendency to migrate upstrea m 
or to break and shear off. The bed may be plane, have a 
diagonal dun e pattern crisscrossed like shoes trings_ or hnve 
symmetrical undulations. 
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This change in flow regime fro m t.ranqu il to rapid or vice versa may, 
if conditions arc right, occur in a nntural stream. That is, if th e slope 
of the energy grnde line is close to the cri tical slope, a change in sLage 
results in a change in regi me. When this occurs there is a break in 
the discharge rating curve. Because there is lL hysteresis in the change, 
the stage where the break occurs varies depending on whether the 
stage is rising or falling and the rate of change of discharge wi th time. 

The usdulness of the various equations for 0 /-{g developed in this 
report is severely li mited by the ronge of data upon which th ey arc 
based. As the influences of different bed materials, and a wider range 
of temperature conditions are det,crmined, as. a result of proposed 
future work, these expressions will undoubtedly need revisions, which 
will make them much more useful to the engineering profession be-
cause of th e greater range of conditions considered . 

In the series of runs upon which this report is based , the anti'dunes 
developed when Fr> 1.3. This may or may not be the case for other 
bed materials. For values of I.0<Fr< I.3, water surface waves formed 
which rarely broke in true antidune fashion, and the sand waves 
underlying the water waves stayed in essentially the same position. 
There was a very li ttle tendency for these waves to move in either 
the upstream or downstream direction. At values of Fr> 1.3 ± , the 
water waves formed and broke in a rather systematic manner and the 
sand waves moved in the upstream direction . The sand waves associ-
ated with the water waves were approximately th e same shape as the 
water waves, but on a reduced scale. The sand waves were about 
one-half the amplitude of the wa ter waves. There was a tendency 

· for the magnitude of the sand and water waves- to increase in the 
downstream direction along the flume, particularly for those runs 
having L0<Fr<l.3 ±. The magnitude of the sand and water waves 
increased with depth. Breaking of the water waves and the sand 
waves occurred when the elevation of the crest of a sand wave was 
approximately at the same elevation as the water surface in an ad-
jacent trough. It is apparent that antidunes_reformin g and breaking 
result in the surging flow observed in some natural streams. 

There is a definite break in th e Froude number when the bed form 
is changing from dune beds to rapid-flow bed forms. Dunes do not 
occur with this bed material when the Froude number is greater than 
0.6. Rapid flow starts when Fr >1.0. Flow with a Froude number 
between 0.6 and 1.0 had multiple forms of bed roughness. 

Observations of the forms of bed roughness, of the way they develop, 
and of the wa.r the-y-rn~ve indicate that it may be possible to determine 
the magnitude' and type of bed roughness (particularly dunes) by 
checking th e manner in which the bed material is segregated within 
the beds of small and intermitten t streams. Thi~ method cannot be 
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employed if the bed material is perfectly uniform and is not con-
iaminated with any foreign matter, but this is a laboratory situation . 
.Also, the appearance of the water surf ace seems to provide an excellent 
means of estimating the form of bed roughness. 

LITERATURE CITED 

Albertson, M. L. 1 Simons , D. B., and Richardson, E. V. 1 1958, Discussion of 
~echanics of ripple form ation: Am. Soc. Civil Engineers J our., v. 84, no. 
HYl. 

Ali, S. M., and Albertson, M. L., 1956, Some aspects of roughness in alluvial 
channels: Colorado State Univ., Dept. Civil Eng. pub., CER 56SMA16, 
Fort Collins . 

.Bagnold, R. A., 1956, The flow of cohesionless grains in fluid s : Royal Soc. (London) 
Philos. Trans., v . 249, no. 964, p. 235- 297. 

Barton, J. R., and Lin, P. N., 1955, A study of sediment transport in allu vial 
cbanncls: Colorado State Univ., Dept. of Civil Eng. pub., no. 55JRB2, 
Fort Collins, p. 43. 

Blench, T., 1957, Regime behavior of canals and rivers : London, But terworth 
. Scientific Publications, p. 12-27. 
Brooks, N. H., 1955, Mechanics of streams with movable beds of fi ne sand·: Am. 

Soc. Civil Engineers Proc., v. 81, no. 668, p. 1- 28. 
- - . - i957, Closure--Mechanics of s trea ms with movable beds of fin e sa nd: Am . 

· Soc. Civil Engineers Jour., v. 83, no. H Y2. 
Colby, B. D., and Christensen, R. P., 1956-, Visual accumula tion t ube for size 

aiiaiysis of sand: Am. Soc. Civil Engineers Jour., v. 82, no. HY3. 
fiuranci, R. 1 1953, Basic relationships of the transportation of solids in pipes-

Experimental research: lnternat . Hydro\. Convention Proc., j:>~ 89- 103, 
Minneapolis, Minn. _ 

Eiii§tein, H. A., i950, The bed-load function for sediment transportation in open 
channel flows: U.S. Dept. Agri culture T ech. Bull. 1026. 

Einstein, i-r. A., and El-Sayed Ahamd, El-Samni, 1949, I-Iydrodynamic forces on 
a rbugh wall: Rev. Modern Physics, v. 21, no. 3, p. 520- 523. 

Einstein, H. A., and Barbarassa, N. L. 1 ' 1951, River channel roughness : Am. Soc. 
Bivil Engineers Proc., v. 77, no. 78, p. 12. ' 

fiiib~i-t, G. K., 1914, Transporta tion of debris by running water: U.S. Geo!. 
Survey Prof. Paper 86. · 

Kaiinske, A. A., and Hsia, C. H., 19-15, Study 'of transportation of fine sediments 
b~ fi~wing water: Iowa State Univ., Studies in Eng. Bull. ho. 29. 

tane, E. W. 1 1955, The importance of fluvial morphology in hydraulic engineering: 
Am. Soc. Civil Engineers Proc., v. 81, no. 745. -
~ Carlson, E. J ., 1953, Some factors affecting the stability of canals con-

~fructed in coarse granular materials : Interna t. 'Hydro!. Convent ion Proc., 
p. 37-48. , . 

l.a.urse·n, E. M. 1 1958, ·Total sediment load of streams: Am. Soc. Civ'il Engineers 
.jour., V. 84, no. HYI. 

f;eopold, L. B. 1 and · 1addock, T. Jr ., 1953, The hydrau'iic geometry of stream 
'clia'nnels and some physiographic implications : U.S . Geo!. Survey Prof. 
Paper 252. · 

_ I:.'iu, fl. IC, 1957, Mechanics of sediment-ripple formation: -Am. Soc: Civil 
£og;neers Jour., v. 83, no. HY2. 



A-76 STUDIES OF FLOW IN ALLUVIAL CH ANNELS 

Shields, A., 1936, Anwendung der Ahnlichkeitsmechanik und der Tu rbulenz-
forschun g au f die Ceschiebbewegung : (Application of similari ty pri nciples 
and turbulence research to bed-load movement): p. 42 l\Iitt. (der Preus-
sisehen Versuchsanstalt fur Wasscrbau und Schi!Tbau, H eft 26, Berli n). 

Rouse, H ., 1946, Elementary mechanics of fluids: New York, J ohn Wiley and 
Sons. 

--- 1950, Edi tor, Engineering hydrauli cs: New York, J ohn Wiley and Sons. 
Simons, D. B., and Albertson , M. L., 1960, Uniform water conveyance channels 

in allu vial material: Am . Soc. Civil Engineers J our., v. 86, no. HY5. 
U.S. Inter-Agency Report No. 4, 1941, Method of analyz ing sedim ent samples : 

II' 

U.S. Dept. Army, St. Paul, Minn. I 
Van Driest, E. R., 1()46, One d imensional analysis and the presen tation of data 

in fluid flow problems: J our. Appl. Mechanics, v. 13. 

' , , , 

0 

U.S. G0VERNMENT PRINTING OFFICE, 196 1 0-577669 


	CERF_58_02_001
	CERF_58_02_002
	CERF_58_02_003
	CERF_58_02_004
	CERF_58_02_005
	CERF_58_02_006
	CERF_58_02_007
	CERF_58_02_008
	CERF_58_02_009
	CERF_58_02_010
	CERF_58_02_011
	CERF_58_02_012
	CERF_58_02_013
	CERF_58_02_014
	CERF_58_02_015
	CERF_58_02_016
	CERF_58_02_017
	CERF_58_02_018
	CERF_58_02_019
	CERF_58_02_020
	CERF_58_02_021
	CERF_58_02_022
	CERF_58_02_023
	CERF_58_02_024
	CERF_58_02_025
	CERF_58_02_026
	CERF_58_02_027
	CERF_58_02_028
	CERF_58_02_029
	CERF_58_02_030
	CERF_58_02_031
	CERF_58_02_032
	CERF_58_02_033
	CERF_58_02_034
	CERF_58_02_035
	CERF_58_02_036
	CERF_58_02_037
	CERF_58_02_038
	CERF_58_02_039
	CERF_58_02_040
	CERF_58_02_041
	CERF_58_02_042
	CERF_58_02_043
	CERF_58_02_044
	CERF_58_02_045
	CERF_58_02_046
	CERF_58_02_047
	CERF_58_02_048
	CERF_58_02_049
	CERF_58_02_050
	CERF_58_02_051
	CERF_58_02_052
	CERF_58_02_053
	CERF_58_02_054
	CERF_58_02_055
	CERF_58_02_056
	CERF_58_02_057
	CERF_58_02_058
	CERF_58_02_059
	CERF_58_02_060
	CERF_58_02_061
	CERF_58_02_062
	CERF_58_02_063
	CERF_58_02_064
	CERF_58_02_065
	CERF_58_02_066
	CERF_58_02_067
	CERF_58_02_068
	CERF_58_02_069
	CERF_58_02_070
	CERF_58_02_071
	CERF_58_02_072
	CERF_58_02_073
	CERF_58_02_074
	CERF_58_02_075
	CERF_58_02_076
	CERF_58_02_077
	CERF_58_02_078
	CERF_58_02_079
	CERF_58_02_080
	CERF_58_02_081
	CERF_58_02_082



