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FLOW RESISTANCE IN SIMULATED IRRIGATION 
BORDERS AND FURROWS 

By E. G. KRusE', Soil and Water Conseri,ation Research Division, Agricultmal Research Serv,,ce; C. W. HUNTLEY, Agric·ultural 
Engi'Plllring Department, Colorado Agricultural Experiment Station; and A. R. RoBil'fSON, Soil and Water Conservation 
Rettea:rch Division, Agricultural Research Service 

INTRODUCTION 

The efficient applie:a.t.ion and distribution of 
water by irrigation furrows or borders is highly 
dependent on the rate of advance of water in these 
channels. The rate of advance is governed by the 
intake rate of the soil, the resistance offered by 
the channels to the flow of water, and the discharge 
rate into the channels. A knowledge of these 
factors is essential for the design .of efficient irri­
gation systems. Intake rate has been the object 
of much ;;tudy and methods are available for its 
measurement before th.e construction of irrigation 
systems. Previous flow resistance studies have 
dealt with either artificially roughened boundaries, 
conduits intended for uses other than irrigation, 
or discharges much greater than are likely to 
occur in small irrigation channels. Results of 
studies of flow resistance are not available for the 
types of roughness, sizes of channels, and dis­
charges that are likely to be ,encountered in surface 
irrigation systems. Discharge can be regulated 
to correspond to other design conditions. 

Channel boundaries and flow conditions in 
irrigation furrows and borders differ from condi­
tions in most other open ch.annels in several ways. 
Discharges carried by furrows and borders are 
small, possibly in the laminar flow range in some 
cases. Boundary roughness is relatively great; 
at the lowest rates of flow, height of roughness 
may be of the same order of magnitude as flow 
depth. Size, shape, and spacing of the roughness 
elements are not uniform. Under field conditions 
irrigation flows are further oomplicated by change~ 
in boundary roughness and channel cross section 
with time and distance because of erosion. 

Resistance to flow in irrigation channels may 
be caused by several factors. In earth channels, 
the boundary roughness is the primary cause of 
flow resistance. In vege ated channels, plant 
stems and leaves may have a greater effect on 
flow retardance than the soil roughness. The 
cross-sectional shape and alinement of channels 
may also affect resistance. 

Many previous flow resistance studies have 
involved measurements of energy losses in con­
duits intended for a specific use. Others have 
been attempts to determine the fundamental 
relationships between boundary roughness, chan­
nel shape, channel alinement, and resistance to 

flow. Results of the specific-use type of tests 
cannot be generalized to include conduits of other 
sizes or other boundary roughnesses. The fun­
damental studies have been conducted, for the 
most part, on artificially devised roughness, with 
roughness elements of uniform size, shape, and 
spacing. The effect of the rouo-hness on resistance 
is often expressed in terms of the equivalent sand­
grain size, by using the rough boundary equation 
of Nikuradse (12) .1 However, it has not yet been 
possible to find a general relation between the 
dimensions of the roughness (even uniform rough­
ness) and the equivalent sand grain size. 

It is currently necessary to make trial resistance 
measurements on every type of conduit before the 
resistance of that conduit to flow can be accurately 
known. In the installation of irrigation systems 
it is often impractical to base design on trial re­
sistance measurements. A ~rocedure is needed 
whereby resistance in irrigat10n channels can be 
estimated while the system is being designed in 
order that changes will not be necessary after the 
system is constructed. 

The study reported in this bulletin was con­
ducted to determine the resistance to flow in 
channels similar to irrigation furrows and borders. 
Channels having soil boundaries with different 
degrees of roughness were constructed in the lab­
oratory. The relationships discovered between 
flow resistance and boundary roughness param­
eters, after field verification, will provide a method 
of estimating flow resis tance for design of surface 
irrio-ation systems. · 

f'he specific objectives of the study were : 
1. To determine if both laminar and turbulent 

flow are likely to occur in irrigation systems and, 
if so, under what conditions of discharge, tempera­
ture, slope, roughness, etc., each type of flow 
occurs. 

2. To investie-ate the effects of boundary 
roughness on resistance to flow in channels with 
roughness elements formed of soil, and thus simi­
lar m rou~hness to irrigation furrows and borders. 

3. To determine the effect of channel shape on 
flow resistance, within the ro.nge of shapes char­
acteristic of irrigation furrows and borders. 

1 Italic numbers in parentheses refer to Literature 
Cited, p. 41. 
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The results of this study will provide the ad­
ditional knowledge necessary for predicting the 
rate of advance of irri~tion streams, which in 
turn will permit the design of systems with maxi­
mum water application efficiency. The specific 
contribution of the study is to develop the relations 
necessary for predicting resistance to flow in 
irrigation borders and furrows without trial re­
sistance runs. 

Methods are being developed concurrently (21) 
for determining the surface profile of an advancing 
water stream when resistance to flow is known. 
The volume of water in surface storage in the 
stream can be calculated if the water surface 
profile is known. Rate of advance is determined 
by equating the volume of water delivered to the 
channel to the volume infiltrated plus the volume 
in surface storage (4, 6, 19) . 

REVIEW OF LITERATURE 

FJow Resistance Formulas 

Numerous studies have been made of resistance 
to open channel flow. Both iaminar and turbulent 
flow have been investigared. Most laboratory 
studies have considered oniy the effects of arti­
ficial rou~hness elements, uniform in size, shape, 
and spacmg. The work most pertinent to the 
present study will be renewed in this section. 

Resistance equations have a different form for 
laminar and turbulent flow. In laminar flow over 
smooth boundaries the velocity is proportional to 
slope to the first power and to depth to the second 
power. Definitive equations have not been de-

- veloped for laminar flows over rough boundaries. 
In turbulent flow, velocity is proportional to 
depth and slope to other powers. 

A theoretical equation for uniform laminar flow 
in a wide, smooth, rectangular channel was de­
rived by Cornish (3). It can be written: 2 

where: 

V -,d2S 
3,p 

Vis the mean flow velocity, 
'Y is the unit weight of fluid, 
iis the depth of flow, 

- - S is the slope of the energy line, and 
µ. is the absolute viscosity of the fluid. 

(1) 

, _____ __ . This relatiopship bas been verified experimentally 
(1, 3, 13). 

Resistance to uniform t urbulent flow in open 
- - --~- - channels is often ·expressed in terms of the re­

sistance coefficient from o ne of the following 
equations : 

Manning: 

Chezy: 

R'lt3s112 
V 1.486---- - - -n (2) 

(3) 

2 A list of all symbols used in this bulletin can be found 
on p. 42. 

--- -- ----

or Darcy-Weisbach: 

where : 

f _8gRS 
v2 

R is the hydraulic r adius, 
g is the gravitational acceleration, and 

(4) 

n, 0, andj are the resistance coefficients in the 
different equations. 

Tho resistance coefficients can be related to each 
other and to the mean flow ratio as follows: 

V J Rl /6 -=0/-,/g= -=l.486 -v* f n..;g 

where: V* is the shear velocity -JgRS. 

Laminar Flow 

(5) 

The relationship between the Darcy-Weisbach 
friction factor and the R eynolds number for 
smooth boundaries-f=24/Re-can be obtained 
by combining equations 1 and 4. Several in­
vestigators (15, 20, 23), have plotted} against Re 
for laminar flows over rough boundaries and 
found that the relationship is different from that 
over smooth boundaries. The }-versus-Re line for 
rough boundaries falls parallel to and above the 
line for flows over smooth boundaries, indicating 
greater flow re~istance. 

A criterion for pipe flow has been presented that 
specifies the height of roughness that will cause 
flow resistance greater than that caused by smooth 
boundaries (5). The criterion is based on the 
assumption that flow separation occurs when the 
Reynolds number at the tip of the roughness 
element (tip Reynolds number) reaches some 
critical value and that the eddies caused by 
separation increase the flow resistance but do not 
spread throughout the flow to cause general 
turbulence. The criterion also assumes that flow 
velocities have the same distribution as for smooth 
boundaries and are not affected by the presence of 

___ the roughness elements. The height of roughness 
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necessary for-separation to occur in pipes, based on 
these assump.tions, is: 

(6) 

where: 

r is the pipe radius, 
Re is the Reynolds number of the fl.ow, and 
Rek• is a critical value of Reynolds number at 

the tip. of ,the- roughness e11.ement. 

Transition Fro laminar to Tiurbulent Flow 

Several investigators have tudied the tran­
sition from laminar t-0 turbulent flow in open 
channels with smooth boundnrres (1, 7, 9, 14). 
The range of critic-al Reynolds numbers varies 
from 300 to-1,400. Th.e critical Reynolds number 
is apparently affected by the tl/lilount of initial 
disturbance in the flowing streams. . 

For rough boundaries, th.e itical Reynolds 
number may be de.fined as th.at for which the 
Darcy-Weisbach resistance coefficient ceases to 
be inversely proportional to the fiirst power of the 
Reynolds number. This criticai Rey nolds num­
ber is generally lower than th.at for smooth 
boundaries and h.as been fownd by different 
investigators (15, 20, 23) to e a function of 
roughness height, channel sl pe, shape, etc. 
Parsons (15) presents the following criterion for 
critical Reynolds number for Ml earth channel 
with random roughness: 

(7) 

At a slope of 0.001 the critical Rie_ynolds number 
has a value of 750. Woo and Bicater (23) found 
critical Reynolds numbers of 4(i)0 for rough 
boundary conditions... 

Tmbufent Flow 

The studies of Nikuradse (1~ 13) show that 
the theoretical logarithmic resist.a.nee formulas 
of Prandtl and v,on Karman are applicable to 
turbulent fl.ow. The studies , iso show that 
resistance to turbulent flow depe ds on boundary 
roughness and fluid viscosity. F er smooth bound­
aries, flow resistanoe is a function of fluid viscosity. 
For rough boundaries, the relati roughness has 
the primary effect upon flow resistance. Inter­
mediate cases exist where both iroughness and 
viscosity affect resi tu.nee. The ihoundary con­
dition is determined by the thickness of the 
laminar sublayer, ~', relative t.o the roughness 
height. Nikuradse (1 3) found: 

k,>60', for a rough boundary, 

o' k,< 4, for a smooth boundary, and 

6o'>k,> ~, for a transitional boundary, (8) 

where k, is the diameter of the equivalent sand 
grain roughness. 

Keulegan (10) integrated the Prandtl-von 
Karman universal velocity distribution law over 
the cross sections of open channels of several 
shapes. He considered the effects of channel 
shape and free surface, as well as the boundary 
conditions, on flow resistance. The following are 
Keulegan's equations: 

For rough boundaries-

( _) V 1 2.30 l R r, l+E -=a,--+- og - +­v. I( I( k K 

For wavy boundaries-

And for smooth boundaries-

(9) 

where ; represents the effect of channel shape on 
distribution of boundary shear, {, represents the 
effect of channel shape on the flow-area-to­
velocity-distribution relationship, JI represents 
kinematic viscosity, and K is the universal tur­
bulence constant. The symbols a,, a.,,, and a., 
are hydraulic characteristics of the boundaries; 
a"' depends on the rati of height to spacing of the 
boundary roughness elements; a, is a constant; 
a, is probably a function of roughness spacing. 

Keulegan suggested that the boundary condi-
. b d . d b 1 . f V 2·30 t10ns can e etermme y a p ottmg o V - -

• I( 

log R against log V. For smooth and wavy 
JI 

boundaries, such a plotting of data would describe 
an inclined straight line having the equation: 

_£=2.30 log RV*+A v. I( JI 
(12) 

The theoretical value of A for very wide, smooth 
channels is 3.0. Using the experimental data of 
Bazin (2), Keulegan found values of A equal to 
-1.3 and -3.0 for different degrees of waviness. 

For rough boundaries, resistance is independent 
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I 
of viscosity. 
results: 

An equation of the following form 

~=2·30 locr R+B v. K b 
(13) 

where, for Bazin's data, B is a function of the 
height of the roughness. 

Using Bazin's data, Keulegan was also able to 
derive the following criterion for distinguishing 
between wavy and rough boundaries : 

kV __!___!>42.2 for a rough boundary, and 
V 

kV __!___!<42.2 for a wavy boundary, (14) 
V 

where k, is the diameter of the equivalent sand 
grain roughness. 

Sayre and Albertson (17) studied the effects of 
spacing of baffle plate roughness on flow resistance. 
Their resistance measurements can be represented 
by the formula : 

where: 

0 d 
-=6.06 locr -.../g b X 

(15) 

· d is the normal flow depth in a wide rec­
tangular channel, 

x is a resistance parameter with a different 
value for each boundary, and 

0 is the resistance coefficient from Chezv's 
formula. · 

The significance of x can be better understood 
by comparing equation 15 with equation 9 of 

Keulegan. If a, is equal to 
2

·
30 log A, and {3-1 
K 

is equal to 2.30 log B, and if Eis assumed negligible 
(as Keulegan found), equation 9 becomes: 

or, say: 

V 2.30 R 
v. = - K- log k/AB 

.!!_= 2.30 log R 

.../g K X 
(16) 

This equation is identical to equation 19 if K is 
given the value 0.38 and it is assumed that d can 

· be replaced by R for channels that are not infinitely 
wide. Therefore, x represents effects of roughness 

. height and spacing and also the effects of channel 
shape. 

Many other studies have resulted in similar 
logarithmic-type formulas. Investigators have not 
agreed on the proper value of K for these lo~ari th­
mic formulas . From ikuradse's studies 1t wa.;; 
assumed that ic is a universal constant with the 
value 0.40. However, later studies have indicated 
values in the range of 0.36 and 0.38. The apparent 
value of ic determined from experimental data can 
vary with the shape of the channel and according 
to the way that the depth of flow is measured. 

Bed Elevation 

Previous investigators have measured depth of 
flow to different datums relative to the mean bed 
elevation. In studies of artificial rou~hness, the 
roughness elements are usually fastened to a plane 
wall that becomes the natural datum for depth 
measurements. However, for some studies (18, 
22), other datums have been chosen. A datum 
nearer the tops of the roughness elements is often 
used when the elements occupy a large volume 
(i.e., are densely spaced). Sayre and Albert on 
(17) found no depth correction necessary and 
attributed this to the small spacing density of the 
roughness elements used in their studies. They 
concluded. that the roughness elements did not 
crreatly inhibit flow turbulence near the bed. 
§chlichting (18) used a datum such that the volume 
occupied by roughness above the datum was equal 
to the volume open to flow below the datum . 

Channel Geometry 

Several studies (2, 10, 11, 16, 20) have been made 
to determine the effect of channel cross section on 
resistance. Most of these studies (2, 10, 11 , 16) 
have found that the use of hydraulic radius to 
represent the dimensions of irregularly shaped 
channels is sufficient to allow for the effect of 
shape on resistance. 

The studies of Keulegan, already discussed, 
indicated that the effect of nonuniform boundary 
shear on flow resistance was negligible and that 
the shape effect represented by B (equation 9) 
could be accounted for by use of a small, constant 
value for this term. Powell (16) found that the 
error involved in neglecting channel shape effect 
did not exceed 5 percent . Straub and coworkers 
(20) found that channel hape had some effect on 
resistance in rough channels, but a lesser effect in 
smooth channel . 
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REQUIREMENTS lF FLOW RESISTANCE STUDIES ARE TO BE APPLICABLE TO SURFACE 
IRRIGATION DESIGN 

The boundaries of irrigation channels are rougher 
than those of most commercial conduits. H ence, 
the results of previous research on smooth bound­
aries are not generally applicable to the study 
presented in this bulletin. For the laminar flow 
range, boundary roughness affects both the resist­
ance to flow and the t ransition to turbulence. 
Both of these effects need to be studied over a 
boundary roughness similar to that of irrigation 
channels. 

Most fundamental studies of tucbulent flow have 
considered ar tificially roughened condui ts where 
all roughness elements on a given boundary have 
identical size-and spacing. E ven when considering 
uniform boundary roughness, investigators have 
not agreed on the roughness dimension, i.e., 
height or spa-cing, tha.t exerts the primary influence 
on flow resistance, although most investigators 
consider roughness height to have the greater 
effect. Variations in pacing of roughness ele­
ments, for roughness of .a constant height, will 
cause variations in flow resistance. In studies of 
flow resistance, the roughness height and lon~i­
tudinal spacing should both be measured as tne 
variables most likely to affect flow resistance. 
Transverse spacing and shape of the roughness 
elements should have a lesser effect on resistance. 

Previous studies of flow resistance have shown 
that it is difficult to relate the effective dimensions 
of natural or artificial roughness elements to a 
roughness standard without the use of trial resist­
ance runs. The relation hip between the dimen­
sions of the roughness elements and the resistance 
to flow can be applied directly to field conditions 
with the least difficulty if the roughness con­
structed in the laboratory is as similar as possible 
to natural soil roughness . 

It is apparent from past investigations that the 
resistance coefficients of uniform flow formulas 
such as :Manning's or Chezy's are not constant for 
a given channel, but vary with the depth of flow. 
Therefore, study of these coefficien~s should 
involve the full range of flow conditions likel;Y to 
be encountered in practical applications, especially 
low depths of flow such as occur in irrigation 
channels. 

The effects of channel shape on flow resistance 
are less important than the effects of boundary 
roughne s. However, the magnitude of channel 
shape effects seems to vary with flow and boundary 
conditions. Shape effects should be studied under 
conditions of low flow rates and very rough 
boundaries. 

, EQUIPMENT AND PROCEDURES 

It would be difficult to ,control and measure the 
variables necessary to evaluate flow resistance in 
small irrigation channels with sufficient precision 
in the field. F or the experiments described and 
evaluated in this bulletin, flow resistance in small 
channels was studied in the hydraulics laboratory . 
Flow boundaries created in the laboratory were 
similar to those of irrigation bo:nlers and furrows; 
hence, the relation of resistance to roughness 
dimensions found in this study hould find direct 
application in the field_ 

Channel Construction 

A wooden flume, 4 feet wide, 60 feet long, and 
with an adj us table slope, was used to support the 
flow channels used in this study. A supporting 
structure constructed inside the flume contained 
the soil-like material used for the experimental 
channels. This structure extended the full 60-foot 
length of the flume. The flume channels em ptied 
into a weir box where discharge could be measured 
by a calibrated, 90°, V-notch weir; to measure 
small flows, the discharge over timed interval 
was caught and weighed. The headbox of the 
flume was supplied wit.h water by pump from a 

large sump. R ails on the flume walls provided a 
datum from which channels could be constructed 
and experimental mea urements taken. Figure 1 
is a sketch of the flume and two types of channel 
used. 

Three pumps-3 inches, 4 inches, and 8 inches 
in size-were used to supply water to · the soil 
channels at steady rates, ranging from 0.01 to 
1.1 c.f.s. Higher rates of discharge sometimes 
caused erosion of the channel boundaries and, for 
this reason, were not used. 

For the firs t group o tests, channels were built 
with a rectangular cross section, to correspond to 
the cross section of irriga tion borders. The width 
of the channels was limited to 1.88 feet. Parallel 
sheets of masonite formed the side walls of the 
rectangular channels. The floor of the channel, 
hereafter called the bed, wR.s composed of a soil­
like material from which different roughnesses 
could be formed. A polyethylene sheet mser ted 
beneath this soil-like material prevented seepage 
from the channel. For most of the soil roughnesses 
formed, tbe side walls were much smoother than 
the channel bed. Figures 25 to 35 in the appendix 
show the rectangular channels constructed; the 
identifyin:::, letters in the legends for these figures 
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correspond to the identifying letters used in the 
tables:' 

For the second group of tests, channels were 
constructed with parabolic cro sections_ aJ_)pr~xi­
ma.ting the range of common shapes of rrrigat10n 
furrows. The shape of each parabolic channel was 
described by the formula: 

y=ax2 (17) 

Channels were constructed having values of a 
equal to 0.40, 0.65, and 0.90. Figures 36 to 42 in 
the appendix show the parabolic channels con­
structed; the identifying letters in the legends for 
these figures correspond to the ident,ifying letters 
used in the tables. 

The material used in the channels was not a 
natural soil but a sandy material washed from the 
gravel at a local gravel pit. It originally contained 
lumps of clay. Before the sandy material was used 
in the channel, the largest of these cl~y lumps were 
removed by sieving all the material through a 
}{-inch screen. The material, after removal of the 
clay lumps, is shown by mechanical analysis tc be a 
very fine sand (see fig. 2). 

.All channels were formed by a plywood screed 
fastened to a cart that ran on the flume rails. 
For rectangular channels (borders) t he screed had 
a straight edge_; for furrows the screed ~ad the 
desired parabolic shape. Channel elevat10n was 
constant relat-ive to the rails, which had been preset 
at the desired slope. 

After the channels were screeded, they were 
modified in different ways to produce the range of 
roughness necessary for the study . The range of 
roughness exceeded that likely to be fo und in 
actual irrigation channels. The '!1-oothest bound­
aries were formed by hand trowelrng the screeded 
channel. The roughest bounda.~•es wer~ formed 
by using a tillage tool that provided an irregular, 
cloddy surface. Some boundaries were modified 
bf pondina water on the surface for a short length 
o time. To form others, flows of water just large 
enouah to ca.use small amounts of soil movement 
were ~un over the surface until the desired bound­
ary was produced. 

So that the change of resistan'?e wit~ discharge 
for a given bed ;orm could ~~ mves_tigated, t~e 
different boundaries were stabilized with a chemi­
cal treatment of the type developed by Vanoni and 
Brooks (22). Spray applications o~ sodium s_ili­
cate sodium aluminate, and calcmm chloride 
solutions prevented any alteration of the boundary 
rouo-hness for the slopes and discharges used in . "' this study. 

a Descriptive tabulations of many _ o f the ):>ounda ry 
roughnesses used in this study are mcluded in E. G. 
Kru3e's Ph. D . dissertation-EFFECTS OF BOUNDARY 
RO UGHNESS AND CHANNEL SHA PE O RESISTANCE TO 
FLOW OF WATER IN VERY SMALL OPEN CHANNELS. On file, 
Library, Colo. State University, Fort Collins . 1962. 

771-814 0-6=>--2 

After the roughness was stabilized, elevations of 
the rectangular channels were determined with 
point gaae readings at 0.05-foot intervals trans­
verse to the direction of flow at each 5-foot station. 
The a veraae of these readings was assumed to be 
the mean bed elevation at the station where taken. 

The cross-sectional profiles of each parabolic 
channel were measured in a similar manner. The 
coefficient a of a least-squar. es parabola through 
the set of points was determined, the coordinates 
of the vertex being fixed at the same depth for all 
stations for a given c annel. By integrating the 
least-squares parabolic equation, it was possible to 
obtain the area and wetted perimeter of the chan­
nel as functions of the flow depth. 

Experimental Procedures 

Experimental runs were taken for two to four 
channel slopes for each boundary. The group of 
runs for a aiven channel at a given slope constitutes 
a series. The first run of each series was made at 
the lowest depth of discharge that would submerge 
almost all of the roughness on the channel bound­
ary. Discharge was approximately doubled for 
each subsequent run. Before the elevation of the 
water surface was measured, weir readings were 
checked every 5 minutes for 15 minutes, to make 
sure that. nil variation had ceased. During this 
time, water temperature was measured at the 
headbox of the channel. 

When discharge became steady, the tailgate w~s 
adjusted to give uniform flow i_n_the channel. _This 
adjustment was the one requmng the most Judg­
ment and the one most subject to error during 
the tests. As has been mentioned , screeding left 
the channel soil surface parallel to the flume rails. 
However, roughening the soil left its average 
elevation lightly above the oyerall mean at so~e 
stations and slightly below it at others. This 
condition was especially evident in the rippled 
beds. For this reason, flow was judged to be 
uniform when the water surf ace elevation was 
most nearly constant relative to the flume rails. 
Both bed and water surface elevations were read 
with a point gaae mounted on the movable carriage 
used for scre;ding the boundaries. Thus, all 
elevations were measured from the same datum 
parallel to the channel slope and could b~ com­
pared directly. The slope of the flume rails, set 
before each series of runs, was assumed equal to 
the energy line slope f r computational purposes. 
The measured depth of flow sometimes varied 
considerably (as much as 25 percent) from station 
to station . When resistance coefficients were 
calculated, the error due to this v0,riability was 
reduced by averaging results for at least four 
stations between station 20 and station 50 (o f the 
61 stations located at 1-foot intervals along 
the 60-foot flume). (Re0,dings of water surface 
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elevation were taken every 5 feet between sta­
tion 10 and station 55.) 

Slight variations _in the rough~es <?f_ so1:1-e sec­
tions caused unav01dable nonuniforrruties rn flow 
depth-for some channels. For !-Ilstance, the _water 
depths in one channel were slightly lower m the 
middle of the test section t han at stations further 
upstream or downstream. In uch cases the 
mean water surface- was adjusted to the same 
elevation at the two ends of the channel by 
changing the tailgate setting. 

The water surface- elevation was measured to 
the nearest 0.001 foot at every 5-foot station 
along the channel. Wb.en the water surface was 
rouCTh three readings of water surface elevation 
wer: taken across the channel and averaged for 
each station. 

After a series of runs a.t one slope, the flume was 
set at a different slope by means of the adjustable 
screw jacks·that supported ·t. For most channels, 
runs were made at slopes of 0.005, 0.001 and 
0.0005. Slopes of 0.0001 nd 0.0003 were included 
for some channels. At slopes of 0.0005 or less, 
rail elevations were estimated to the nearest 0.0001 
foo t in order to set the slope as precisely as 
possible. At a slope of 0.0001 there was only a 
0.006-foot drop in elevation between the upstream 
and downstream ends of the channel, making it 
extremely difficult to b-e sure when flow was 
uniform. 

After the last run for ea,ch boundary, six plaster 
casts, each 1 foot long and about 0.2 foot_ ,yide, · 
were made in order to be able to make add1t10nal 
rou(Thness measurements, if necessary, after the 
bou~dary was changed. The location of each 
cast was chosen at random alono- the test reach 
of the channel. The long dimensions of the 
casts were alio-ned with the direction of fl.ow so 
that both height and longitudinal spacing of the 
roughness could be obtained from them. 

Because of the random nature of the roughness, 
a statistical representation of roughness dimen­
sions was necessary. The measure used for 
roughness height was th-e standard deviation 
of evenly spaced surface elevation measurements 
about the mean elevation. Thi was computed 
for the rectangular channels by use of the fol­
lowing formula: 

(18) 

where: 

u is the standard deviation, 
y 1 is the individual bed elevation measure­

ment, 
y is the mean bed elevation, 
n is the number of elevation measurements. 

The values of u could be calculated directly from 
measurements of the casts for rectangular 
channels because the cast measurements were 
referenced to the true bed elevations. 

A different procedure was used to calculate 
standard deviation fr m casts of the parabolic 
channels. Because readings were not referenced 
to bed elevations, a regression line was first com­
e_uted through the elevations read from the casts. 
This regression line was assumed to be parallel to 
the slope of the channel. The standard devia­
tion of elevation measurements about this regres­
sion line was then alculate-d by the formula: 

where: 

u= J'1;(y,-a+ bx1)
2 

. -V n-2 

b 
"I:-xy-"1-:,x"I:-y/n 
"I:-x2-("I:-x) 2/n 

a=y-bx 

(19) 

x, is the distance from some datum at which 
the elevation y, is measured. 

Standard deviations were computed for casts from 
both the sides and bottom of the channels and the 
results averaged. The significance of u is indicated 
diagrammatically in figure 3. 

Considerable variation existed in values of u from 
different casts for the same channel boundary. 
In extreme cases the value of u for a given cast 
was as much as twice as great as the mean value 
for the channel. No consistent variation was 
evident in values of u measured on the sides or 
in the bottoms of parabolic channels. 

Measurements of the longitudinal roughness 
spacing were made only on the rectangular chan­
nels. Spacing was defined and measured in two 
ways. Both measurements were taken along a 
line parallel to the direction of flow. To obtain 
the first spacing measure, >--., the number of 
roughness elements that projected more than lu 
above the mean bed elevation was counted and 
the average spacing computed. The second spac­
ing measure, >-.1,, was obtained by counting all 
the roughness element crests along a length of 
boundary and determining the average spacing. 
Results obtained from this procedure depend to 
some extent on the judgment of the person making 
the measurement. Both spacing values were 
obtained from measurements along 6 linear feet 
of each boundary. The significance of the two 
measurements of longitudinal spacing can be 
seen in figure 3. 

No procedure was available for evaluating the 
rugosity of the indi,idual roughness elemen-ts. 
Rugosity did vary over a wide range, being repre­
sented at one extreme by a cloddy-type roughness 
that was stabilized in he same condition in which 
it was formed by a tillage tool. At the other 
extreme were the roughnesses that had been 
smoothed and rounded by low-velocity flows of 
water. 
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, ROUGHNESS HE IGHT: STANDARD DEVIAT ION OF 
EVENLY SPACED SURFACE ELEVATI ON MEASURE­
MENTS ABOUT THE MEAN ELEVATION. 

mean bed elevation 
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ROUGHNESS ELEMEITTS PROJECT ING MORE THAN 10' 

ABOVE THE MEA.N BE D ELEVATION. 

~ AVERAGE LONGITUDINAL SPAC ING OF ALL ROUGHNESS-ELEMENT CRESTS. 

FIGU RE 3.-Diagrammatic representation of measured roughness dimensions, 

RESULTS 

The experimental data obtained are given in 
tables s. 9, 10, and 11 in the appendix. For 
channels where the mean bed elevations were 
different at rufferent stations, it was difficult to 

· ·- · · determine when flow was uniform. To determine 
whether· any runs were nonuniform, mean depth 
of flow was plotted against discharge for all turbu­
lent runs in the rectangular channels. For furrows 
the hydraulic radius was plotted against discharge. 
A well defined relationship existed between Q 
(total discharge) and d or R. The relationship 
was represented by a different line for each channel 
slope. 'Fhe lines for all slopes were parallel. 
If 1t WM assumed that the lines relating discharge 
to depth represented data for uniform flows, devia­
tions of individual points from the lines could be 
attribut.ed to nonuniform flow or other errors 
in taking the data. D ata that varied by more 
than 5 percent from the lines were considered to 
be of questionable value and are not included in 
the following analysis. 

Laminar Flow 

A plotting of the Darcy-Weisbach resistance co­
efficient,], against Reynolds number is often used 
to illustrate resistance characteristics of the vari­
ous regimes of pipe flow. The same type of data 
can be plotted for open channel flows. If the 
Reynolds number (Re) for open channels is defined 
as being equal to RV/v (where v represents kine­
matic viscosity) and d is assumed equal to R for 
wide channels, equations 1 and 4 can be combined 
to yield : 

- 24 
f = Re (20) 

A line corresponding to this equation is plotted 
on each of figur es 4 to 9 and represents the theoreti­
cal resistance relation for laminar flows over 
smooth l'>oundaries. 

In figures 4 to 9, coeffi cient of friction is plotted 
against Reynolds number, for six rectangular 
channels with some runs at R evnolds numbers in 
the 30 to 1,000 range (channels D , E, I , K, L , 
M). The curves for the data for five of these 
channels (D , E , I, K, M) lie above the theoretical 
straight line for laminar flows over smooth 
boundaries. D ata for each channel slope is repre-
ented by a different str aight line for Reynolds 

numbers less than 500. For these five channels 
the r esistance to flow was apparently increased by 
the boundary r ughness. The data for bed L 
(fiO' . ) and for the lowest slope of bed K (fig. 7) 
in3icate that resistance for these runs was the same 
as for theoretica y smooth channels. Although 
bed L functione as a smooth bed, it was not a 
true plane. The boundary had a very-fine-sand­
grain roughness e.nd a slight waviness. 

The lines defined by the data for low Reynolds 
numbers have a slope of 45° and are parallel to 
the theoretical line (solid line) for smooth bound­
aries, indicating that the flows were similar to 
true laminar flows. 

Critical Roughness Height 

On the basis of the assumptions used by 
Goldstein (5) a criterion can be developed for the 
height of roughnes necessary for separation to 
occur in laminar flow in wide, open channels . 
The velocity distribution for two-dimensional 
laminar flow is given by : 

(21) 

where : 

v is the velocity at a distance y from the 
boundary, and 

d is the depth of flow. 
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The velocity at a level equal to the roughness for laminar flow is: 

17 

height k is: 

Now, the tip Reynolds number is defined as : 

=3Re (~)2 (22) 

Let Rek, be the value of tip Reynolds number at 
which separation_ ~ccurs at the tops of the rough­
ness elements (critical value). Then the height of 
roughness necessary for separation to occur in 
open channel flow is : 

(23) 

. The data collected and the concept of a critical 
tip Reynolds number were used to derive an 
expression for the height of roughness necessary to 
affect the flow (to cause head losses ~eater than 
the theoretical for laminar flow). .ttectanO'ular 
channel L was not rough enough to cause head 
losses grea_ter than the theoretical. The highest 
value of tip Reynolds number observed for this 
channel was 16. Likewise, bed K behaved as a 
smooth bed at a slope of 0.0001. Only one tip 
Reynolds number at this slope was greater than 
20. With steeper slopes, resistances were !!Teater 
than predicted by the theoretical eq uati~n for 
smooth boundaries. All but one of the tip 
Reynolds numbers for these slopes were greater 
than 20. Critical values, therefore, were assumed 
equal to 20 and were substituted into equation 23 
to find the critical roughness height, expressed in 
terms of the standard deviation of bed elevation 
measurements: 

u= (20)112 .!!:_ 
Re .J3 

2.58d 
= .,/Re (24) 

Therefore, the height of roughness necessary to 
cause head losses gren.ter than the theoreticitl 

(25) 

One set of data does not agree with criterion 25. 
For a slope of 0.0001, the data indicated bed I 
to be rough. However, tip Reynolds numbers 
at this slope were all less than 20. Bed I was 
composed of sharp-edged angular roughness ele­
ments. Apparently, separation occurred over 
these elements, although the tip Reynolds number 
was low. 

Re_sistance Equation 

It has been shown that the resistance equation 
for smooth boundaries is not applicable to laminar 
flows over most of the soil roughnesses studied. 
However, the data presented in figures 4 to 9 were 
used to develop an empirical equation. First, 
the data for each channel were combined into 
a single equation by expressing the intercept of 
each parallel straight line in terms of the channel 
slope. The resulting equation was: 

J=AS0
·
5Re- 1 

where A has a different value for each channel. 
The channels differed only in degree of channel 

roughness. Therefore, A was apparently a func­
tion of the roughness dimensions. By repeated 
trials, A was related to the measured roughness 
height, longitudinal spacing, roughness density, 
and various combinations of these terms. The 
relation that best describes the experimental 

data is A=6.0 X 104 
(:,) There.fore , the value 

of the resistance coefficient can be predicted by 
the following equation : 

= 6.0X 104S0
·
5 (3:_) 

f Re A 
_P 

(26) 

where u represents the roughness height, measured 
as shown on page 9, and Ap is the average longi­
tudinal spacing between roughness crests. A 
comparison between measured values of f and 
values computed from equation 26 is shown in 
figure 10. 

Equation 26 is a purely empirical relationship 
expres ing the resistance coefficient in terms of 
the slope of the energy line, a roughness parameter, 
and the Reynolds number for flows in the laminar 
range. The equation indicates that as the height 
of roughness is increased, both the disturbance to 
flow and the resist ance coefficient increase. An 
increase in roughness spacing decreases both the 
number of disturbances and the resistance coef­
ficient. The effect of slope can be illustrated by 
considering a constant discharge. At small slopes 
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. the flow will be deep and low in velocity; the eddies 
formed at the roughness crests will be weak and 
will cause turbulence only throughout a small 
portion of the flow depth. At higher slopes flow 
depth will be smaller and velocities <Yreater. The 
turbulent wakes will occupy a refatively large 
portion of flow depth and resistance will be ac­
cordingly greater. 

Equation 26 is a desirable one for the computation 
of resistance coefficient because all variables can 
be determined. The slope is generally pre­
determined or can be measured, the roughness 
parameter can be computed from measurements 
taken of the b undary, an d the Reynolds number 
is merely the unit discharge divided by the vis­
cosity of the water. The computed resistance 
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coefficient can then be combined with the D arcy­
Weisbach equation, equation 4, and the continuity 
equation (q= Vd) to find the mean velocity of 
flow or depth of flow. The following equation is 
obtained for depth of flow: 

(27) 

T,ansition From Laminar to Turbulent Flow 

The transition from laminar to turbulent flow 
was studied by observing streams of dye injected 
into the flow. At the very lowest Reynolds 
numbers, no turbulence could be detected. At 
higher Reynolds numbers, wakes and 0 eneral 
instability of laminar flow over the rough bound­
aries began in a region close to the roughness 
elements. D ye streams were straight near the 
surface but undulating and beipnning to break up 
near the bottom. At still higher R eynolds n um­
bers, turbulence was observed throughout the 
entire flow depth. The critical Reynolds number 
for laminar fl.ow over rough boundaries was be­
tween 400 and 500 for the ran&e of slopes and 
roughnesses studied. The critical R~ynolds num­
ber for laminar flow over a smooth boundary was 
greater than 500 and as high as 766. 

The value of the critical Reynolds number was 
also determined from the point at which the plot 
of the experimental data diverged from the theo­
retical 450 line in figures 4 to 9. For channels with 
rough boundaries (channels D , E , I, K , and M) 
the transition from laminar to turbulent flow as 
indicated by these plots occurred at Reynolds 
numbers of 400 to 500. For a smoother boundary 
(channel L, the troweled soil surface), the transi­
tion occurred at a Reynolds number of 700. These 
results are in agreement with the dye stream 
observations. 

Observations of critical Reynolds number in 
this study are in general agreement with the values 
reported for rough boundaries by previous in­
vestigators: Jeffreys (9), 310; Hopf (7), 300 to 
330; and Allen (1), 300. For the smooth boundary 
used in this study, the critical Reynolds number 
was above 700. Horton and coworkers (8) 
observed laminar flow conditions up to a Reynolds 
number of 548 and Owen (14) observed the same 
up to a Reynolds number of 1,000. 

Turbulent Flow 
The analysis of critical Reynolds number has 

shown that flows in the type of boundaries likely 
-to be encountered in irrigation channels are in a 
transitional or turbulent state at Reynolds num­
ber;-; greater than 500. Previous studies have 
shown that resistance formulas of the logarithmic 

type are applicable to turbulent flows. In this 
study, all flows with Reynolds numbers greater 
than 500 were analyzed by assuming that logarith­
mic resistance formulas were arpropriate. Fig­
ures 4 to 9 show coefficient o friction plotted 
against Reynolds number for six of these channels. 

T urbu/ence Constant 

D ifferent investigators have found different 
values for the universal turbulence constant, K. 

Values of 0.40 and 0.38 are most commonly 
proposed. These values corres~ond to values 
for the coefficient of the logarithmic term of 
equation 20 equal to 5.75 and 6.06, respectively. 

Values of K can be determined experimentally 
from either velocity distribution data or mean 
fl.ow data. In this st dy, since no valid velocity 
profiles could be obtained, it was necessary to 
estimate K values from the mean fl.ow data . 
Values of K determined in this wa,y varied from 
one channel to the next. All but one value were 
smaller than 0.40, the con tant found by ik­
uradse. Apparent values of K as determined 
from mean flow data can differ for two reasons­
nonuniform boundary ' hear or inconsistent meas­
urement of flow dept h. If boundary shear is not 
uniformly distributed, the value of E in equation 
9 will differ from zero and the apparent value of 
K will differ from t he true value by the factor 
1 + E. Keulegan (1 o; , from examinations of 
Bazin's data, found the effects represented by 
; to be negligible. P owell (16), however, found 
E values varying from -0.137 to -0.221, for 
different channel shapes. If the assumption made 
for rectangular channels in this study is valid , 
i.e. , flow is unaffected by t he side walls, the value 
of ; should be zero. 

Values of K were determined -in this study by 
plotting C/...{g, resistance coefficient, against u/R, 
a measure of the relative roughness (figs. 11 to 20). 
The data for nine of the rectangular channels and 
all of the parabolic channels plot as strai&ht lines 
on the semilo~ graph aper . They can tnerefore 
be represented by an equation of the form: 

_Q=A-2.30 log!... 
..fg K R 

(28) 

This equation has the same form as equation 9, 
the theoretical equation for rough-boundaried 
open channels. 

The value of 2.30/K, the coefficient of the loga­
rithmic term in equati n 28, ranges from 5.13 to 
11.95 for the different channels. Values for all 
but one boundary are larger than the most com­
monly accepted value of 5.75. The boundary 
with the small value of 2.30/K (channel H ) is one 
with a relatively small value of u. 
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If it is assumed that the value of K is constant 

--and that the corresponding proper value of 
2

·
30 

is 
" either 5.75 or 6.06 , a depth correction can be 

G 
found for each channel such that the plot of -..fg 

- -against; will have the chosen slope. Values of the 

. r 2.30 1 . . bl correct10n or - - eq ua to 5. 7 5 are given m ta e I 
IC 

both in absolute amounts and as fractions of the 
roughness height. There is no simple relation­
ship between the depth correction and the height 
of roughness. 

Viscosity and Roughness Effects 

Figures 11 to 20 indicate that since the resistance 
of most channels is represented adequately as a 
function of relative roughness, the boundaries are 
hydraulically rough. However, for any one 
channel, depth increases and relative roughness 
iiecreases as discharge increases. As discharge 
increases, Reynolds number also increases. A re­
lationship between resistance coeffi cient and 
Reynolds number could therefore be confused with 
a relationship between resistance coefficient and 
relative roughness. A more positive method of 
determining the type of flow resistance occurring 
is necessary. 

V 2.30 
Keulegan (10) plotted - - - log R against v. K 

log v._ For channels with rough boundaries, 
V 

flow resistance was independent of viscosity and 
---v 2 "O 

· Tr -~ log R was a constant . Viscosity effects 
-- ""* K 

were evident for hydraulically smooth channels 
·--·and · the line formed by plotting data from such 

channels was inclined. This line can be repre­
sented by the equation: 

---- V 2.30 l R-A+2.30 l V. - - - og - -· og -v. K K V 

---- Or 

.Y_=A+ 2.30 loO' RV. 
v. IC 

O 
II 

(29) 

as woulg_ be expected from theory. Keulegan 
also found some boundaries which he termed 
"wavy." Data for wavy boundaries described 
lines parallel to and below the smooth boundary 
lines, indicating a higher resista nce for a given 

al f RV. 
v ue o --· 

V 

The data for the channels studied were plotted 
in the form suggested by Keulegan (figs. 21 , 22, and 

TABLE 1.- Depth corrections 

Channel type and Roughness Depth cor- Relative 
identifying letter height, rr rection, c 1 depth cor-

rection c/rr 

Feet Feet 
Rectangular: B _______ _____ 0. 0187 0. 0083 0. 445 D ____ ____ ____ . 0118 . 00923 . 782 E _______ _____ . 0090 . 0024 . 267 

F -- -- - --- --- - . 0141 . 0120 . 852 Q _______ __ ___ . 0117 . 0096 . 820 
H ____________ . 0024 (2) -- ------ --!_ ____________ . 0064 . 0010 . 156 
K ____________ . 0054 . 0050 . 926 
N ____________ . 0198 . 0080 . 404 

Parabolic : 
A ____________ . 0080 . 0130 1. 62 
B __ ______ ____ . 0013 . 0007 . 539 c ____________ . 0029 . 0045 1. 55 
D ____________ . 0030 . 0015 . 500 
E ____ __ ___ ___ . 0092 . 0236 2. 57 F ___________ _ . 0015 . 0008 . 533 

1 c is the depth correction necessary to m:..ke C/,/g pro­
portional to 5.75 log rr /R, where R is t he hydraulic radius 
based on the corrected dept h. 

2 Negative value. 

23) . A value of 
2

·
30 

equal to 6.06 was used because 
IC 

this value approached more nearly the values 
found for the experimental channels in figures 11 
to 20 than the more commonly accepted 5.75. 
The boundaries are rough for all but one of the 
channels, as indicated by the independence of 
V V -V -6.06 log R and the log __! term. Much of 

* V 
the scatter of the experimental points about the 
mean value of the ordinate for each of these 
channels is due to the difference between 6.06 

and the best-fit value of 
2

·
30 

for the channel. 
K 

The data for rectangular channel C show a 

functional rel ationship between Ju-6.06 log R 

and v._ This relationship is represented in figure 
V 

21 by a straight line with slope of 6.06. The 
intercept of the straight line with the 'Y axis is 
lower than would occur for hydraulically smooth 
boundaries. The relationship is therefore typical 
of that for wavy boundaries as presented by 
Keulegan. D ata were taken for only one channel 
with wavy bo ndaries; therefore, an expression 
relating the constant to the degree of waviness 
could not be erived. H owever, the boundary 
for channel C was smoother than any likely to be 
encountered i natural irrigation channels and , 
in this respect, has no practical importn.nce. 
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On the basis of figures 21 to 23 , a criterion can 
be estaolished for distinguishing between rough 
and wavy boundaries, using standard deviation 
of bed elevation measurements as an estimate of 
roughness height. It is assumed that the thick­
ness of the laminar sublayer, o', can be defined by 
the same formula as is used for pipe flows: 

o' =ll.6 ;. (30) 

In table 2, values of the ratio of rr to o' are sho,vn 
for the ~me wavy boundary and for the two rou~h 
boundaries having the smallest value of rr. Only 

<T 
two vames of -g, exceed 0.520 for the wavy bound-

rr 
ary, channel C. There are two values of 

0
, smaller 

than 0.520 for the rough boundaries, channels H 
and K, which would be expected to most nearly 
approach the wavy condition. For these data, 
the distinguishing criterion for the transition from 
wavy to rough boundaries would then be : · 

<T 

0
, = 0.520 

- - or, combining this equation with equation 30: 

v.<T = 6.o3 (31) 
" 

Resistance Parameter 

The use of an equivalent resi tance term (x) to 
take account of all factors affecting resistance was 
discussed in the Review of Literature section. 
Such a term can be calculated most easily from 

_ _ equation 16. The equivalent resistance term, x, 
m this equation was shown to represent effects of 
both roughness and channel shape on flow resi t­
ance. By using equation 16, values of x can be 
calculated for the channels with rough boundaries 
from data contained in figures 21 to 23. The 

-- average value of the ordinate for each channel, 

~-6.06 log R, is equal to -6.06 log x. Values 

of x we:re calculated in this way for each rough 
channel. A tabulation of x values is shown in 
table 3. 
- The values of x may now be related to the 
physical characteristics of the channel that affect 
resistance. Results of previous re earch have 
indicaled that channel roughness will exert the 
primary, effect on flow resistance. The methods 
used l-0• measure channel rou~hness have been 
described in the section on ~xperimental Pro­
cedures. Values of the following roughness meas­
ures are listed in table 3: rr , the standard deviation 

TABLE 2.-Ratio of roughness height (u) to l,aminar 
m b/,ayer thickness (o') for three rectangu/,ar chan­
nels with small roughness height 1 

. 
Channel C Channel H Channel K 

Run <T/l>' Run rr/o' Run rr/o' 

z-c_ ---- 0.422 2-H __ ___ 1. 29 4-K ____ _ 0.530 3-C _____ . 500 3-H _____ 1. 55 6-K _____ . 500 
4-C _____ . 545 6-H ___ __ . 565 7- K _____ . 601 
9-C_ - - - - . 279 7-H ___ __ . 660 8-K _____ . 674 
10-c ____ . 336 8-H ___ __ . 820 9- K _____ . 805 

11-C ___ _ . 403 9-H ___ __ . 983 10-K __ __ 1. 01 
12-c ___ _ . 441 11-H ____ 1. 53 16-K ____ 1.85 
13-C ____ . 553 14-H ____ . 468 31- K ____ . 690 
18-C ____ . 178 15-H ____ . 570 33-K ___ _ . 855 
19-C ___ _ . 197 16-H ~--- . 688 

20-C __ . _ . 221 17-H ____ . 856 
23-C ____ . 429 18-H ____ 1. 05 
24-C ____ . 517 19-H ____ 1. 32 

20-H ____ 1. 51 

1 The boundary of channel C was wavy. Channels H 
and K had hrdraul.ically rough boundaries. 

TABLE 3.-CalC'Ulated values of resistance param­
eter and meam red roughness dimensions for 
rough channels 

Channel type and xi r 
identifying letter 

Rectangular: Feet Feet 
B ____ __ ___ ____ 0.0155 0. 0187 
D ____ __ __ _____ . 00740 . 0118 E ____ _________ . 00166 . 0090 
F ____ __ ______ _ . 0107 . 0141 G ________ ___ _ . 00561 . 0117 
H ____ - - - - - - - - - . 00089 . 0024 ! ____ __ ___ ____ . 00691 . 0064 
K ____________ . 00115 . 0054 
N __ ____ __ ____ . 0100 . 0198 

Parabolic: 5 

A __ ________ ___ . 00525 . 0084 
B _____________ . 000323 . 0013 
c _____________ . 00100 . 0029 D _____________ . 000512 . 0030 E _______ _____ _ 

. 00933 . 0092 F _____________ . 000316 . 0015 G ___ ____ ____ _ . 00204 . 0044 

x_.3 

Feet 
0. 197 

. 375 

. 860 

. 625 

. 667 

. 215 

. 240 

. 400 

. 286 

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

>-» • 

Feet 
0. 141 

. 09 

. 25 

. 35 

9 
7 
8 

. 27" .) 

------
. 05 4 
. 139 
. 133 

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

1 Resistance parameter. 
2 Roughness height : standard deviation of evenly 

spaced surface elevation measurements about the mean 
elevation. 

3 Average longitudinal spacing of roughness elements 
projecting more t an 1 rr above t he mean bed elev:i.tion . 

• Average longitudinal spacing of a ll roughness element 
crests. 

5 No measurem nts of longitudinal roughness spacing 
made. 
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TABLE 4.-Dijferencu between measured and predicted values of the resistance parameter and related 
measured roughness-spacing indexes ' 

Rectangular X, X, 
channel measured predicted 

Feet Feet 
B __ _______________ ___ 0. 0155 0.0174 n _____________ _______ 

. 00740 . 00813 
E ____________ · ______ . 00166 . 00516 
F __ __________________ . 0107 . 0112 G ___________ ____ _____ 

. 00561 . 00812 H _______ ____________ 

. 00089 . 00058 ! _____________ _____ __ . 00691 . 00297 
K._ __________ __ _____ __ . 00115 . 00219 
N ___ ---------------- . 0100 . 0194 

of equally spaced measurements of bed elevations; 
X.., the average longitudinal sp:wing of roughnesses 
that projected more than one tandard deviation 
(l a-) above the mean bed elev-ation; and Ap, the 
average longitudinal spacing uf all roughnes 
crests. 

Attempts were made to correl8lte values of x with 
measured dimensions of roughness. A correlation 
existed only between x and o-; tlire calculated value 
of the correlation coefficient is 0. 93. The rela­
tionship of the resistance parameter, x, to rough­
ness height, (j, is plotted in figure 24. The 
regression line re_presenting the relationship of x 
to (j was deternuned by least-squares methods. 
The equation of this line is: 

x=l2.9(j1. 1111 (32) 

T he spacing of the roughness lements cannot be 
related directly to the flow resi-stance parameter, 
x- However, previous studies (1 , 18) have shown 
that the flow resistance of condmts with the same 
roughness height but different spacing differs. 
Therefore, it would be expected ihat the scatter of 
the data about the line relating and (j, figure 24, 
might be correlated with the roughness spacing. 
Table 4 includes both absolute and percentage 
deviations of measured x values lfu-om those pre­
dicted by equation 27, and foes of the two 
measured roughness-spacing inda'<es. The rela­
tions are not well enough defin.~d so that these 
measures of spacing can be use:<i to improve the 
estimate of x-

Channel Shape Effect~ 
The value of x theoretically expresses the effects · 

of both roughness dimensions and .channel shape on 
flow resistance (see equation 16) . Values of x for 
parabolic c_hannels with three difforent shapes are 
plotted against (j in figure 24. In this plot, the 
shape of the channels is represented by use of the 
hydraulic radius as a length p lllnlJI11eter. There is 

Absolute Relative x. >-.p 
difference difference 

Feet Percent 
+o. 0019 +12. 3 0. 197 0. 141 
+. 00073 +9.9 . 375 . 099 
+. 00350 +210. 0 . 860 . 257 
+. 0005 +4. 7 . 625 . 358 
+. 00253 +45. 7 . 667 . 275 
-. 00031 -34.8 . 215 ----------
- . 00394 -57.0 . 240 . 054 
+. 00104 +99. 0 . 400 .139 
+. 0094 +94. 0 . 286 . 133 

no relationship between the deviation of the 
individual points from the best-fit line in this plot 
and the shape of the channels. 

Supporting Data 

Parsons (15) measured the resistance to turbulent 
flow over a short section of rough channel. The 
channel roughness was formed by directing a water 
spray on a soil-cement mixture, which formed 
small, closely spaced craters. The resulting sur­
face wru:; similar to that of soil roughened by 
falling raindrops. 

Data are available for the computation of x and 
(j for two series of Parsons' runs. For series IV 
the computed value of x is 0.00138 foot . The 
value of (T 1 computed from the bed roughness 
measurements, is 0.00490 foot. For series V runs 
the corresponding -values ure: x = 0.00160 foot, 
(j=0.00590 foot. T hese values of x and (j are 
plotted on figure 24. Parsons' data are repre­
sented by equation 32 equally as well as the data 
from the present study. 

Prediction Errors 

Equations 16, 26, and 32 may now be used to 
predict flow conditions for natural channels if 
measurements of (j and ">-. for these channels can 
be made. 

When an irrigation system is being designed, 
slope is determined by topographic and land form­
ing limitations, channel shape depends on the crop 
to be grown, and dis barge rate may be assumed. 
The problem is then to predict the depth of flow. 
The magnitude of error likely to be encountered. 
in predicting depth of laminar flow over rough 
boundaries can be determined by reference to 
figure 10. Examination of this figure indicates 
that for 66 of the 73 values, the error in predicting 
j (the Darcy-Weisbach resis tance coefficient) by 
equation 26 was less than 30 percent. 
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The defining, equation for j can be written: 
I 

J
_8gdS _ 8gd3S 
- V2 - q_2 

Taking logarithms of both sides and differentiating: 

df = 'Jdd + dS _ 2dq 
f d S q_ 

Each of the terms in this equation represents the 
relative erroli in one of the variables. If q and S 
are accurately known, dS/S and dgjq are negligible 
and: · 

dd 1 df 
d=3 J 

Thus, a 30-p-ercent error in f results rn only a 
10-percent e.r.ror ind. 

The best method found for estimating x was to 
relate it to Ill measure of the roughness height, u, 
by means of equation 32. The correlation coeffi­
cient determined for x and u was 0.93, indicatiflg 
a highly significant relationship. Although other 
dimensions of roughness affect resistance, they 
could not be measured accurately enough to be of 
practical value. The error in using equation 32 
to estimate x is indicated in figure 24, where the 
plotted points represent measured values and the 
straight line represents estimated values. The 
error is quite large for some channels-as much as 
210 percent for rectangular channel E . However, 
because x appears only in a logarithmic term in 
the flow resistance formul a, equation 16, the errors 
involved in practical applications of the formula 
are smaller. 

Normal flow depth for very wide channels can 
be calculated from equation 16 written in the 
form: 

~ 6.06 log d=-6.06 log x (16a) 
g '<f'/2 

Some trial calculations of d were made, using both 
measured and estimated values of x, so that the 
error ind cou1d be determined. An intermediate 
value of slope, 0.001, was assumed for all the cal­
culations. Two values of q were assumed-one 
the lowest for which turbulent flow would occur, 
and the other near the upper limit of the range of 
discharges used in this study. 

Table 5 lists the errors found in predicted normal 
depth of turbulent flow for two rates of discharge, 
when using the equations developed from this 
study. The maximum error for any channel is 
27.5 percent at the lower turbulent unit discharge. 
At the higher rate of discharge, errors in determin­
ing depth are about half those at the lower rate. 

The error in using equations 16 and 32 for cal­
culatin~ the hydraulic radii of parabolic channels 
was also investigated . The computation for 

TABLE 5.-Error in calculating normal ff.ow depth 
in rectangular channels 

Assuming q=0.0060 c.f.s./ft. and S=0.001 

Channel 

B __ _______________ _ 
n _________________ _ 
E _______________ __ _ 
F _________________ _ 
G ________ _____ ____ _ 
H _____________ ____ _ 
! ________ ______ ____ _ 
K ___ _____________ _ _ 
N ____ _____________ _ 

d, meas­
ured 

Feet 
0. 0508 
. 0402 
. 0283 
. 0452 
. 0369 

· . 0254 
. 0392 
. 0266 
. 0443 

d, pre­
dicted 

Feet 
0. 0533 
. 0413 
. 0361 
. 0457 
. 0412 
. 0238 
. 0318 
. 0299 
. 0556 

Error 

Percent 
+4. 9 
+2. 7 

+21. 5 
+ 1. 1 

+11.6 
-6. 3 

- 18. 9 
+ 12. 4 
+ 25. 2 

Assuming q=0.500 c.f.s./ft . and S=0.001 

B _______ __________ _ 
D ____ ___ _____ ___ __ _ 
E _________________ _ 
F _______ __________ _ 
G ____ ____ _________ _ 
H _________________ _ 
! __________________ _ 
K ____ _____________ _ 
N ____ _________ ____ _ 

. 462 

. 412 

. 341 

. 434 

. 396 

. 318 

. 407 

. 328 

. 429 

. 470 

. 417 

. 391 

. 436 

. 416 

. 306 

. 365 

. 352 

. 478 

+1. 7 
+1. 2 

+14. 7 
+o. 5 
+5. 5 
-3. 8 

-10. 3 
+7. 3 

+ 11.4 

parabolic channels is more difficult than for rec­
tangular channels. T_he relation between area 
and hydraulic radius must be known so that the 
velocity can be calc ated from the Q/A relation­
ship and the equation can be solved by trial and 
error. Values of R were determined by this pro­
cedure for both small and large discharges. 
Values of hydraulic radius based on both predicted 
and measured X values are shown in table 6. 
The maximum error for these channels was 12.4 
percent, at the low rate of discharge. At the 
higher rate of discharge, the error was reduced, 
just as it was in calculating normal flow depth for 
rectangular channels. 

The common method of determining the re­
sistance of an irrigation channel in the field is to 
estimate Manning's resistance coefficient, n, from 
visual observation of the roughness, alinement, 
vegetation, etc.; the estimate is based on the 
designer's experience. The resistance coefficient 
is usually given a single value for each channel and 
its variation with depth of flow is not considered. 
The range of values of Manning's n measured for 
turbulent flows in each of the rectangular channels 
studied is shown m table 7. A large range of 
values of n existed for the channels with the larger 
values of u. Thus, any one value of n assumed for 
these channels would be considerably in error at 
depths of flow other than that to which it applies. 
These data illu trate the inadequacy of a single n 
value to characterize the resistance in a small, 
rough channel. 



38 CONSERVATION RESEARCH REPORT 3, U.S. DEPT. OF AGRICULTURE 

TABLE 6.-Err-0r in calculating hydrattlic radius of 
'J)<Lrabolic channels from predicted x values 

AssUKCNG Q=0.0030 c.f.s. AND S=0.001 

Channel 

A _________ ________ _ 
B __________ _______ _ c _________________ _ 
D _________________ _ 
E __________ ____ __ _ _ 
F ____ _____ ________ _ 
Q ____ ___ _________ _ _ 

R, 
measured 

Feet 
0. 0349 

. 0225 

. 0261 

. 0209 

. 0348 

. 0216 

. 0276 

R, 
predicted 

Feet 
0.0343 

. 0220 

. 0254 

. 0220 

. 0305 

. 0214 

. 0266 

A.ssm,nNG Q=0.350 c.f.s. AND S=0.001 

A. __________ _ ______ _ 
B _________________ _ 
c _________ _______ _ _ 
n ________________ _ _ 
E------------------F __ _______________ _ 
Q ________________ _ _ 

. 239 

. 188 

. 204 

. 172 

. 230 

. 180 

. 208 

. 236 

. 185 

. 201 

. 178 

. 215 

. 179 

. 204 

Error 

Percent 
-1. 7 
-2. 2 
-2. 7 
+5.3 

-12. 4 
-0. 9 
-3. 6 

-1.3 
-1. 6 
-1. 5 
+3.5 
-6.5 
-0.6 
-1. 9 

The error involved in assuming a constant value 
of n for a channel can be compared with the error 
of the prediction equations. Assuming q and S 
known, taking logarithms of both sides of the 
Manning equation (equation 2), and differentiating: 

dq=~ dd +! dS _ dn 
q 3d 2S n 

If q and Sare constant: 

dd 3dn 
d =5n 

TABLE 7.-Range of measured Manning's n for 
ttt,rbulent flows 

Channel type and identifying letter 

Rectangular: B _____________ ___________ ____ __ _ 
c ______________________________ _ 
D ______________________________ _ 
E _________ __ ______________ _____ _ 
F _____ ___ ________________ _____ _ _ 
Q ______________________________ _ 
H _________________________ _____ _ 
! __ _____________________________ _ 
K ___ ____________ ___ ____________ _ 
N ______________________________ _ 

Parabolic: A. _____ ___ ________ ______________ _ 
B _____ _______ _______ ______ ___ __ _ 
c ___________ ____ __________ ___ __ _ 
D __ ______ _____ _________________ _ 
E ______________________________ _ 
F ________________ . _____________ _ 
Q __ ____________________________ _ 

n 

0.022-0.049 
. 010- . 013 
. 016- . 029 
. 014- . 021 
. 019- . 031 
. 016- . 039 
. 012- . 017 
. 016- . 032 
. 012- . 017 
. 018- . 045 

. 019- . 030 

. 0ll- . 014 

. 013- . 018 

. 012- . 014 

. 0ll- . 052 

. 0ll- . 013 

. 015- . 017 

The maximum relative error in estimating flow 
depth for the rectangular channels was 27 .5 
percent, using equations 16 and 32. This is 
equivalent to an error in n of 46 percent. Now 
consider the range of observed n values. For some 
of the rough channels one would have errors as high 
as 70 percent in n at low flow depths even if, 
through extreme good for tune, the average value 
for the range of discharges encountered had been 
originally estimated correctly. Therefore, use of 
measured roughness heights in conjunction with 
equations 16 an 32 should produce resistance 
estimates having less error than the procedure 
currently in common use. 

APPLICATIONS TO FIELD CONDITIONS 

The equations for uniform flow over small earth 
channels in both the laminar and turbulent 
regimes that were developed from the laboratory 
studies reported in this bulletin might be applied 
o the calculation of flow parameters in irrigation 

borders and furrows. It should be remembered, 
however, that the equations have not yet been 
verified under field conditions. 

Where channels have no vegetation, boundaries 
will be hydraulically rough for almost all laminar 

· · and turbulent flows. Therefore, the first step in 
analyzing such flow is to measure roughness height 
and spacing. The following procedure is suggested. 

For the measurement of roughness height, six to 
ten 1-foot sections of the bed parallel to the direc­
tion of flow may be selected at r andom. Bed 
elevations should be measured, with a precision of 
0.001 foot, at 0.05-foot intervals relative to ome 
arbitrary datum. The value of (j can be calculated 
by using equation 19 for each of the 1-foot strips 

and these values can be averaged to obtain the 
representative value for the channel. 

The same sections of the channel can be used to 
measure the average longitudinal spacing, Ap, 
The number of roughness crests divided into the 
total length of the sections sampled will give 
the value of Ap- Some judgment must be used in 
counting the rou~hness crests: crests too small or 
too low to contribute materially to the flow re­
sistance should not be counted. 

Next, the regime of flow should be determined. 
For two-dimensional flows, the Reynolds number 
can be calculated from known values of unit dis­
charge and viscosity. Thus: 

For Reynolds numbers greater than 500, the tur­
bulent flow equations (equations 16 and 32) should 
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be used. For Reynolds numbers less than 500, 
the laminar flow equations (equations 26 or 27) 
are applicable. 

If flows are in the laminar regime and it is as­
sumed that boundary roughness is great enough to 
affect flow resistance (u ~2.58d/ .,/Re), normal 
depth can be calculated from equations 26 or 27. 
Then : 

6.0X 10'S°·5 
( .!!.... ) 

f- >-1> (26) - Re 

and 

d=3.J7.5 X 103qv ( .!!.... ) 
g..{s xi> (27) 

With this estimate of d, the criterion for boundary 
roughness, defined by equation 25, can be checked: 

u ~ 2.J:f for a rough boundary ; 

u<2
;
8

5d for a smooth boundary. (25) 
-vRe 

If the criterion does indicate the channel to be 
rough, the assumption is vindicated and the esti­
mate of d may be assumed to be correct. In the 
event that the boundary is not rough, the flow 
depth may be calculated from equation 1, the 
theoretical equation for laminar flow in a wide, 
smooth, rectangular channel, rewritten in the 
following form : 

(1) 

The following ample calculation illustrates in 
detail an analysis of flow in the laminar reo-ime, 
where it is assumed that the irrigation border is 
hydraulically rough, that is, where u , the roughness 
height, is great enough to cause head losses greater 
than the theoretical for laminarflow(u ~2.58d/.,/Re). 

Given : 

q=0.005 c.f.s./ft. 
8=0.001 
u=0.010 ft . 

Ap=0.20 ft. 
T=70° F. 

Solution: 

Compute the Reynolds number: 

Re= Vd =g,_= 0.005 = 472 
V " l.06X l0- 5 

Since Re<500, the flow is laminar. As­
suming that the boundary is rough enough to 
affect flow, calculate depth using equation 27: 

d=[7.5 X 10
3
qv (.!_)]113 

g ✓S XI> 

=[7.5X 103(0.005)(1.06X 10-5) (0.010)]113 
32.2(0.0316) 0.20 

=0.027 ft. 

To check the roughness assumption use criterion 
25. 

2.58d 2.58(0.027) =0.0032 
ffe ,Im 

>2.58d 
er .,/ Re 

Therefore, the boundary is hydraulically rough, as 
assumed, and the calculated value of d is correct. 

If the Reynolds number is greater than 500, 
turbulent flow can be assumed to exist. For 
irrigation borders or very wide channels, equation 
16 can be written in the form: 

where: 

ds 6.06 log d-6.06 log x 
g d3 !2 

X= 12.9u1·
66 (32) 

From equations 16 and 32, d can be found by 
trial and error, if q, Sand u are known. To assure 
that equation 16 is valid for the case being con­
sidered, the computed value of d can be inserted in 
criterion 31, where -vgdS is substituted for v.: 

.,/gdSu->6.0, for a rough boundary; 
V 

.,/gdSu <6.0, for a smooth boundary. 
" 

The following sample calculation illustrates in 
detail an analysis of flow in the turbulent regime, 
where it is assumed that the irrigation border 
boundary is hydraulically rough. 

Given: 

q=0.040 c.f.s./ft. 
S=0.001 
o-=0.010 ft. 
T=70° F. 
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Solution: 

Compute the Reynolds number: 

R q o.ow 3 780 
e=;= 1.06XI0-5 ' 

Since Re>500, turbulent flow exists. Assum­
ing that the boundary is hydraulically rough, 
compute x using equation 32: 

x =12.9u-'-85 

=12.9-(0.010) l.S6 

= 0.00618 

Compute depth by trial nd error, using equa­
tion 16, which can be written as follows: 

or : 

q 
.JgSd3'z 6.06 log d = -6.06 log x 

1
q =d312[6.06 log d-6.06 log x] 

__ -vgS 

For the left-hand side of the equation: 

q 0·040 0.224 
-/gS .J32.2 ✓o.ocu 

For the right-hand side: 

Assume d=0.10 ft. 

d3 12 [6.06 log d-6.06 log xl 
=(0.10)312 [6.06 Iog (0.10)-6.06 

log (0.00618)] = 0.234 

Assume d=0.090 ft. 

d3 12 [6.06 log d-6.06 log x]=0.190 

Assume d=0.098 ft. 

d3 12 [6.06 log d-6.06 log x] = 0.224 

Therefore, d=0.098 ft. 

Check criterion 31, the criterion for distin-
guishing between rough and wavy boundaries. 

V.a- ✓gdSo- -/.32.2(0.098)(0.001)(0.010) 
-11-=-II- = l.06Xl0-5 52·9 

Since V*o->6, the boundary is hydraulically 
II 

rough, as assumed. 
Calculation of the flow variables for irrigation 

furrows is slightly more difficult. Equation 16 
can be written: 

~=6.06 log R-t:i.06 log x 
-vgRS 

The relationship between flow area and hydraulic 
radius must be known either in graphical or 
equation form, for the channel being considered. 
Then for a given Q, S, and x, a value of R is 
assumed, V is calculated, and the value of A 
determined. If these values satisfy Q= AV, 
the assumption for R was correct. During the 
laboratory testing of channel resis tance, no runs 
were made on parabolic channels with wavy 
or transitional boundaries. However, it is as­
sumed that criterion 31 is valid for these channels 
as well as for the rectangular channels. 

SUMMARY AND CONCLUSIONS 

The factors affecting flow resistance in irri­
gation borders and furrows are cli:fficult to evalu­
ate, owing largely to the nonuniformity of the 
roughness characteristics and to the wide 
ranges in rate of water discharge and size of 
roughness elements that oocur. A review of 
literature revealed that past research has not 
provided sufficient information on hydraulic 
resistance of these channels t,o allow for rational 
design of surface irrigation ;ystems. Therefore, 
a study of the hydraulics of imulated irrigation 
borders and furrows was conducted in the labora­
tory. 

Small channels having boundaries formed of 
soil and chemically stabilized to prevent altera­
tion of the roughness, were formed in a laboratory 
flume. Rectangular channels with smooth side­
walls and parabolic channels represented irri­
gation borders and furrows, respectively. Obser-

vations were made of dimensions of the boundary 
roughness elemen ts, channel shapes, flow regime 
over a wide range of flow rates , and the flow 
parameters necessary for calculating flow re­
sistance coefficients. Flow resistance coefficients 
then were empirically related to dimensions of the 
boundary roughness elements. Analysis of the 
experimental results leads to the following con~ 
clusions. 

1. Both laminar and turbulent flows can occur 
when flow rates und flow boundaries are similar to 
those of surface irrigation systems. 

2. Critical Reynolds numbers for the transition 
from laminar to turbulent flow are 500 for rough 
boundaries and 700 for smoother boundaries. A 
critical Reynolds number of 500 will probably be 
applicable to all wide irrigation channels. 

3. The following criterion can be used to deter­
mine the height of roughness such that flow 
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resistance will be greater than the theoretical 
smooth boundary equation for laminar flow : 

(25) 

4. The resistance coefficient for rough, laminar 
flow can be predicted by the following equation: 

6.0X 104S0
-
5 c~) 

j - "X.p 
- Re (26) 

where <1 and ).P are measures of the roughness 
height and longitudinal spacing. respectively. 

5. The transition from wavy to rough boundary 
conditions for turbulent flows occurs when 

v.<T =6 
JI 

All surface irrigation channels would be expected 
to be hydraulically rough when flow is turbulent. 

6. The resistance coefficient for turbulent, 
hydraulically rough flows can be predicted for 
both wide rectangular and parabolic channels by 
the following equations : 

C R 
-vg-6.06 log x (16) 

and 
X= 12. 9<11. 66 (32) 

7. The variation in flow resistance caused by a 
range of parabolic cross sections is negligible com­
pared to the effects of boundary roughness. 

8. The magnitude of error involved in predicting 
resistance to flow using equations 16, 26, and 32 is 
small enough to allow practical application of the 
equations. Larger errors would result from the 
currently used procedure of estimating a single 
value of Manning's n to represent a channel for all 
discharges. 
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SYMBOLS 
Symbol Dimensions Description Symbol Dimensions Description 

a L- 1 Coefficient in equation for v. LT- 1 Shear velocity,~ gRS. 
parabolas. Vk LT- 1 Velocity at a level corresponding 

a L Constant in boundary regression to the tops of the roughness 
equation. elements. 

a,. ---------- Hydraulic characteristic for wavy X L Horizontal coordinate for measur-
boundaries. ing cross section of parabolic 

a, ---------- Hydraulic characteristic for rough channels. 
boundaries. Xi L Distance from some datum at 

a, ---------- Hydraulic characteristic for smooth which elevation y; is measured. 
boundaries. y L Depth of flow at center of para-

A -- ----- --- Constant, defined where used. bolic channels. 
A L2 Cross-sectional area.. y L Dietance from boundary. 
b ---------- Constant. y L Channel elevation at distance x 
B ----- ----- Constant. from center line of parabolic 
C L Depth correction. channels. 
C L1,'2T - 1 Resistance coefficient from Chezy y; L Individual bed elevation measure-

formula. ment. 
d L Normal flow depth. {J ---------- Channel shape factor. 
I ---------- Resistance coefficient from Darcy- 'Y FL- 3 Unit weight of water. 

Weisbach formula. &' L Thickness of laminar sublayer. 

t LT-1 Gravitational acceleration. L Height of roughness necessary 
L Roughness height. for separation to occur in flow 

"· L ·Diameter of equivalent sand grain through pipes. 
roughness. e ---------- Channel shape factor. 

n --- ------- Resistance eoefficient from Man- C ---- ------ von Kannan universal turbulence 
ning's equation. constant . 

n --- ------ - Number of measurements or obser- ;\. L Average longitudinal spacing of 
vations. roughness elements projecting 

0 L'T-1 Unit discharge. - more than 10' above mean bed 
LIT- 1 Total discharge. elevation. 

r L Radius of circular pipe. ;\,, r Average longitudinal spacing of 
R L Hydraulic radius. all roughness-element crests. 
Re ---------- Reynolds number, VR/v. µ FTL- 1 Absolute viscosity. 
Ret ---------- Tip Reynolds number. • L2T- 1 Kinematic viscosity . 
Ret, -- -------- Value of tip Reynolds number at O' L Standard deviation of boundary 

which seheration occurs at the elevation measurements about 
tops of t e roughness elements the mean elevation; a descrip-
(the critical value). tion of roughness height. 

s ---------- Slope. X L Resistance parameter from Sayre-
V LT- 1 Velocity of flow at distance y from Albertson equation; a parameter 

the boundary. representing effects of both 
V LT-1 Mean flow velocity. roughness and channel shape. 

-- - --·----



APPENDIX 

Figures 25 to 35 show the rectangular channels 
(simulated borders) constructed for this study. 
(The roughness preparation for channel B, not 
shown, was similar to that of channel D.) Figures 

FIGURE 25.-Rectangular channel C. The boundary was 
troweled to produce the smoothest surface possible. 

FIGURE 26.-Rectangular channel D . The boundary was 
roughened, then flooded with a noncrosive stream of 
water before stabilization. 

36 to 42 show the parabolic channels (simulated 
furrows) constructed. 

Tables 8 to 11 summarize the experimental data 
obtained. 

FIGURE 27.-Rectangular channel E. The boundary was 
roughened. A stream of water then formed small, 
widely spaced ripples. 

FIGURE 28.-Rectangular channel F . A large, erosive 
stream of water was used to form relatively large 
ripples. 
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_FIGURE 29.-Rectangular channel G. The ripples are 
smaller than those in channel F. 

~ , ~>"-"--
- ·. -

FIGURE 30.-Rectangular channel H. This boundary was 
stabilized in the condition exist ing after it was screeded. 
Small longitudinal grooves were formed by particles . 
catching on the edge of the screed. 

FIGURE 31.-Rectengular channel I. Small particles of 
soil were sieved onto the screeded boundary surface to 
form small, loosely spaced, very irregular roughness 
elements. 

FIGURE 32.-Rectangular channel K . After being rough­
ened, this boundary was modified by a very low flow of 
water. 
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FIGURE 33.-Rectangular channel L. This boundary was 
troweled. It is very similar to rectangular channel C. 

FIGURE 34.-Rectangular channel M. This boundary 
was roughened in a regular pattern by making indenta­
tions with the end of a trowel. A low flow of water was 
used to smooth the indentations. 

FIGURE 35.-Rectangular channel N . After being rough­
ened, this boundary was sprayed lightly and uniformly 
with a garden hose. 

FIGURE 36.-Parabolic Jhannel A. This channel was 
formed with a furrowing shovel. It should be very 
similar to a newly formed furrow in the field. 
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FIGURE 31.-Parabolic channel B. This channel was 
screeded to the desired shape and left with a small 
degree of roughness. 

FIGURE 38.-Parabolic channel C. After being screeded 
this channel was roughened and then modified with a 
low flow of water. Channels B and C were the narrowest 
and deepest of the channels studied. 

FIGURE 39.-Parabolic channel D. Preparation of this 
channel was similar to that of channel B. 

-~ .... , 

FwunE 40.-Parabolic channel E. Preparation of this · 
channel was similar to that of channel C. Channels 
D and E were the widest and shallowest of the chan nels 
studied. 
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FIGURE 41.-Parabolic channel F. Preparation of this 
channel was similar to that of channel B. 

TABLE 8.-Summary of measured data-rectangular 
cAannels 

Channel s q d 
and run 

Ft.1/ 
Channel B : &c./Ft. Ft. 

1-B •------ 0. 001 0.0106 0.0702 2-B ___ __ __ . 001 .0225 . 0935 3-B _______ .001 .0478 . 1320 4-B _______ . 001 .0959 . 1850 5-B _______ . 001 .1430 . 2240 16-B i ______ . 001 .2770 . 3310 

;;-B ______ _ .005 .0213 . 0640 8-B _______ . 005 .0456 . 0878 ·~B ___ __ __ . 005 . 0943 . 1220 
l ~B ______ . 005 . 1660 . 1610 H-B ______ .005 . '1:170 . 2050 

Channel C : 
2-c _______ . 005 . 0160 . 0237 a-,c _______ .005 . 0331 . 0343 
4-C __ _____ . 005 . 0725 . 0532 

7-C _______ . 001 . 0113 . 0328 
9-C _______ . 001 . 0292 . 0538 
l~C ____ __ . 001 . 0560 . 0768 
11-C ______ . 001 . 1030 . 1120 
12-c ______ . 001 .1410 . 1350 
13-C ______ . 001 . 2670 . 1980 

16-C ______ . 0005 . 0117 . 0396 
18-C ______ .0005 .0111 . 0380 
l~C ____ __ .0005 . 0169 . 0482 
2~C ______ . 0005 .0250 . 0626 
2 .1-C 1 ____ _ .0005 . 0655 . 1160 
22-C I __ ___ . 0005 .1230 . 1540 
23-C ______ . 0005 . 2580 . 2520 
24-C ______ . 0005 . 4440 . 3660 

See footnote at end of table, p. 49. 

V 

Ft./ 
Sec. 

0. 151 
. 240 
. 360 
. 517 
. 636 
. 834 

. 332 

. 519 

.774 
1.030 
1. 330 

. 684 

. 966 
1. 360 

. 345 

. 541 

. 725 

. 915 
1.040 
1. 340 

. 294 

. 291 

. 350 

. 399 

. 564 

. 795 
1.020 
1. 210 

T 11xl 

~ 

Ft.: 
OF. Se£ 

52 1.: 
48 1. ' 
48 1. ' 
47 1. ' 
48 1. ' 
47 1. ' 

50 1. ' 
50 1. ' 
52 1.: 
53 1. ; 
50 1. ' 

46 1.1 
45 Li 
42 u 
47 1. ' 
45 l.i 
46 1.1 
45 1.1 
45 Li 
47 1.' 

54 1. : 
49 1. ' 
48 1. ' 
47 1. ' 
46 1.1 
45 Li 
45 1. 1 
45 1.: 

(}! 

7 
6 
6 
9 
6 
9 

0 

4 
0 
4 
4 

4 

4 
4 
4 

FIGURE 42.-Parabolic channel G. Preparation of this 
channel was similar to that of channel C. 

TABLE 8.-Summary of measured data- rectangular 
channels-Continued 

Channel 
and run 

s q 

Ft.3/ 
Channel D: Sec./Ft . 

9-D _______ . 0005 . 2600 
10-D ______ . 0005 . 1650 
11-D ______ . 0005 . 0895 
12-D ______ . 0005 . 00335 
13-D •----- . 0005 . 0069 
14-D ______ . 0005 . 0490 
15-D 1 _____ . 0005 . 0240 
16-D ______ . 0005 . 0128 

17-D ______ . 001 . 00119 
18-D ___ __ _ . 001 . 00252 
19-D ______ . 001 . 122 
2~D----·- . 001 . 0607 
21-D ______ . 001 . 0308 
22-D •----- . 001 . 0160 
23-D 1 _____ . 001 . 00778 
24-D ______ . 001 . 00408 
25-D _____ _ . 001 . 514 
26-D ______ . 001 . 284 

27-D ______ . 00474 . 00450 
28-D 1 _____ . 00474 . 00949 
29-D 1 _____ . 00474 . 0186 
3~D ______ . 00474 . 0363 
31-D 1 ___ __ . 00474 . 0704 
32-D ___ ___ . 00474 . 137 
33-D _____ . . 00474 . 290 
34-D ____ - - . 00474 . 472 

Channel E: 
1-E _______ . 005 . 00624 
2-E _______ . 005 . 0123 
3-E I _ ---- . 005 . 0238 

d V 

Ft ./ 
Ft. Sec. 

. 3430 . 756 

. 2630 . 626 

. 1860 . 480 

. 040 . 0848 

. 0518 . 133 

. 1350 . 361 

. 0948 . 252 

. 0690 . 186 

. 025 . 0475 

. 032 . 0789 

. 186 . 654 

. 127 . 476 

. 0904 . 340 

. 0666 . 239 

. 0500 . 155 

. 039 . 105 

. 414 1. 24 

. 293 . 967 

. 029 . 156 

. 0380 . 251 

. 0508 . 367 

. 0664 . 547 

. 0908 . 774 

. 131 1. 05 

. 192 1. 51 

. 258 1. 83 

. 0182 . 345 

. 0260 . 473 

. 0355 . 678 

T 

OF. 
46 
46 
48 
52 
52 
45 
45 
46 

53 
51 
45 
44 
46 
47 
49 
50 
47 
48 

57 
56 
51 
50 
50 
50 
50 
52 

60 
57 
55 

(}! 

1 
1 
6 
7 
7 
4 
4 
1 

5 
9 
4 
7 
1 
!) 

4 
1 
9 
6 

7 
9 
9 
1 
1 
1 
1 
7 

1 
7 
1 
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TABLE 'Bt.-Sum-mory of 11WLS'IJ3'ed data-rectangular 
channels-Continued 

Channel s q d 
and run 

' 

Ft.3/ 

Channel E : Sec./Ft. Ft. 
4--E_ _ --- - - . 005 . 0506 . 0540 
5-E I ______ . 005 . 102 . 0780 
6-E _____ __ . 005 . 202 . 118 
7-E 1 ___ __ . 005 . 380 . 179 
8-E ' ------ . 005 . 596 . 235 

9-E ____ __ _ .061 . 00236 . 020 
l~E _____ _ .001 . 00530 . 026 
11-E I __ __ _ . 001 . 0114 . 0388 
12-E __ __ _ . 001 . 0299 . 0664 
13-E __ ___ _ . 001 . 0650 . 101 
14--E 1 _____ . 001 . 140 . 172 
15-E 1 ___ _ . 001 . 292 . 254 
16-E ______ . 001 . 538 . 387 

17-E ______ . 0005 . 00294 . 025 
18-E_ ____ - . 0005 . 00530 . 031 
19-E _____ . 0005 . 0110 . 0478 
2~E ___ ___ . 0005 . 0233 . 0710 
21-E ______ . 0005 . 0482 . 106 
22-E _____ _ . 0005 . 0640 . 126 
23-E ____ __ . 0005 . 127 . 190 
24--E ______ . 0005 . 256 . 290 
25-E 1 ---- _ . 0005 . 505 . 458 
26-E ______ . 0005 . 00162 . 020 

ChanneI. F: 
1-F ' ---- - - . 0005 . 0179 . 0949 2-F i ______ . 0005 . 0105 . 0765 
3-F - - ---- - . 0005 . 0430 . 140 4--F _______ . 0005 . 146 . 260 
5-F -- --- - - . 0005 . 0835 . 196 6-F ______ _ . 0005 . 294 . 391 

7-F ' ------ . 001 . 0165 . 0780 
8-F ______ _ . 001 . 0320 . 102 
9-F _____ __ . 001 . 129 . 204 
l~F ______ . 001 . 254 . 290 
11-F ______ . 001 . 0675 . 146 

Channel G: 
1- G _____ __ .0005 0.00750 0. 0519 
2- G _____ _ . 0005 . 0158 . 0760 
3-G I ______ . 0005 . 0340 .102 
4--G _____ . 0005 . 0686 • 149 
5-G ' -- - -- - . 0085 . 146 . 237 
6-G I __ __ _ _ . 0005 . 292 .349 
7-G 1 ___ __ . 0005 . 463 . 468 

8-G _______ . 001 . 00777 . 0441 
9-G I ___ _ _ . 001 . 0167 . 0605 
l~G 1 _____ . 001 . 0331 . 0829 
11-Q _______ . 001 . 0686 . 123 
12-G ___ __ . 001 . 142 . 186 
13-G I __ ___ . 00,1 . 270 . 270 
14--G _____ . 001 . 565 .427 

15-G ______ . 005 . 0101 . 0355 
16-G _____ _ .005 .0224 . 0495 
17-G ______ . 085 .'.0435 .0664 
18-G ______ .005 _ 0930 .0960 
19-G ____ __ . 005 . 187 . 137 
2~G _____ _ . 005 . 368 . 198 
21-G l __ ___ . 005 . 570 . 262 

Channel H : 
1-H 1 _____ _ . 005 . 0107 .0245 
2-H______ _ . 005 . 0214 .0342 

See footnote at end of table, page 49 . 

V 

Ft./ 
Sec. 
. 943 

1. 31 
1. 71 
2. 13 
2. 54 

. 118 

. 204 

. 296 

. 452 

. 644 

. 809 
1. 15 
1. 39 

. 118 

. 171 

. 231 

. 328 

. 456 

. 508 

. 671 

. 884 
1. 10 
. 081 

. 191 

. 139 

. 310 

. 561 

. 428 

. 753 

. 214 

. 315 

. 633 

. 877 

. 466 

0. 146 
. 208 
. 334 
. 462 
. 618 
. 839 
. 992 

. 178 

. 277 

. 402 

. 560 

. 768 
1.00 
1. 32 

. 288 

. 458 

. 659 

. 973 
l. 37 
1. 87 
2. 18 

. 438 

. 629 

T 11xl 

-

Ft.' 
•F. Se1 

55 1. : 
55 1. 
56 1. 
57 1. 
56 1. 

58 1. 
58 1. 
57 1. 
56 1. 
56 1. ' 
57 1. 
57 1. ' 
57 l. ' 

58 1. ' 
59 1. : 
58 1. ' 
58 1. ' 
58 1. ' 
57 1. : 
57 1. : 
58 1. : 
58 1. : 
63 1. 

59 1. : 
59 1. : 
57 1.: 
57 1. : 
57 1. : 
58 1.: 

59 1. : 
59 I.: 
57 1. : 
57 1. : 
57 1. : 

62 l. 
62 l. 
60 l.: 
60 l.: 
60 l.: 
60 l. : 
60 l.: 

60 l. : 
60 l.: 
60 l.: 
60 l.: 
59 l.: 
59 l.: 
59 l. : 

60 1. : 
60 1. : 
60 l. : 
60 l.: 
60 l. : 
60 l. : 
60 l. : 

61 l. 
60 l.' 

05 

1 
1 
9 
7 
9 

5 
5 
7 
9 
9 
7 
7 
7 

5 
3 
5 
5 

7 

7 
5 

TABLE 8.-Summary of measured data-rectangular 
channels-Continued 

Channel s q d 
and run 

Ft.3/ 

Channel H: Sec./Ft. Ft. 3-H _______ . 005 . 0430 . 0499 
4--H 1 __ ____ . 00.5 . 122 . 0856 

6-H ____ ___ . 001 . 0105 . 0312 
7-H _______ . 001 . 0181 . 0444 8-H ___ ___ _ . 001 . 0390 . 0680 
9-H _______ . 001 . 0776 . 101 
11- H __ ____ . 001 . 304 . 236 
12- H '-- - -- . 001 . 520 . 349 

14--H ______ . 0005 . 0112 . 0408 
15-H ______ . 0005 . 0221 . 0622 
16-H ______ . 0005 . 0439 . 0905 
17- H ______ . 0005 . 0878 . 142 
18-H ____ __ . 0005 . 172 . 214 
19-H __ __ __ . 0005 . 360 . 332 
2~H __ __ __ . 0005 . 543 . 436 

Channell : 1-l _____ __ . 0005 . 00146 . 023 
2-l _____ __ . 0005 . 00269 . 032 
3-L ____ __ . 0005 . 00735 . 0496 4-r_ ____ __ . 0005 . 0151 . 0701 5-r_ __ ____ . 0005 . 0276 . 0970 
6-L ____ __ . 0005 . 0585 . 153 
7-L ______ . 0005 . 121 . 225 
g_r_ __ ____ . 0005 . 277 . 354 
9-L ______ . 0005 . 451 . 465 
l~L ___ __ . 0005 . 00092 . 022 
11-L __ ___ . 0005 . 00301 . 031 
12-L ___ __ . 0005 . 00767 . 0494 
13-L _____ . 0005 . 145 . 245 

21-1 l ______ . 0001 . 0158 . 150 
22-L ___ __ . 0001 . 00124 . 037 
23-L ___ __ . 0001 . 00043 . 022 
24-L __ __ _ . 0001 . 00314 . 048 
25-1 1 ______ . 0001 . 00596 . 0610 
26- 1 I __ ____ . 0001 . 00702 . 0760 
27-L _____ . 0001 . 0308 . 181 
28-L _____ . 0001 . 0554 . 249 
29-L ____ _ . 0001 . 104 . 342 
3~L ___ __ . 0001 . 187 . 466 

31-L ____ _ . 001 . 00301 . 028 
32- L __ ___ . 001 . 00618 . 0379 
33-L __ ___ . 001 . 0147 . 0571 
34-L _____ . 001 . 0336 . 0864 
35-L _____ . 001 .0640 . 127 
36-L _____ . 001 . 128 . 187 
37- L ___ __ . 001 . 260 . 277 
38-I I _- - -- . 001 . 520 . 421 

39-I I _- - -- . 005 . 00606 . 0269 
4~I I _____ . 005 . 0120 . 0363 
41-I I _- - -- . 005 . 0236 . 0493 
42-L _____ . 005 . 0500 . 0706 
43-L _____ . 005 . 0970 . 0980 
44-r_ ____ _ . 005 . 187 . 141 

Channel K : 
1-K _______ . 0001 . 0006E . 019 
2-K __ _____ . 0001 . 00197 . 031 
3-K _______ . 0001 . 00311 . 032 
4--K ____ - - - . 0001 . 0082C . 062 
5-K __ __ -- - . 0001 . 00451 ~045 
6-K __ ___ __ I . 0001 I . 006761 . 055 

V 

Ft. / 
Sec. 
. 862 

l. 43 

. 339 

. 409 

. 573 

. 769 
l. 30 
1. 50 

. 276 

. 356 

. 485 

. 622 

. 807 
l. 09 
l. 25 

. 0634 

. 0842 

. 148 

. 215 

. 285 

. 383 

. 537 

. 783 

. 972 

. 0418 

. 0971 

. 155 

. 595 

. 105 

. 0334 

. 0194 

. 0654 

. 0979 

. 0927 

. 170 

. 223 

. 305 

. 401 

. 1074 

. 164 

. 258 

. 389 

. 504 

. 685 

. 939 
1. 24 

. 227 

. 333 

. 480 

. 708 

. 990 
1. 33 

. 0356 

. 0636 

. 0972 

. 132 

. 1003 
12:l 3 

T 

•F. 
60 
60 

62 
61 
61 
60 
61 
61 

64 
63 
63 
62 
62 
63 
63 

68 
68 
68 
68 
68 
68 
67 
67 
67 
70 
70 
70 
68 

69 
70 
68 
70 
70 
69 
68 
68 
68 
68 

69 
69 
69 
69 
68 
68 
68 
68 

69 
69 
69 
69 
68 
68 

60 
60 
59 
59 
59 
Ml 

9 

3 
3 
3 
3 
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TABLE 8.-Summary of measured date- rectangul,ar 
1 channels-Continued 

Channel 
and run 

s q 

I 

Channel K : 
I . 0001 7-K _______ 

8-K _______ . 0001 9--K ___ ____ . 0001 
10-K ____ __ I . 0001 
11-K I _ ___ . 0001 
12-K I _ ___ . 0001 

rn-K , ____ . 0005 
14-K I ____ . 0005 
1&-K 1 •••• . 0005 
16-K _____ _ . 0005 
17-K 1 •••• . 0005 
18-K 1 ____ . 0005 19--K ___ ___ . 0005 
20-K ____ __ . 0005 
21-K ____ __ . 0005 
22-K __ __ __ . 0005 
23-K ______ . 0005 
24--K ____ ... . 0005 

2&-K ______ . 0003 
26-K ______ . 0003 
27-K ____ __ . 0003 
28-K ______ . 0003 
29--K ___ ___ . 0003 30-K __ ____ . 0003 
31-K __ ____ . 0003 
32-K ____ __ . 0003 

Channel L: 
1-L _____ ... . 0001 2-L _______ . 0001 
3-L ______ _ . 0001 4-L __ _____ . 0001 
&-L_ - - - - - - . 0001 
6-L_ - - - --- . 0001 i-L ____ ___ . 0001 8-L ___ __ __ . 0001 9--L _______ . 0001 10-L ______ . 0001 

11-L ______ . 0003 
12-L ______ . 0003 
13-L. ___ __ . 0003 14-L ______ . 0003 1&-L ______ . 0003 16-L ______ . 0003 
17-L __ ____ . 0003 
18-L ___ ___ . 0003 
19--L ______ . 0003 
20-L ___ ___ . 0003 

21-L ___ . __ . 0005 
22-L .. ____ . 0005 
23-L. _____ . 0005 
24-L __ . ___ . 0005 
2&-L. - - - - - . 0005 
26-L _____ _ . 0005 
27-L. _____ . 0005 

28-L. _____ . 001 
29--L ______ . 001 
30-L __ ____ . 001 
31-L ______ . 001 
32-L. ___ __ . 001 
33-L __ ____ I • 00 0050 

d 

Ft. 
. 083 
. llO 
. 154 
. 241 
. 365 
. 481 

. 054 

. 072 

. 099 

. 155 

. 216 

. 396 
'i . 019 
: . 016 
: . 023 
i . 025 
I . 028 

'\ . 032 

!l . 017 
'\ . 023 
I . 024 

!l . 022 
<1 • 020 

I • 036 
: . 039 
: . 029 

: . 0360 
I • 0315 

7 • 0400 
'\ . 0185 
7 . 0225 

I , 0430 
~: . 0280 
d, • 0545 
Q: • 0465 
~ •. 0400 

1 . 0185 
"l . 0145 

I • 0225 
'\ . 0275 
7 . 0310 
I . 0320 
I . 0255 

'\ . 0335 
'\ . 0390 
i . 0365 

1 . 0120 
: . 0105 
I . 0240 

'i . 0205 
: . 0240 
I . 0270 

'i . 0280 

: . 0085 
i . 0130 
i . 0100 

4 . 0170 
: . 0150 
: OlR'> 

V 

Ft./ 
Sec. 
. 172 
. 223 
. 305 
. 416 
. 523 
. 656 

. 328 

. 402 

. 505 

. 649 

. 806 
1. 10 
. 0765 
. 052 
. 1097 
. 1379 
. 1605 
. 1930 

. 0376 

. 0852 

. 0911 

. 0702 

. 0572 

. 1612 

. 1781 

. 1281 

. 0496 

. 0727 

. 1591 

. 0199 

. 0312 

. 1075 

. 0620 

. 1697 

. 1482 

. 1388 

. 0709 

. 0599 

. 1225 

. 1589 

. 1993 

. 2253 

. 1296 

. 2230 

. 2730 

. 2685 

. 0764 

. 0599 

. 2000 

. 159 

. 2173 

. 2523 

. 2626 

. 0725 

. 1607 

. 0963 

. 2323 

. 1961 
'n?.'.l 

T 

OF. 
58 
56 
57 
57 
56 
56 

57 
56 
57 
58 
58 
58 
58 
58 
58 
58 
58 
58 

57 
57 
58 
58 
58 
58 
56 
56 

56 
56 
55 
56 
56 
56 
54 
54 
54 
54 

54 
54 
52 
52 
51 
51 
56 
51 
51 
52 

52 
54 
52 
52 
52 
52 
52 

54 
54 
54 
54 
54 
,;4 

05 

5 
9 
7 
7 
9 
9 

7 
9 
7 
5 
5 
5 
5 
5 
5 
5 
5 
5 

7 
7 
5 
5 
5 
5 
9 
9 

9 
9 
1 
9 
9 
9 
3 
3 
3 
3 

3 
3 
7 
7 
9 
9 
9 
9 
9 
7 

7 
3 
7 
7 
7 
7 
7 

3 
3 
3 
3 
3 
3 

TABLE 8.-Summary of measured date-rectangular 
channels-Continued 

Channel s 
and run 

q d V 

Ft.3/ Ft. / 
Channel L : Se-c./Ft. Ft. Sec. 34--L __ ___ _ . 001 . 00595 . 0200 . 2976 

3&-L. __ ___ . 001 . 00608 . 0195 . 3126 36-L ____ __ . 001 . 00681 . 0210 . 3251 37- L __ __ __ . 001 . 00818 . 0220 . 3729 
Channel M : 3-M ______ . 001 . 00702 . 0315 . 2230 

4-M ______ . 001 . 00474 . 0260 . 1826 
&-M ______ . 001 . 00576 . 0290 . 1985 6-M _____ _ . 001 . 00106 . 0160 . 0663 
7-M _____ _ . 001 . 00095 . 0160 . 0593 
8-M. - --- - . 001 . 00083 . 0150 . 0553 
9--M . - ---- . 001 . 00122 . 0165 . 0742 
10-M _____ . 001 . 00347 . 0220 . 1579 
ll-M _____ . 001 . 00243 . 0200 . 1215 

12- M _____ . 0005 . 00198 . 0235 . 0844 
13-M __ __ _ . 0005 . 00124 . 0200 . 0622 
14-M . ____ . 0005 . 00267 . 0255 . 1048 l&-M _____ . 0005 . 00347 . 0275 . 1266 16-M ____ _ . 0005 . 00590 . 0330 . 1789 17-M __ ___ . 0005 . 00428 . 0285 . 1578 
18- M _____ . 0005 . 00659 . 0345 . 1914 
19--M . ___ _ . 0005 . 00816 . 0395 . 2069 

20-M ... . _ . 0003 . 00045 . 0155 . 0292 
21-M . ____ . 0003 . 00265 . 0270 . 0984 
22- M . ____ . 0003 . 00104 . 0215 . 0483 
23-M _____ . 0003 . 00151 . 0230 . 0655 
24-M . ____ . 0003 . 00441 . 0320 . 1378 
2&-M . ____ . 0003 . 00582 . 0360 . 1618 
26-M ... . _ . 0003 . 00735 . 0400 . 1839 
27-M _____ . 0003 . 01020 . 0485 . 2105 

Channel N : 
3-N '-- ---- . 0003 . 00715 . 0663 . 107 4-N ___ ___ _ . 0003 . 0108 . 0758 . 142 
&-N _______ . 0003 . 0199 . 104 . 190 
6-N '------ . 0003 . 111 . 258 . 432 7-N ___ ____ . 0003 . 146 . 280 . 520 8-N i ______ . 0003 . 280 . 425 . 657 

9--N '----- - . 005 . 0114 . 0443 . 256 
10-N ______ . 005 . 0244 . 0593 . 410 
11-N ______ . 005 . 0576 . 0882 . 655 
12- :t-. -- -- __ . 005 . 0779 . 102 . 766 
13-N ____ . _ . 005 . 109 . 120 . 908 14-N _____ _ . 005 . 205 . 166 1. 23 
l&-N ___ __ _ . 005 . 353 . 223 1. 58 
16-N __ ___ . 005 . 00950 . 0372 0. 255 

20-N ______ . 001 . 00842 . 0510 . 165 
21-N _____ _ . 001 . 0189 . 0733 . 257 
22-N _____ _ . 001 . 0305 . 0925 . 330 
23-N __ __ __ . 001 . 0671 . 143 . 469 
24-N ______ . 001 . 115 . 190 . 606 
2&-N I _ ___ _ . 001 . 219 . 266 . 820 

27-N _____ _ . 0005 . 00810 . 0588 . 137 
28-N _____ _ . 0005 . 0162 . 0798 . 203 
29--N_: ___ _ . 0005 . 0292 . 111 . 262 
30-N ______ . 0005 . 066 1 . 161 . 411 
31-N '---- - . 0005 . 135 . 258 . 525 
32- N 2 _____ . 0005 . 267 . 373 . 714 
33-N ___ ___ . 0005 . 00720 . 0538 . 133 

1 Data of questionable value, see page 10. 
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I 

TABLE •. 9.-Resistance coejficients arul calculated 
· parameters-rectangular channels 

Channel and n C/../g I Re u/d 
run 

Channel B: 
1-B •------ 0.0518 3. 19 0. 785 774 0. 266 
2- B _______ . 0399 4. 38 . 416 1, 540 . 200 3-B ___ ____ . 0335 5.54 . 260 3,260 . 142 4-B _______ . 0293 6. 71 . 177 6, 410 . 101 
5-B __ __ ___ . 0272 7. 50 . 142 9, 760 . 0834 
6-B •----- - . 0269 8. 10 . 122 18,500 . 0565 

7-B _______ . 0499 3. 25 . 758 1, 500 . 292 
8-B_ - -- - - - . 0397 4.36 . 422 3, 220 . 213 
9-B _ ---- -- . 0328 5.52 . 260 6,890 . 153 10-B __ ___ _ . 0300 6. 40 . 196 12,300 . 116 
11-B ____ __ . 0269 7.34 . 148 19,300 . 0912 

Channel C: 
2-C _______ . 0130 11. 0 . 0695 1, 070 . 0506 3-C _____ __ . 0115 13. 0 . 0480 2, 150 . 0350 
4-C _ -- ---- . 0110 14. 7 . 0376 4,520 . 0226 

7-C •---- --- . 0131 10.6 . 0640 760 . 0366 
9-C_ - -- - - - . 0124 13. 0 . 0475 1,890 . 0223 
10-c ____ __ . 0117 14. 6 . 0378 3,710 ·. 0156 
11-C ___ __ _ . 0120 15. 3 . 0344 6, 650 . 0107 
12-C ______ . 0119 15.8 . 0322 9, 140 . 00 90 
13-C ______ . 0119 16.8 . 0282 17,800 . 00605 

16-C ____ __ . 0130 11. 6 . 0598 875 . 0303 
18- C ______ . 0130 11. 7 . 0586 769 . 0316 
19-C ____ __ . 0127 12.5 . 0516 1, 160 . 0249 
20-C ____ __ . 0132 12. 6 . 0510 1, 680 . 0191 
21-C •---- -- . 0140 13.0 . 0468 4,330 . 0104 
22-C •---- -- . 0121 16.0 . 0315 7, 950 . 00779 
23-C ___ ___ . 0130 16.0 . 0312 16, 700 . 00476 
24-C ____ __ . 0141 15. 8 . 0322 28, 800 . 00328 

Channel D: 
9-D _______ . 0215 10. 2 . 0763 17,200 . 0344 
10-D ______ . 0218 9. 60 . 0868 10,900 . 0499 
11-D _____ _ . 0225 8. 77 . 104 6, 120 . 0635 
12-D ______ --- - --- ------- . 717 248 - -- ----13-D 1 __ ___ . 0347 4. 62 . 372 503 . 2280 
14-D ______ . 0242 7. 74 . 134 3, 160 . 0874 
15-D •-- - -- . 0275 6.45 . 193 1,550 . 124 
16-D ______ . 0302 5. 59 . 255 850 . 171 

17-D· ___ ___ ------- ------- 2.85 88 -- ---- -18-D ______ ------- ------- 1. 32 182 -------19-D ____ __ . 0232 8.48 . 112 7, 900 . 0635 
20-D ______ . 0249 7.48 . 143 3,850 . 0929 
21-D ______ . 0278 6. 31 . 200 2,030 . 131 
22-D •- - ___ . 0323 5. 17 . 300 1,070 . 177 
23- D •--- __ . 0412 3.86 . 532 538 . 236 
24-D ______ ------- ------- . 913 290 -------25-D ______ . 0210 10.8 . 0688 34,500 . 0285 
26-D __ . __ _ . 0215 10.0 . 0800 19, 400 . 0403 

27- D ______ --- ---- ------- 1. 54 355 - - -----28-D 1 _____ . 0465 3.30 . 730 740 . 310 
29-D 1 _____ . 0387 4. 17 . 401 1, 340 . 232 
30-D ____ __ . 0306 5.41 . 272 2,580 . 178 
31-B •--- __ . 0267 6.55 . 186 4,990 . 130 
32-D ___ ___ . 0252 7. 40 . 146 9, 760 . 0900 
33-D ______ . 0225 8. 84 . 102 20,600 . 0615 
34-D _____ _ . 0226 9.25 . 0938 34,500 . 0457 

Channel E: 
1-E ___ ____ . 0214 6. 38 . 206 520 . 495 
2-E ___ ____ . 0198 7.31 .152 970 . 346 
3-E •.- ----- .0170 9. 00 . 103 l, 840 . 253 
4-E __ _____ . 0160 10. l . 0829 3 880 . 167 

See footnote at end of table, page 52. 

TABLE 9.-Resistance coefficients and calculated 
parameters-rectangular channels-Continued 

Channel a nd n C/../ii I Re u/d 
run 

Channel E : 5-E • ___ ____ . 0143 11. 7 . 0595 7,800 . 115 
6-E _______ . 0148 12. 4 . 0522 15, 600 . 0763 
7-E •--- ---- . 0157 12.5 . 0514 30,000 . 0503 
8-E • _______ . 0158 13. l . 0474 46,300 . 0383 

9-E _______ ----- -- --- --- - . 370 189 --- -- --10-E __ ____ ------- -- - ---- . 161 425 -------11- E• .: ____ . 0184 8. 39 . 118 904 . 232 
12- E __ ____ . 0170 9. 79 . 0843 2,320 . 136 
13- E ______ . 0158 11 . 3 . 0630 5, 040 . 0891 
14- E 1 ______ . 0180 10. 9 . 0675 11 , 000 . 0523 
15-E• ______ . 0164 12. 7 . 0499 23,000 . 0354 
16-E _____ _ . 0180 12. 5 . 0517 42,400 . 0232 

17- E ___ ___ ------- - -- ---- . 232 236 -------18-E ______ ------- ------- . 137 432 -- -----19-E ______ . 0190 9. 17 . 156 884 . 188 
20-E ___ __ _ . 0173 9.70 . 0855 1,860 . 127 
21- E ____ __ . 0164 11. 0 . 0660 3, 870 . 0849 
22- E ____ __ . 0164 11. 2 . 0630 5,040 . 0714 
23-E __ __ __ . 01 63 12. 1 . 0542 10,000 . 0473 
24-E ______ . 0164 12.9 . 0477 20,500 . 0310 
25-E 1 - - - ___ . 0178 12.8 . 0483 40,300 . 0196 
26-E ___ ___ ------- - -- - - - - . 393 141 -------

Channel F : 
1- F• ___ ____ . 0367 4.88 . 349 1,470 . 149 
2- F 1• ______ . 0437 3. 96 . 539 865 . 184 
3- F ____ __ _ . 02£-0 6.54 . 190 3,420 . 101 
4-F_ ____ _ - - . 0241 8.66 . 107 11,500 . 0542 
5- F ___ ____ . 0262 7. 63 . 139 6,600 . 0720 
6- F _______ . 0236 9.49 . 0888 23,600 . 0361 

7- F• ___ ____ . 0407 4. 29 . 462 1,360 . 181 8-F ____ ___ . 0331 .5. 51 . 273 2, 610 . 138 
9-F ___ __ __ . 0257 7.83 . 111 10, 200 . 0690 
10-F ______ . 0234 9.09 . 0 75 20,000 . 04 6 
11-F ____ __ . 0280 6. 82 . 175 5,360 . 0966 

Channel G : 
1- G __ ___ __ . 0323 5.03 . 329 648 . 226 
2-G ___ __ __ . 0288 5. 92 . 230 1, 350 . 154 
3- G •---- - - _ . 0218 8. 25 . 120 2, 820 . 115 
4-G ___ __ __ . 0203 9. 44 . 106 5,690 . 0785 
5-G 1 __ __ __ . 0207 10.0 . 0803 12, 100 . 0493 
6-G •------- . 0196 11. 2 . 0639 24, 200 . 0335 
7- G• ______ . 0202 11 . 4 . 0614 38,400 . 0250 

8-G ______ _ . 0336 4. 74 . 380 650 . 265 
9-G •-- -- -- . 0264 6.30 . 208 1, 380 . 193 
10-G •- - - - - . 0224 7.79 . 136 2, 750 . 141 
11-G __ ____ . 0208 8.94 . 102 5, 700 . 0950 
12-G __ ____ . 0199 9. 95 . 0814 11,600 . 0629 
13-G •- --- - . 0196 10. 7 . 0695 22, 000 . 0433 
14-G __ ___ _ . 0201 11. 3 . 0630 45, 800 . 0274 

15-G ______ . 0402 3.82 . 590 845 . 329 
16-G ___ ___ . 0314 5. 15 . 318 1, 870 . 236 
17-G __ ____ . 0263 6. 39 . 203 3,610 . 176 
18- G ______ . 0227 7. 85 . 132 7, 730 . 122 
19-G __ ___ _ . 0205 9.25 . 0960 15,500 . 0855 
19-G __ ___ _ . 0205 9.25 . 0960 15,500 . 0855 
20-G ______ . 0192 10. 5 . 0740 30,600 . 0590 
21-G •- --- - . 0199 10. 6 . 0726 47, 200 . 0446 

Channel H: 
1- H •- ----- . 0204 7.00 . 166 903 . 0992 
2-H ___ ____ . 0175 8. 46 . 112 1, 780 . 0710 
3- H __ _____ . 0166 9. 66 . 0867 3 550 . 0487 
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TABLE 9.-Resista~ coefficients and calculated 
parameters-rectangul,ar channels-Con turned 

Channel and n C/.,/u f & ,r{d 
run 

Channel H : 
4-H ' ------ . 0143 12.2 . 0546 10, 100 . 0284 

6-H _______ . 0139 10.8 .0706 905 . 0779 7-H ____ ___ . 0145 10. 9 . 0685 1,520 . 0548 8-H _______ . 0136 12_ 3 . 0535 3,270 . 0358 9-H _______ . 0133 13.5 .0440 6,410 . 0241 
11-H ______ . 0138 14.. 9 . 0364 25,800 . 0103 
12-H '----- . 0155 14.2 . 0403 44,000 . 00696 

U -H ______ .0143 10. 7 . 0691 980 . 0596 
15-H ______ . 0146 11.3 . 0635 1,910 . 0391 
16-H ______ . 0138 12. 7 . 0495 3,780 . 0269 
17-H ___ __ _ . 0145 . 13. 0 . 0473 7,550 . 0171 
18-H ______ . 0147 13.8 . 0423 14,800 . 0114 
19-H ______ . 0147 14.9 . 0362 31,200 . 00732 
2~H- - ____ . 0153 14.9 

Channel I : 
. 0362 47,000 . 00557 

1-'-L _____ __ ------- ------- . 737 134 ------ -2-L _______ ------- ------- . 581 247 -------3-L _______ . 0302 5. 75 . 240 674 . 129 4-L _______ . 0262 6.38 . 196 1,380 . 0910 5-L _______ .0245 7_ 22 . 153 2,530 . 0658 6-L _______ . 0248 7. 70 .134 5,370 . 0417 
7-L _______ : 0229 8. 92 . 100 11,000 . 0284 
8-L __ ____ . 0213 10. 7 .0694 25,200 . 0180 9-1__ ______ . 0205 11. 2 .0638 41,100 . 0137 
l~L ______ ------- ------- 1. 62 87 ------ -11-L ______ ------- ------- . 423 283 - -- ----12-L ______ . 0288 5.50 . 264 721 . 129 
13-L ______ . 0219 9. 46 . 0890 13,400 . 0260 

21-I '--- --- . 0400 4. 79 .346 1,470 . 0426 
22-L ______ ---- --- ------- . 851 116 -------23-L ______ -- ----- ----- -- 1. 51 39 ---- ---24-L ____ __ ---- --- ----- - - . 289 296 --- ----
25-I '---- -- .0234 6.99 . 163 563 . 105 
26-l '---- -- . 0288 5.94 . 227 659 . 0840 
27-L ______ . 0278 7.05 . 160 2,820 . 0353 
28-L _____ . 0264 7.88 .128 5,100 . 0256 
29-L ______ .0239 9.19 . 0942 9,570 . 0187 
3~L ______ . 0222 10.4 . 0737 17,200 . 0137 

31-L _____ ----- -- ------- . 625 281 -------32-L ___ ___ . 0326 4.. 72 . 359 580 . 168 
33-L ______ . 0270 6.03 . 218 1, 380 . 112 
34-L ______ . 0236 7.39 . 146 3,140 . 0740 
35-L ______ . 0235 7.90 . 128 5,870 . 0502 
36-L ______ . 0224 8.87 . 101 11, 700 . 0341 
37- L ______ . 0212 9.96 . 0800 23,800 . 0230 
38-I '------ . 0214 10.7 . 0692 48,000 . 0152 

39-I ' ------ . 0419 3.45 . 671 571 . 237 
4~1 '------ . 0347 4..37 . 416 1, 130 . 176 
41-I '------ . 0294 5.40 . 271 2,210 . 130 
42-L _____ . 0255 6.61 . 183 4, 670 . 0905 
43-L ______ . 0225 7.86 . 129 8,900 . 0652 
44-L ____ __ . 0214 8.80 .103 17,200 . 0453 

Channel K: 
1-K ______ _ ------- ------- . 385 56 -- -----2-K _____ __ ------- -- -- --- . 198 163 -------3-K _______ ------ - ------- . 087 253 -- - ----
5-K_ - - - - - - ------- ---- --- . 115 367 -------9-K _______ . 0138 13. 7 . 0428 3, 700 . 0348 
l~K ______ . 0424 15. 0 . 0370 7,900 . 0222 
11-K ' ----- . 0145 15. 2 . 0344 14,800 . 0147 
12-Kl 0140 tfi_ 7 . 0290 24 !\00 . 0111 

See footnote at end of table, page 52. 

TABLE 9.-Resistance coeffi,cients and calculated 
parameters-rectangular channels- Continued 

Channel and 
run 

Channel K : 

n C/ ✓u 

13-K ' --- -- . 0143 11. 1 
14-K ' -- - -- . 0144 11. 8 
15-K ' ----- . 0141 12. 6 
16-K ____ __ . 0147 13. 0 
17-K '----- . 0153 13. 6 
18-K ' ----- . 0163 13. 7 
19-K ______ ------- -------
20-K _____ _ - - _ - - _ - - - - - - - -
21-K _______________ ____ _ 
22-K _____________ -------
23-K _________ __________ _ 
24-K ___ ____ __ ____ -------

f 

. 0610 

. 0534 

. 0454 

. 0406 

. 0347 

. 0298 

. 418 

. 763 

. 247 

. 168 

. 140 

. 111 

25-K ______ ------- _____ __ . 929 
26-K ____________________ . 245 
27-K ____________________ . 223 
28-'-K _____ - - - ____ - _ _ _ _ _ _ _ . 345 
29-K ______ ------- ___ ____ . 473 
3~K ___ ___ --- -- -- _______ . 107 
31-K ______ ---- --- ___ ____ . 095 
32-K _________ ________ ___ . 137 
33-K ______ . 0143 11. 3 . 0626 

Channel L : 
1-L _______ ------- ------- . 377 
2-L _______ ------- ------- . 153 
3-L _______ --- ---- _______ . 041 
4-L _____ ___ __ _______ ____ 1. 20 
5-L _____________________ . 598 
6-L _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . 096 
7-L _________ __ __________ . 188 
8-L ___ ____ ------- _______ . 049 
9-L _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . 054 
l~L _______ ___ ___ ___ ___ _ . 054 

11-L 

g:t_ _____ ------- --~-=== 14-L ___________________ _ 
15-L __ ________ _________ _ 
16-L ___________________ _ 
17-L _______ ___ _________ _ 
18-L ___ _______________ _ _ 
19-L ___________________ _ 
2~L __________ __ __ _____ _ 

. 284 

. 312 

. 116 

. 084 

. 060 

. 049 

. 117 

. 052 

. 041 

. 039 

21-L ___ _________________ . 265 
22-L ____ ________________ ·. 377 
23-L _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . 077 
24-L ____ ______ __________ . 104 
25-L _______ ___ __________ . 065 
26-L _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . 055 
27-L ______________ ____ __ . 052 

28-L ______________ ___ ___ . 416 
29-L _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . 13 0 
3~L __________ ________ __ . 278 
31-L __ _______ __ ___ __ ____ . 081 
32-L ___ _________________ . 100 
33-L ______________ ~ _ _ _ _ _ . 064 
34-L _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . 058 
35-L _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . 051 
36-L ____________________ . 051 
37-L ____________________ . 041 

Channel M: 3-M _______ __ __ __________ .163 
4-M _____________________ . 201 

Re 

1,390 
2,240 
3,940 
8,050 

13, 900 
34,800 

116 
64 

201 
276 
360 
494 

50 
154 
175 
124 
92 

464 
538 
288 

,r{d 

. 0990 

. 0743 

. 0540 

. 0346 

. 0248 

. 0135 

1, 190 I . 0940 

138 
178 
487 

28 
55 

359 
131 
695 
518 
417 

99 
65 

201 
319 
444 
519 
256 
537 
766 
715 

67 
47 

350 
238 
381 
497 
537 

46 
157 
72 

297 
221 
379 
441 
458 
506 
599 

515 
350 
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TABLE 9.-Resistance coejficient,s and calculated 
'P4"'ameters-reda:ngular channels-Continued 

Channel 
and run 

Channel M: 

11 CJ .. /u f 

5-M.. ______ ------- - ------ .190 
6-M_ ______ ------- ------- _ 937 7-M _____ ___ _____________ 1. 17 
8-M.. ____________________ L 26 

~M_ ______ ------- ------- . 773 10-M ___________ ___ ___ ____ 228 

11-M.. __ __ _ ------- ------- . 348 

12-M _______ ___ ___ _______ . 425 

13-M_ _____ ------- - ------ . 666 1-1-M ________ _____________ 299 
15-M _____ _ ______________ . 221 
16-M ________ ____________ . 133 
17-M __________________ . 147 

18-M.. __ ___ - --- - -- ------- . 121 l~M ____________________ . 119 

20-M ____________________ 1. 41 

21-M.. __ ___ ------- ------- _ 216 22-M ____ ________________ . 713 
23-M ____________________ . 414 
U-M ______ ______________ . 130 
25-M.. _____ ------- ------- .106 26-M ___ ___ ______________ . 091 
2'1-M ______ ______________ . 085 

Channel N: 
3-N '------ . 0392 4. 23 . 445 
+-N _______ . 0344 5. 25 . 290 
5-N _______ .0322 6. 01 . 221 

Re tr/d 

430 
82 
73 
64 
95 

266 
187 

137 
86 

184 
240 
405 
318 
459 
564 

33 
191 
75 

109 
276 
398 
501 
688 

533 . 299 
809 . 261 

1,420 . 190 

TABLE 9.-Resistance coefficients and cal,culated 
parameters-rectangular channels-Continued 

Channel n CJ../u I Re tr/d 
and run 

Channel N : 
6-N '-- ---- . 0241 8.67 . 107 7,910 . 0767 7-N __ ____ _ . 0211 10. 0 . 0798 10, 100 . 0707 
8-N '------ . 0120 10.2 . 0760 20,100 . 0466 

9-N I ______ . 0513 3.04 . 0870 840 . 447 
10-N __ ____ . 0392 4.20 . 455 1,800 . 334 11-N ______ . 0318 5.50 . 265 4,220 . 224 
12-N __ ____ . 0298 5.98 . 224 5,630 . 194 
13-N ______ . 0282 6.53 . 187 7,830 . 165 
14-N ______ -0258 7.55 . 141 14,700 . 119 
1&-N ______ . 0244 8.35 . 114 24,100 . 0888 
16-N ___ ___ . 0459 3. 30 . 0740 673 . 0532 

20-N ______ . 0393 4. 08 . 485 614 . 388 
21- N __ ____ . 0318 5.30 . 286 1, 380 . 270 
22-N __ ____ . 0310 6. 07 . 218 2,160 . 214 
23-N ______ . 0274 6.92 . 168 4,650 . 138 
24-N ____ __ . 0255 7.80 . 133 8,000 . 104 
2&-N '- ---- . 023i 8.90 . 102 15,500 .0745 

27-N ______ . 0366 4.46 . 403 588 . 337 
28-N _____ _ . 0304 5.67 . 250 1,180 . 248 
29-N _____ _ . 0293 6.20 . 208 2, 060 . 178 
30-N ______ . 0239 8. 10 . 122 4,700 . 123 
31-N I _ ____ . 0256 8. 15 . 121 9, 600 . 0767 
32-N 1 _____ . 024 9. 21 . 0941 18,900 . 0530 
33-N ______ . 0354 4.50 . 780 522 . 368 

1 Data of questionable value: see page 10. 

TABLE 10.-Summary of measured data-parabolic channels 

Channel and run s Q y R A V T vxl(}I 

Channel A: Ft.1/Sec. Ft. Ft. Ft.2 Ft./S ec. OF. Ft.2/ Sec. 
l-A 1 _______ _________ 0.0005 0.00583 0.0855 0.0520 0.0344 o. 176 56 1. 29 
2-A '---------- ------ .0005 . 0221 . 145 . 0856 . 0722 . 310 56 1. 29 
3-A '---------------- .0005 . 0389 . 192 . 116 . 116 . 334 54 l . 33 
4--A. '------------ ---- .0005 . 0716 . 242 . 142 .164 . 438 54 1. 33 
5-A '---------- ------ .0005 . 1619 . 361 . 202 . 298 . 544 52 1. 37 
6-A '--------- - --- --- .0005 . 1153 . 298 . 172 . 224 . 513 52 1. 37 

7-A.. _______ _________ .0003 . 00692 . 1005 . 0628 . 0435 . 159 54 1. 33 
8-A _________________ .0003 . 0166 . 1435 . 0870 . 0750 . 222 56 1. 29 
~A __________ _______ .0003 . 0366 . 198 . 1195 . 122 . 300 54 I. 33 
IO-A_ _______________ .0003 . 0564 . 240 . 144 . 161 . 351 52 1. 37 
11-A _______________ _ .0003 . 0760 . 271 . 157 . 194 . 391 52 1. 37 

12-A_ _______________ . 001 . 00972 . 094 . 0591 . 040 . 247 57 l. 27 
13-A ______ _________ _ . 001 . 0199 . 124 . 0776 . 0605 . 329 56 1. 29 
1-1-A ____ ___ ________ _ .001 . 0754 . 212 . 126 . 134 . 561 54 1. 33 
15-A ________________ . 001 . 0353 . 154 . 0944 . 0825 . 428 54 1.33 
16-A ________________ . 001 . 1038 . 243 . 141 . 163 . 638 53 I. 35 

17-A __ _________ _____ . 005 . 00688 . 064 . 041 . 0225 . 314 59 1. 23 
18-A.. __ _____________ . 005 . 0190 . 091 . 056 . 0370 . 514 58 1. 25 
l~A_ _____ ___ ____ __ _ . 005 . 0347 . 114 . 071 . 0525 . 662 56 1. 29 
20-A ____ ____________ . 005 . 0582 . 140 . 086 . 0715 . 815 54 1. 33 
21-A ______ __________ . 005 . 0824 . 162 . 099 . 0900 . 916 54 1.33 
22-A ____ __ ______ ____ . 005 . 1093 . 180 . 110 . 106 1. 032 53 1. 35 
23-A _____________ ___ .005 . 1685 . 213 . 126 .135 1. 250 53 1. 35 

See footnote at end of table, page 54. 
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TABLE 10.-Summary of measured data- parabolic channels-Continued 

Channel and run s Q y R A V 

Channel B: 
1-B _____ _____ _______ 
2-B ____ ____ _____ ____ 
3-B ______ ____ ___ __ __ 
4-B ____ __ ____ _______ 
5-B ___ __ ____ __ _____ _ 
6-B ___ __ ____________ 
7-B ____ __ ___________ 

S-B_ - - - - - - - - - - - - - - - -~- B _____ _____ ___ ____ 
10-B _____ ____ ____ ___ 
11-B ___ ______ ____ ___ 
12-B __ __ ___ __ - - __ - --
13-B ___ __ _______ ____ 

14-B ____ __________ __ 
15-B ____ _______ __ ___ 
16-B ____ __________ __ 
17-B ____ ____ ______ __ 
lS-B ___ __ _____ _____ _ 
19--B ___ ___ __ ___ _____ 
20-B ____ ________ ____ 

21-B ___ __ ____ ____ __ _ 
22-B ___ __ ________ __ _ 
23-B ____ ________ ____ 
24-B __ ___ _______ ____ 
25-B _____ ______ __ ___ 
26-B ____ _______ ____ _ 

Channel C : 1-C ________ ___ ___ ___ 
2-C ____ __ ____ ______ _ 
3-C _____ ____ __ ___ ___ 
4-C _____ ____ __ _____ _ 
s-c ____ ____ _______ __ 
6-C __ ___ ____ ____ ___ _ 
7-C ____ ______ ______ _ 

s-c __ _________ __ ____ 
9--C __ _____ _______ __ _ 
10-c ___ ______ ______ _ 
11-c ______ _____ _____ 
12-c ___ _____ ______ __ 
13-C _____ __ _____ ____ 

14-C ____ ________ ___ _ 
15-C ___ __ ___ __ ______ 
16-C ____ _____ ___ ___ _ 
17-C ____ ____ ________ 
IS-C _______ ______ __ _ 
19--C ____ ______ ______ 

20-C _________ ____ ___ 
21-C __ ______ ____ ___ _ 
22-C ____ __ ____ __ ____ 
23-C ____ _____ __ ___ __ 
24-C __ __ ________ ___ _ 

Channel D : 
1-D ___ __ ____ _____ --
2-D __ __ - - - - - - - - - - - - -3-D ___ ___ ___ _____ ___ 
4-D ___ ______ ____ ____ 
5-D ___ _______ ___ ____ 
6-D ___ ________ __ ___ _ 
7-D ____ _____ ________ 
8- D _____ __ ___ ____ __ _ .001 . 3275 . 262 .• 64 84 . 153 

See foo tnote at end of table, page 54. 
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T ,xl05 

Ft.2/Sec. 
l. 21 
l. 29 
l. 29 
l. 29 
l. 29 
l. 31 
l. 31 

l. 21 
l. 25 
l. 27 
l. 29 
1. 29 
1. 29 

l. 21 
l. 25 
1. 29 
I. 29 
1. 29 
l. 29 
l . 31 

l. 23 
l. 23 
l. 27 
1. 29 
l. 29 
l. 29 

l. 17 
l. 19 
l. 21 
l. 23 
l. 25 
l. 25 
l. 25 

l. 21 
l. 21 
l. 23 
l. 23 
l. 25 
I . 25 

l. 23 
l. 23 
1. 25 
1. 25 
1. 25 
l. 25 

l. 21 
1. 23 
l. 23 
l. 25 
l. 25 

1. 17 
1. 17 
1. 21 
1. 21 
1. 25 
1. 25 
1. 23 
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TABLE 10.- Summary of measured data- parabolic channels- Continued 

Channel and run s Q 

Channel D : Ft.2/ S ec. 9-D ___ _____ ________ _ 
. 0005 . 00650 10-D ___ __ __ _____ __ __ . 0005 . 0146 

11-D ___ ______ __ ___ __ . 0005 . 0328 
12-D _______ _______ __ . 0005 . 0700 
13- D ___ ____ _______ __ . 0005 . 1415 14-D ____ ______ ______ . 0005 . 234 15-D ___ ___ __________ 

. 0005 . 383 
Channel E: 

1-E _______ __________ . 0005 . 00353 2-E ____ ____________ _ . 0005 . 00566 3-E ___ __ ___ ____ _____ . 0005 . 0164 
4-E ___ ____ ____ __ ____ . 0005 . 0312 
5-E ________ ____ ____ _ . 0005 . 0746 
6-E _____ ____ ____ ____ . 0005 . 150 7-E 1 ____ __ _ __ __ _ _ __ _ . 0005 . 412 

9-E _____ ___ ___ _____ _ . 001 . 00431 
10-E ____ ________ ___ _ . 001 . 0127 
11- E _______ __ _______ . 001 . 0264 
12- E ______ ____ - _ - -- - . 001 . 0692 13-E ______ ___ ______ _ 

. 001 .1462 
14-E _______ __ ___ ____ . 001 . 238 

Channel F : 
1-F ____ __ ___ ___ ____ _ . 001 . 00598 
2- F __ __ __ _____ _____ _ . 001 . 0168 
3-F ________ __ ___ ___ _ . 001 . 0448 
4-F __ __________ __ __ _ . 001 . 1089 5-F ____ __ ____ _____ __ 

. 001 . 197 
6-F __ ___ ___ _____ ____ . 001 . 394 
7- F ___ ____ ____ ______ . 001 . 580 

8-F __ __ _____________ . 00043 . 00765 9-F __ ___ ____________ . 00043 . 01955 
10-F ______ ___ _______ . 00043 . 0420 
11-F _____ __ _______ __ . 00043 . 0926 
12- F __ _______ __ __ __ _ . 00043 . 1852 
13-F __ _____ ______ ___ . 00043 . 593 

Channel G: 
1- G ___ ____ _ - _ - -- - - - - . 00043 . 00428 
2-G - - - - - - - - - - - - - - - - . 00043 . 00855 
3-G __ __ - - - - -- -- - -- - - . 00043 . 021 
4-G ___ _ - - - - -- -- - - - - - . 00043 . 0431 
5-G - - . - - - - - - - - - - - - - . . 00043 . 0856 
6-G ____ - - - - - - - - - - - - - . 00043 . 167 
7- G ____ _____ ___ __ ___ . 00043 . 234 
8-G ___ _ - --- - - -- - - --- . 00043 . 374 

9-G _____ - - - - - -- - - - - - . 001 . 00503 
10-G _____ _____ _ - - - - - . 001 . 0127 
11-G ___ ___ _____ - - -- - . 001 --- - - - --
12-G _____ __ ______ - - - . 001 . 0694 
13-G ______ ______ . ___ . 001 . 1426 
14-G ___ ___ __ ___ __ ___ . 001 . 238 
15-G _________ ____ ___ . 001 . 480 

1 Data of questionable value; see page 10. 
' Nonuniform flow. 

y 

Ft. 
. 052 
. 078 
. 106 
. 148 
. 222 
. 259 
. 337 

. 076 

. 092 

. 126 

. 154 

. 208 

. 282 

. 338 

. 071 

. 096 

. 124 

. 178 

. 239 

. 294 

(2) 
(2) 
. 118 
. 171 
. 225 
. 319 
. 398 

. 065 

. 092 

. 136 

. 195 

. 273 

. 479 

(2) 
(2) 
(2) 
. 158 
. 214 
. 303 
. 350 
. 449 

(') 
(2) 
(') 
.182 
. 233 
. 302 
. 413 

R A V T 

Ft . Ft.' Ft ./Sec. oF. 
. 0344 . 0253 . 257 64 
. 0540 . 0462 . 316 60 
. 0690 . 0734 . 446 60 
. 0953 . 121 . 578 60 
. 140 . 222 . 639 60 
. 162 . 280 . 836 60 
. 208 . 415 . 926 60 

. 0497 . 0432 . 0818 68 

. 0601 . 0577 . 0980 68 

. 0813 . 0926 . 177 68 

. 0984 . 125 . 250 62 

. 132 . 197 . 380 61 

. 176 . 310 . 484 61 

. 207 . 406 1. 014 61 

. 0475 . 0394 . 110 66 

. 0619 . 0610 . 209 66 

. 0800 . 0900 . 292 66 

. 113 . 155 . 447 62 

. 150 . 241 . 607 62 

. 181 . 330 . 721 62 

(') ---- --- --- -- ----- --- -------- --
(') -- ----- -- - --- --- --- - -------- --
. 0751 . 0675 . 660 65 
. 106 . 116 . 937 64 
. 138 . 177 1. 116 64 
. 189 . 298 1. 32 1 65 
. 231 . 417 1. 544 65 

. 0421 . 0273 . 280 68 

. 0624 . 0463 . 422 66 

. 0859 . 0830 . 505 65 

. 121 . 143 . 648 64 

. 164 . 236 . 784 64 

. 271 . 550 1.077 65 

(2) --- --- ---- ---- ------ ----- --- --(2) -- ----- --- ---- ------ -- -- -- ----(2) -- --- ---- - -- ------- - -- --- -----
. 0991 . 106 . 408 67 
. 131 . 166 . 516 65 
. 180 . 278 . 600 65 
. 206 . 346 . 676 65 
. 256 . 503 . 744 66 

(2) -- -------- ---------- ---- -- ----
(') ---- --- -- - ---- ----- - -- -- ---- --
(2) ---- --- --- -- --- ----- --- --- -- --
. 113 . 130 . 534 66 
. 142 . 188 . 760 66 
. 180 . 277 . 860 66 
. 238 . 444 1. 082 66 

vxl05 

Ft.2/ Sec. 
l. 15 
1. 21 
1. 21 
1. 21 
1. 21 
1. 21 
1. 21 

1.09 
1. 09 
1.09 
l. 17 
1. 19 
1. 19 
1. 19 

1. 12 
1. 12 
1. 12 
1. 17 
1. 17 
1. 17 

------ -- --
------ --- -1. 13 

1. 15 
l. 15 
1. 13 
1. 13 

1.09 
1. 12 
1. 13 
1. 15 
1. 15 
l. 13 

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

1. 10 
1. 13 
1. 13 
1. 13 
1. 12 

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

l. 12 
1. 12 
1. 12 
1. 12 
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TABLE I I .-Resistance coefficients and calculated 
'P'DVLrmeters--paraboli,c ,channels 

Channel and C/,/g f Re rr/R 
run 

- --
Channel A: 

1-A l _ _____ 0.0263 6. 10 0.216 709 0. 1608 
2-A 1 ______ .0209 8.33 . ll6 2,057 . 0976 3-A 1 ______ .0238 7.74 .136 2,913 . 0721 
4-A 1 ___ ___ .0208 9. 13 . 006:6 4,677 . 05 9 5-A 1 _ _____ .020.1 9.57 l 8,021 . 0414 6-A 1 _____ .0201 9.74 . 0843 . 6,441 . 0486 

7-A ________ .0256 6. 48 . 1927 751 . 1331 
8-A _______ .0232 7. 56 .1407 1,497 . 0961 
~A---··-- .0208 8. 4 .103 2,695 . 0700 
10-A- .... _ .0202 9.39 . 0909 3,689 . 0580 
ll-A- ... _ . . 01'92 10. 1 . 079'9 4, 481 . 0532 

12-A __ .... . 0289 5 . 66 . 250 1, 150 . 1413 
13-A ___ ... . 0260 6.57 . 1 r- 1,979 . 1078 
14-A __ _ ... . 0210 1 .101 5,315 . 0664 
15-A_ ·-· .. . 0228 8.09 . IM 3,038 . 0886 
16-A .. ···- .0199 9.46 .089 6,664 . 0593 

17-A- ..... .0409 3.93 .586 1, 046 . 2040 
18-A .. _._ . 03-01 5.39 . 276 2,302 . 1492 
l~A- - -· -· .021.3 6.20 . 209 3,643 . 1179 
20-A __ _ ... . 02.5'1 6.94 . 168 5,270 . 0972 
21-A __ _ ._ .0045 7.35 .152 6,818 . 0 45 
22-A- ... - .0234 7. 75 . 133 8, 409 . 0760 
23- A ___ _ .. . 02il2 8. 78 . 105 11,670 . 0664 

Channel B: 
1-B ___ .... . 0114 13. 5 . o«o 884 . 0316 
2-B ___ .. _ . . 0124 13. 6 .0434 2,041 . 0174 
3-B. _ ..... .011<6 15. 2 . <Xl6l 3,399 . 0132 
4-B ____ ... . 0120 1.5. 4 . 0336 4, 780 . 0108 
5-B .... -- . 0124 15. 2 . 0344 6,001 . 00914 
6-B_ .. _ ... . 0120 16. 1 . <Xl lO · 8,060 . 00775 
7-B . _ ..... . OH-8 16. 7 . 0285 9,680 . 00702 

8-B ___ .... . OU8 13. 0 . 0483 1, 090 . 0318 
~B·--· ··· . OH4 14. 6 . <n7 2,593 . 01 88 
10-B __ .... . OH.2 15. 8 . 0319 4,780 . 0132 
11-B- ... . . . Oll5 16. l . 0310 6, 660 . 0105 
12-B ..... _ .OU8 16. 3 . 0302 .9,400 . 00841 
13-B_ ..... . 0120 16. 5 . 0295 12, 580 . 00698 

14-B __ .... . 0128 IL 6 . 0590 1,328 . 0370 
15-B .. _ ... . Olli6 13. 7 . 0430 2,181 . 0254 
16-B ___ ... . 0U5 14. 4 . 0385 3,260 . 0198 
17-B __ .... .OU.5 15. 2 . 0340 6, 210 . 0134 
18-B._ .... .Olli6 15. 8 . 0319 9, 500 . 0103 
l~B--· ··· .OH6 16.6 . 02 I 14,220 . 00 15 
20-B ...... . 0120 16. 3 . 0298 15,800 . 00743 

21-B. _ .... . 0139 10. 2 1,670 . 0496 
22-B ...... . 0128 IL 9 2, 975 . 0326 
23-B __ .... . 0124 13. 5 7, 190 . 0193 
24-B. __ .. _ . 0U8 14. 7 11, 310 . 0150 
25-B __ . ·-· . on 15. 4 17,920 . 0113 
26-B __ .... . 0112 16. 5 29, 600 . 0101 

Channel C: 
1-C. _ ..... . 0139 IL 4 1,042 . 0593 
2-C_ ...... . 0150 11. 3 2,230 . 0396 
3-C ...... _ . 0150 11. 8 2, 940 . 0298 
4-C. - ..... .OUH 12. 0 4, 400 . 022 
5-C. - - .... . 0156 12. 2 5,400 . 0199 
6-C. - - ... . . 0132 14. 7 8,250 . 0170 
7-C_ ... .. _ . 0146 14. 0 11, 400 . 0132 
See footnote at e.nd •of table, page 56. 

TABLE IL-Resistance coefficients and calculated 
parameters--parabolic channels-Continued 

Channel a nd n Clio 
run 

Channel C : 
8-C .. -·. - . . 0158 9. 9 
~c . .. ·- -. . 0147 11. 7 
10-C ...... . 0143 12. 7 
11-C-·-·· · . 0142 13. 2 
12-C . .. ___ . 0134 14. 4 
13-C. _ .... . 0132 15. 1 

14-C ...... . 0150 10. 9 
15-C ...... . 0151 11. 5 
16-C.·-··· . 0152 12. 1 
17-C ...... . 0147 13. 0 
18-C ... __ . . 014 l 14. 0 
l~C ...... . 0134 15. 0 

20-C . ..... . 0162 9. 6 
21-C ...... . 0176 9. 6 
22-C ...... . 0155 11. 3 
23-C ...... . 0148 12. 5 
24-C .. .... . 0146 13. 1 

Channel D : 
1-D .. ... .. . 0166 8. 5 
2-D .. ... .. . 0138 10. 7 
3-D . .... . . . 0131 11. 7 
4-D ....... . 0126 13. 0 
5-D .. _ .. .. . 0130 13. 5 
6-D .. ... .. . 0122 15. 1 
7-D. --·· · · . 0129 14. 7 
8-D .. ... .. . 0122 15. 9 

~D .. ... . . . 0136 10. 9 
10-D .. _ . . . . 0144 11. 0 
11-D .. -- - · . 0125 13. 4 
12-D . ... . . . 0120 14. 7 
13-D . . -- • · . 0140 13. 4 
14-D. ·-· · · . 0118 16. 4 
15-D . ... . . . 0126 16. 0 

Channel E: 
1-E ..... .. . 0549 2. 9 
2-E. _ ····- . 0518 3. 1 
3-E ... .... . 0352 4. 9 
4-E_ ..... - . 0283 6. 3 
5-E .. ·--·· . 0227 8. 2 
6-E·- ···-· . 0215 9. 1 
7-E 1 •••••• . 0113 17. 5 

~E··-··-- . 0561 2. 8 
10-E._ .... . 0353 4. 7 
11- E ..... _ . 0299 5. 0 
12-E ... _ .. . 0245 7. 4 
13-E ...... . 0218 8. 7 
14-E. _ .... . 0208 9. 4 

Channel F : 
1-F ... .. .. (2) (2) 
2-F .. .. _ .. (2) (2) 
3-F ... .... . 0127 13. 4 
4-F_· ·-··- . 0112 16. 0 
5-F ... _ ... . 0112 16. 8 
6-F- ...... . 0117 16. 9 
7-F_. ___ .. . 0114 17. 9 

8-F_ . ... . . . 0133 11. 5 
~F·-· ···· . 0115 14. 3 
10-F . ... . . . 0119 14. 7 
11-F·--· ·· . 0116 15. 8 
12-F .. _ ... . 0118 16. 4 
13-F ...... . 0120 17. 5 

I Re 

. 0814 1, 190 

. 0580 2,940 

. 0498 5,860 

. 0460 8,200 

. 0386 9,440 

. 0352 12, 900 

. 0672 2,380 

. 0591 4,710 

. 0546 7, 110 

. 0476 10,610 

. 0404 16,300 

. 0352 21, 000 

. 0860 2,760 

. 0864 6,050 

. 0636 10, 000 

. 0513 17, 500 

. 0465 25,220 

. 112 498 

. 0696 905 

. 0580 1, 400 

. 0472 3,050 

. 0436 5, 100 

. 0352 8,990 

. 0371 11,600 

. 031 8 15, 140 

. 0669 739 

. 0656 1, 410 

. 0446 3, 080 

. 0368 4,550 

. 0444 7,390 

. 0299 11, 200 

. 0312 15,900 

. 957 373 

. 806 538 

. 333 1, 320 

. 202 2,100 

. 118 4, 110 

. 0968 7, 150 

. 0260 17, 670 

1. 016 466 
. 368 1, 154 
. 241 2, 080 
. 145 4, 320 
. 105 7, 790 
. 0896 11, 150 

-- --- -- -- -- ----
------- --------
. 0444 4, 390 
. 0311 8,640 
. 0284 15, 400 
. 0279 22, 100 
. 0250 35,700 

. 0555 1, 180 

. 0360 2,640 

. 0346 3,050 

. 0297 7,840 

. 0275 11, 180 

. 0241 25,680 

rr/R 

. 0653 

. 0352 

. 0266 

. 0218 

. 0181 

. 0152 

. 0480 

. 0318 

. 0246 

. 0197 

. 0156 

. 0138 

. 0691 

. 0406 

. 0338 

. 0236 

. 0191 

. 121 

. 0952 

. 0739 

. 0471 

. 0336 

. 0248 

. 0208 

. 0181 

. 0864 

. 0550 

. 0430 

. 0312 

. 0212 

. 0183 

. 0143 

. 185 

. 153 

. 113 

. 0933 

. 0695 

. 0521 

. 0443 

. 193 

. 148 

. 115 

. 0812 

. 0612 

. 0507 

-------
-------
. 0194 
. 0138 
. 0106 
. 00772 
. 00631 

. 0346 

. 0234 

. 0170 

. 01 21 

. 0089 

. 0053 
0 
9 
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TABLE 11.-Resistance coefficients and calculated 
parameters--parabolic channels-Continued 

Channel and n C/✓u f Re 
run 

Channel G: 
1-G _______ (2) (2) ------- --------2-G _______ (') (2) --- -- -- --------3-G ______ _ (2) (2) ------- ------ - -~G _______ . 0161 11. 0 . 0612 3,680 
~G- ----- - . 0155 12. 1 . 0511 6, 000 
6-G_ ------ . 0164 12. 0 . 0517 9,550 7-G _______ . 0159 12. 7 . 0460 12, 330 
~G- ---- -- . 0167 12. 5 . 0479 17,000 

~G- ---- -- (') (2) -- - ---- --------l~G- ___ __ (2) (2) ------- --- -----11-G _____ _ (2) (2) ------- ---- ----12-G ______ . 0206 8. 9 . 102 5,390 
13-G ______ . 0168 11. 2 . 0632 9,640 
1.4-G_ - ---- . 0174 11. 3 . 0626 13,830 
15-G _____ _ . 0167 12. 4 . 0524 23,000 

Data of questionable value ; see page 10 . 
2 Nonuniform flow. 

tr/R 

- -- ----
------ -
-------
. 0440 
. 0333 
. 0242 
. 0212 
. 0170 

-------
------ -
------ -
. 0386 
. 0307 
. 0242 
. 0183 
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