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CHAPTER I
INTRODUCTION

Flow in open channels has been nature's way of conveying water on
the surface of the earth through rivers and streams since the beginning
of time. The need for an efficient and practical environment for con-l
veying water resulting from diversions, tailwater, surface run-off,
floods, and similar sources within channels has excited the hydradé
licians' interest to investigate the natural laws governing water
movement in open channel. Irrigation engineers are concerned with
transporting water for use on the farm. Traditionally, and in local-
ities where topography permits, the transportation is accomplished by
open channels such as main canals, laterals, and farm ditches. The
hydrologist is primarily concerned with volume of water and its depth
with respect to time and place. Open channel study offers a good guide
in the solution of problems such as water movement on farmlands, spill-
way design for small flood control ponds and reservoirs, highway
culvert, vegetated waterway, drainage structures for highways and
airport runways.

The amount of water that a channel can convey is governed by the
cross-sectional area, the slope, and the resistance coefficient which
is dependent on both the material of which the channel is constructed
and the maintenance. It cannot be overemphasized that smooth materials

will transport water with less resistance than rough surface. The



major problem in channel design has been the determination of the
degree of retardance for different boundary conditions. In order to
be able to predict or aid the solution of many of the run-off erosion
problems, the hydraulic characteristics and performance of the con=-
veyance system must be carefully understood. Information on flow of
water through upright stems of real or simulated vegetation is meager.

Although water movement in open channel is one of the earliest
of engineering feats, yet no formulas for determining discharges have
been developed that are without important limitations. However,
formulas have been developed to explain some phenomenom taking place
in flow of water in the channel. 1In the discharge formulas in present
use, the resistance coefficient is considered to be constant for a
particular type of material in a particular state of upkeep without
regard to the other variables. Therefore, there is a great need for
more experimental data to better describe the process involved.

In open channel flow, the selection of the hydraulic resistance
to flow by both the channel and other roughness elements present poses
a problem. This is an important phase of hydraulic research asso-
ciated with natural streams, floodways and similar channels. Previous
investigators in related fields have described the grain-type rough-
ness in wide, open channel. However, it has been found inadequate for
describing certain other types of roughness in which the relative size
of the roughness elements is an important boundary characteristic.

A review of current literature revealed that most research works
on artificial roughness in open channel are restricted to either flows
with completely submerged roughness elements with increasing density

on variable slope or increasing density at constant slope. It is the



purpose of this experiment to present the results of tests conducted
indoors on a smooth rectangular channel fitted with different sizes
of artificial roughness element with increasing density, variable
pattern and slopes with the hope of making a contribution to befter

understanding of the degree of retardance in a waterway.
Limitations of the Study

The study was limited to steady‘state graduéiiy-varied flow,
The exéérimental data were obtained using a 44=-foot variable slope
rectangular flume located indoors. The flume test width was 1032
feet. The bottom of channel was lined with 5/16-inch thick aluminum
sheet metal. The channel slope was varied from approximately one-
’fourth to one per cent. The maximum flow ever tested on smooth channel
condition without roughness elements was 0,90 cofoss

Two sizes of 3/32-inch and 9/32-inch diameter aluminum pegs
3 1/2-inches long were used as roughness elements under two patterns
known as diagonal-grid and square~-grid system. Mixed size testing wés
not considered in the experiment. The depth of flow in the channel
was limited to unsubmerged condition of the roughness elements.

In the analysis of results, surface velocity and wave-motion
effects were not considered. Like most other artificial roughness
studies, the upright roughness eleﬁents were considered mechanically

rigid during the experiment.
Objective

The main objective of this study was to determine the relation-

ship of Manning's resistance coefficient to size of roughness elements,



pattern of arrangement, density of spacing, slope, and discharge in a
smooth artificial channel using dimensional analysis and gradually-

varied flows.



CHAPTER 1II
REVIEW OF LITERATURE
Gradually-Varied Flow

Gradually-varied flow is considered a steady state condition in
open channels in which the water surface is not parallel to the bottom
of the channel., Under this hypothesis, the depth varies gradually
along the length of the channel, Among the conditions for gradually
varied flow are:

(a) The flow must be steady; i.e., the same flow passes through
each cross-section per unit time.

(b) The streamlines are approximately parallel such that hydro-
static pressure exists over the channel section.

According to Chow (3), page 217, the theory of gradually varied
flow which dates back to the eighteenth century practically rests on
the assumption of:

The head loss at a section is the same as for a

uniform flow having the velocity and hydraulic radius of

the section. According to this assumption, the uniform-

flow formula may be used to evaluate the energy slope of

gradually varied flow at a given channel section, and the

corresponding coefficient of roughness developed primarily

for uniform flow is applicable to the varied flow.

Chow remarked that the assumption above is more correct for
varied flow where the velocity increases than where the velocity

decreases, because in a flow of increasing velocity the head loss is

caused almost entirely by friction effects whereas in a flow of



decreasing velocity there might be a large scale eddy loss.

Theoretical Analysis

Gradually-varied flow can be approached from two methods: The law
of conservation of energy and the law of momentum. Both methods are
based on Newton's Second law of motion. Chow noted that irrespective
of the method of approach the basic assumptions governing Newton's law
hold. The two approaches produce practically identical results except
that energy conservation is a scalar quantity while momentum conserva-

tion is a vector quantity.

Equation of Gradually-Varied Flow

From the profile shown in Figure 1, the total head above the

datum at the upstream Section 1 is

2
H=2Z+D cos 6+a(12’—g- (2-1)

il

where H Total head in feet

Z = Vertical distance of the channel above the datum in feet

D

il

Depth of flow section in feet
© = Bottom slope angle
C(==The energy coefficient

V = Mean velocity of flow through the section in feet per second

It must be noted that X and @ are assumed constant throughout

the channel reach in question.

Differentiation of Equation (2-1) with respect to reach distance

x yields:
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' : 2
dH _ dz o 4@ A Vo
-a-; = -d? + cos _-dX + ——_"dX | 2g | (2-2)

-dz

The channel slope is given by S0 = sin & = = However, e

is assumed a small angle therefore sin & = tan G = O radians.

_ =dH . . dH dz . . :
Energy slope 8. = = Substituting for = and 5=~ in Equation (2-2) |

gives

d(D) - So - Sf

(2-3)
dx 2
d v
‘COS 9’+d-a—z-$ (i-g-)

Equation (2-3) represents gradually-varied flow., For small angles

4D) 8y

Ay
cos @21, D¥y and o R

Hence, dy _ _9 f (2-4)

The term O(-?ET- (%g} can be recognized as chanée in velocity head.
From the assumption for gradually-varied flow according to Chow(3),
page 220, the slope at the channel section of the gradually-varied

flow is equal to the energy slope S, of the uniform flow that has the

f

velocity and hydraulic radius of the section. When the Manning's

formula is used, the energy slope is



2.2

£ 2,208 R4/3

(2-5)

where n = Manning's roughness coefficient, R = hydraulic radius, V =

average velocity of flow.
Method of Computation

The computation of gfadually-varied flow profile invoives
basically the solution éf the dynamic equétion 6f gradually-varied
flow. The main objective of the computation is to determine the shape
of the profile. There are three methods of computation.

l. The Graphical Integrationv

2. The Direct Integration

3. The Step Method

The latter, for convenience, was used in the analysis of data,

The Direct Step Method

In general a step method is characterized by dividing the channel
into short réaches and carrying the computation step by step from one
end of the reach to the other. There are several step methods. Some
methods are said to be superior to others in certain respects, but no
one method has been found td fe best in all applications. The direct
step method was said to have been suggested by the Polish engineer,
Charnomskii, in 1914 and then by Husted in 1924. This is a simple
step method applicablevfo prismatic channels.,

With reference to Figure 2 and applying Bernoullis' principle,
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l i _ Datum Y

Figure 2. A Channel Reach for the Detivation of Step Method Formula.
[After Chow ]
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2 2
v v,
soz& x +y, +o) =Y, +—o(2 §§-+-sf£kx : (2-6)

Solving for Z&x, (2-7)

)
where E = Specific Energy at respective stations =y +O(\2Lg- N

It is assumed 0(1=0(2=0<=1°

i

Similarly, S_. =
' £ 5.208 /3

Hendersen (6) also suggested a step method of solution for the

energy equation for which he assumed water surface- linear so that the

average of the friction slopes at the ends of the section under con-

sideration is the average friction slope; ises, E2'- E1 =
0
S0 - 5 [Q;x if the two stations are separated by a

distance Z&x.f'

Assumptions for calculating S_. are:

t

f

1. ‘The energy loss varies linearly over the reach [Sk under
consideration.,

2, .The energy or Bernoulli equation without velocity distribution
coefficient is applicable. -

It is to.be noted that the error in these assumptions is included
in'the resistance coefficient. However, regardless of the equation
used in calculating Sf, the error due to the assumptions in the

momentum equation or the energy equation would finally be absorbed
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by the resistance coefficient.
Steady Flow in Open Channel

Hydraulics of steady flow in open channel is an important part of
rapidly developing science of hydraulics. Most flows in open channel
are turbulent. Turbulence exists when the direction and magnitude of
the velocitf af any point within a fluid varies irregularly with time.
Considerable energy as confirmed by the Soil Gonservation Service (24)
may be expended in this action. Eddying and "boiling'" are visible
forms of energy loss. These disturbances in the fluid are produced
and maintained largely by roughness and irregularities of the bed and
the retardance elements in the system.. If the cross-section of the
channel does not change aiong its length, and the_chaﬁnel is straight
in alignment and on coﬁstant grade, it is said to be uniform channel.

According to Woodward (26) natural water channeis are never
uniform, but if exceptionally regular, they may Be considered to be
uniform for some purposes. If the water surface elevation at every
section remains the same with respect to time, flow is steady. Hg -
emphasized that in using either established Manning's or Kutter's
. formula for open channel the effect of channgl irregularities may beu
taken into.account to a certain extent in estimating the roughness.
Lack of parallelism of the Qafer surface and the general grade line
of the bottom channel may céuse direct application of friction
fbrmula to give grossly inaccurate results. |

Rouse (20) in open channel resistance studies, suggested that in
a basic physical and dimensional consideration of flow characteristics,

the following independent variables should be seriously examined:
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1, Reynold's Number

2. Relative roughness of the boundary surface

3. Shape of the channel cross-section

4. Degree of non-uniformity of the channel in the profile and

in plan.

5. Froude Number

6. Degree of unsteadiness of flow

In fact, he stressed that unsteady open channel flow is broadly
regarded as a combination of boundary resistance and wave motion.

The wave limit is very complicated and any problem involving both to
comparable degree is still essentially “too complex for more than rough
analysis, Rouse concluded.

Sayre (22) in his analysis pointed out the role of Reynolds
number, In fact, if the magnitude of the roughness is large compared
to the thickness of the lamina sublayer, the viscous effect would be
negligible, and consequently, the Reynolds number would be of less
importance. In such a case a boundary hydrodynamical roughness

condition is said to exist.
Manning's Equation

Accurate determination of discharge in open channels requires,
within reasonable limit, an estimate of the degree of retardance,
usually known as coefficient of roughness., Early research in this
area though not a systematic study, was prompted by the hydraulics of
open channel trying to keep pace with roughness studies in closed
conduit which was at an advanced stage of development. There are two

major formulas for computing discharge 1n open channel. The first
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was developed by Chezy in 1775. He was acknowledged as the first
engineer to observe the effect of channel roughness through his

equation

vV = C‘qRS (2-8)

where R = Hydraulic radius of the channel

S = Slope of the channel

V = Velocity of flow

C = Coefficient of roughness

The second which‘ié widely used in the United States is Manning's
formula first introduced in 1891, as a classic foundation stone of
modern open channel hydraulics. 1In an atteﬁpt to correlate and
systematize existing data from natural and artificial channels,

Manning proposed an equation which was later developed into

_ L.486 [2/3.1/2
n

Y (2-9)

where V = Velocity of flow
R = Hydraulic radius

S = Frictional slope

n Coefficient of resistance
Rouse (21) pointed out that these empirical formulas including

Ganguillet and Kutter formula known as:

c = -l—i-?lf—(’- g1/6 (2-10)
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are not without limitations, though they give fair results when applied
over fairly narrow range of conditions on which they were based, but
they frequently lead to serious errors with applications outside their
range.

The resistance coefficient as observed by (10)3 {11), and (13);
however, is not a constant for a given channel but varies with velocity
and depth.

As a result of these inconsistencies several investigators have
made studies using artificial roughness elements, each using a
different type of roughness for the purpose of determining the
retardance of flow for the particular type of roughness chosen. Most
of these investigators made partial attempts to understand and
establish the phenomena taking place when a degree of roughness is
presents

Sayre and Albertson (23) gave a discussion on the results of
early experiments by G. H. Keulegan, Nikuradse and Einstein in an
effort to establish roughness standard for wide, open channels.

Their approaches have been reported to be quite successful in des-
cribing the grain-type roughness in wide, open channels. However,

the approaches have been found inadequate for describing certain other
types of roughness in which the relative spacing in addition to
relative size of the roughness elements is an important boundary
characteristic,

In the above category is Powell's (10) method in which he used
square strips extending across the bed of the test channel as rough-
ness in studying the effect of the longitudinal spacing of the strips.

Robinson and Albertson (18) in an attempt to establish a
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reproducible artificial roughness standafds that would be applicable
to open channels claimed a’huge success from their study. In their
experimént; the sizes of geometrically similar roughness baffles were
varied in spacing while the ratibs of longitudinal and transverse
spacing fo baffie heights were held constant. Placement was such
that each baffle was centered on the openings between baffles in the
rows immediately upstream and downstream. Tests were conducted with
roughness baffles of two sizés. These baffle. sizes were l-inch high
by 4~inches wide and %-inch by 2-inches long. Traverse spaciﬁgs‘were'
twicé the baffle height, énd longitudinal spacings weré.ten'ﬁimes the
baffle height, so that fof both baffle sizes, identical patterns of
roughness were formed. For a particular roughness paftern they

” demonstrated that the Chezy resistance function depends only on
relative roughness (ratio of flow depthjto baffle height) assuming
rough boundary condifiéﬁs. As a result of this investigation a

resistance formula was established in the form

¢ = 26.65 log,, (1.891 d/a) | (2-11)

where ¢ = Resistance coefficient

d = Mean depth of flow

a = Height of artificial roughness

Inbthis expérimental result it was also claimed that a staggered
‘pattern.of individual roughness baffles proved extremeiy effective in
maintaining large sediment concentrations in suspension without

appreciable deposit, whereas extensive deposits occurréd at com-

parable concentrations when the roughness consisted of baffles
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extending continuously across the width of the flume.

In natural open channels, a situation of composite roughness
exists whereby one or ﬁore than one type of resistance element is
encountered. This situation occurs frequently when a flooding river
overflows its banks. It is not unlikely for dead bodies of animals,
detritus, rocks, and sewage to create a high degree of retardance,
This subject in its entirity could become a complicated problem; This
aspect though was not covered in this particular study; it might be
'implied. Einstein and Bank (4), however, studied the effect of com-
posite roughness in a channel having:

l. Concrete blocks laid parallel to the floor of channel.

2. Concrete blocks combined with %-inch diameter by l%-inch high

pegs with various peg densities and patterns.

3. Blocks with alternative blocks offset %-incho

4o Blocks with alternate blocks offset, and combined with

various peg densities and pattern.

They finally established equations for resistance exerted by the
bed of the channel in terms of the density of roughness elements and
the square of the velocity of flow. For example, the resistance

equation for the block and peg experiment was found to be

pr = (0,00505 + 0.00175 N) V2 (2-12)
where pr = Resistance of blocks and pegs in lbs/ft2
V = Velocity of flow

N = Density of pegs
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of coursé the equations developed wefe assumed to be valid as
long as different roughness elements do not exert mutual interference
on the flow.

Fang (5),. on-the hydraulic effect of grasses that have upright
stems on the.fetardance of flow in open channels, sodded eight flat
bottomed earth channels described as unit channels with Sudan grass
vegetation. Each channel was 3-feet wide and 96-feet long with éon-
siderable steep slope of five per cent. The channel material was silt
loam soil of 82.0 lbs/ft3 average density. Plant population was
estimated and discharges through the channel were measured at dif-
ferent stages of growth. Using dimensional analysis approach as well

as Manning's formula, he developed the following relationship

Rl/6 . B »
T- - A + qw (2-13)

where A and B are some numerical constants té be determined by
experiment for particular conditions.

N = population of plants in the flow per square foot of the
channel bottom.

n = Coefficient of retardance of the channel.

I

D = Mean diameter of plant stems in the flow.

R = Hydraulic radius of the channel.

dg = Standard deviations of the Béttom variation computed from
the bottom readingsléf the point gage.

It was stated that the equétion is only applicable to
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unsubmerged vegetation that hés considerably clean, upright stems in
the flow of moderate velocity.

Johnson (9), on a stud? of artificial roughness in open channels,
used rectangular wooden block nailed to the bottom of a redwood flume
to determine the coefficient of resistance to flow. In this study
he plotted the Manning's roughness factor against the ratio between
the spacing and the height of the rough elements and found that at a
minimum ratio of spacing to depth of element, the roughness factor
reached a maximum and beyond this point, the factor decreases.

Ree k12) (13), along with his other experiments performed both
at Spartanburg, South Carolina, and Stillwater, Oklahoma, has con=
tributed practical and useful information to the solution of grassed
channels. He emphasized how Manning's n for one kind oflvege-
tation varied over a wide range depending on the depth of flow and‘the
slope of the channel. 1In his experiment he reportéd results of flow
retardancé coefficients for several row-planted crops. He related
~ the Manning's n for a growth to the product of velocity and
hydraulic radius when the velocities were great enough to displace
the Vegetationo'

Boyer.(l), using height of roughnes; as a means of estimating
the roughneés coefficient for mnatural channels, obtained results which
were considered to be within acceptable limit of accuracy. It was
observed that not only does the roughness height, but the sinuosity
as well have a bearing on the magnitude of the coefficient of retar=-

dance.



CHAPTER III
EXPERIMENTAL EQUIPMENT

The system consists of the test channel, the pumps, the pipelines,
.storage sump, settling tank, water meters, common stilling well, point
gages and a thermometer. The artificial roughness elements were made
of circular aluminum rods. The whole experimental equipment was
located indoors at the Oklahoma State University, Agricultural

Engineering Research Laboratorye.
The Channel

The channel consists of a 44=-foot long, 18-by 7%-inch steel WF
beam which was supported on its side as shown in Figure 3ato form a
variable slope rectangular flume, Thekbottonl.was fined with
with 5/16=inch thick aluminum sheet metal which was built to fit
snugly at the bottom. This was facilitated by a cutting at a 45-
degree angle on the side edges of the lining. These bottom linings
were in 6-foot sections. Tight joints between the sections were
secured with epoxy. The channei éffective width inside the side
panneling was 1.32 feet, The channel slope was adjusted by variable
height supports. These were pipe stands with ﬁoles at calculated
intervals for adjusting the slope within the range desired. Shims

were used to get the desired elevation.

20
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Fizure 3z2. Overall View of Tast C.annel
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The Water Supply System

The source of water was a large 9-foot long by 5-foot wiae by
5-foot dgep storage sump sunk at the lower end of the channel. A
9-foot long by 18-inch wide by 6-inch deep sheet metal flume was
connected between the lower end of the channel and the sump, Cir-
culated water dropped into a tailbox connected between the flume and
the channel before it was conveyed to the sump. Two water supply
pipeline systems were used. A 2-inch pipeline was used fof discharges
up to 100 gallons per miﬁute while a 6=inch pipe was used for flows
above 100 gallons per minute. The two pipes were respectively con-
nected to discharge into a common stilling tank of 2-feet by 2-feet
by 3-feet located at the upstream end of thé channel before water.waé
emptied into the channel through a spout as:shown in Figure ﬁb.
Turbulence of the entering flow was reduced by fofcing W;tér to'fiow
fhrough a confrécfion thereby creating a backwater upsﬁfeam before
flowing over a 2-inch by 2-inch wooden block and finally through 8
and 16 mesh aluminum screens. The screen device also served as

catchment device for rust coming out of supply pipelines.
Pumping System

The pumping system consists of a %-horse power motor driven Bell
and Cossett 1531 Type B pump connected to 2-inch pipe and a 7%-
horsepower mg%or driven Berkeley pump connected to the 6-inch line.

Both pumps were centrifugal pumps.
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Flow Measurement

Small inflow into the experimental channel wagzmeasured with a
2-in¢h nutating totalizing disc water meter incorporated in the 2-inch
pipeline., Large di;charge over 100 gallons per minite was measured
witﬁ the Spafling ﬁeter shown in Figure 4s The Sparling meter was
calibrated with a sharp edge orifice and U-tube manometer at thé
outdoor hydféulic laboratory near Stillwéter, Oklahoma. The meter
was iﬁstalled in the 6-inch line. With a stop watch, calibration of
the water meter on the 2-inch line was made by collecting the outflow
in a bucket for a certain time period. Laboratory scale was used to
obtain the weight of the water and bucket. A correlation between

actual and 6bsgrved discharges was established at low flows,
Depth Measuring Equipment

A common stilling well and point gage system as shown in Figure
5 was located at a station about O + 21-feet down the channel from the
upstream end. By having water surface elevations at desired stations
referenced to a common stilling well, errors in point gage, bench
mark readings, andboséillatory water elevation could be reduced to a
bare minimum. Five depth measuring stations for water surface
elevations were located at distances 0 + 11, 0 + 16, 0 + 21, O + ?63
and 0 + 31-feet along the channel from the upstréam end. At each
station;.thrée brass plugs with holes of about 0.07 inch bore were
Qsed asﬁpiezometer taps to measure the flow depth., The brass plugs
were se£‘ievel with the inside bottom of the channel and they pro-
truded from the low;r‘éide of the steel beam. Each of the three plugs

placed in line at each station commarnded an equal:field area across
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the channel.- Initiaily the bottom ends of these piezometers had been
counterBored to cut down Su;face tension and capillary effect. Rubber
and brass tubings connected the piezometers in an assembly from each
station as a common unit before eventually making connection to the

stilling well,
Gage Zero Equipment

An engineer's level was used to find the elevation of the central
brass plugs at each station for bottom profile readings along the
channel. A point gage with a blunt end was utilized as a rod gage.

Shims were used in adjusting the channel slopes
Artificial Roughness Elements

There were two sets of sizes of artificial roughness elements for

this experiment. The elements consisted of round and smooth aluminum

)

rods of éizes 3/32-inch and 9/32-inch diameter cut into small pegs
3 1/2 inches long. Holes of the same diameter as the pegs under test
were drilled 1/4-inch deep into the channel bottem lining. The pegs
were driven into holes drilled sequencially at definite longitudinal
and transverse spacings to form patterns Known aé Diaggnal grid and
Squafe grid systemss In this experiment two differénﬁ patterns and
six types of spacings excluding bare channel lining condition were

studied. Schematics of the six types of spacings are shown in

Figuresy6 through 16,
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The Common Gage Well

The common gage well unit consists>of a 9-inch long 2~inch inside
diameter plexi-glass tube sealed at one end to form a well., Tygon
plastic tubings from the peizometer stations were éﬁtached in an
éssembly with T-joint glass tubing and a common connection was made
to the well, The weli was centrally located from the test ends.of
the channel. A common point gage was supported at this central
iocation for water surface elevation measurement in the gage(well as

shown in Figure 5.
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CHAPTER IV
METHOD AND PROCEDURE
Preliminary Investigation

A preliminary ihvestigation of the use of a 5/8-inch»thick ply-
wood as a testing base for the channel was conducted. Interior-grade
plywood was cut into sizes to fit tightly into the WF-beam in 4-foot
sections. The surface was waxed aﬁd coated with three layers of
varnish to provide a smooth and water-proof bottom. The plywood
éections were carefully secured in place inside the channel with
contact cement and the joints between the sections were sealed off to
make water-tight joints. The sides of the WF-steel beam channel was
coated with gray latex paint. Piezometers were sunk inside the ply-
wood and steel beam at regular station intervals. The bottom profile
of the new bottom lining was taken while there was water running and
also when water has been run through. Repeated examination of the
bottom profile plot of elevation versus distanc% downstream showed
irregularities in the profile of about feur-thousandth of a foot as a
result of variable moisturé absorption and swelling of the interior-
grade plywood. It was decided to discontinue using the plywood
bottom for the tests because larger errors might result from swelling
and shrinkage of the plywood after a long time.

Alternatively, and as a matter of convenience, it was decided to

use ALGOA 313-thousandth inch thickness aluminum sheet metal for the

40



41

. bottom lining and 140-thousandth inch thick aluminum'sheéﬁxfor the

- side paneling of the channel.

Slope Determination

The slope of the experimental channel was established by using
shims in conjunction with the variable channel support adjustment.
In this operation screw jacks were used to prop the channel. The
elevation of the central brass piezometers at each station was ref-
erenced to a permanent bench mark located in the experimental 1ab§ra-
tory. These relative elevationsrwere determined using an engineer's
level and a blunt-end point gage as a roduéagé.” The approximate
desired slope was rechecked by taking the bottom profile of the
channel. Adequate care was taken to see that each time the slope
was chanée&: the central poinﬁ gage at the common stilling well was
plumbed with a carpenter's level. CorreSponding adjustment of the
height of the tailbox at the discharge outlet into the sump was made

with each change of slope.
Gage Zeros

Two point gages A and B as shown in Figure 17 were used in
establishing the gage zeros. A gage zero was the elevation of the.m‘
Apoint gagé'tip when the zero mark.on the point gage shaft coincided
with the zero mark on the vernier scale. In the experiment point gége‘
A was used for measuring water surface elevation Whilé point gage B
was used for taking channel bottom profile. A separate gage zero was
established for each point gage. The engineer's level was used for

~establishing the gage zeros by adhering to the following procedures:
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l. Level readings of point gages A and B were !taken on a non-
yielding support known as the bench mark. Earlier,‘arbitrary eleva-
tion of the bench mark was assumed as 10,000 feet.

2, ‘Point gage A was plaéed in its bracket at the common gage
wéll and a éonveﬁient foresight Z was established. At the same tiﬁe
corresponding vernier readings A2 were registered.

3« Rod zeros (the elevations of the point gage tip that would
occur if the horizontal instrument crosshair were reading 09000 feet
on the point gage shafts) were calculated for each point gage.

‘Rod Zero for gage A = (Elevation of Bench Mark)-(Level Reading ét’

Bench Mark)

10.000 - A1
Rod Zero for gage B = (Elevation of Bench Mark)-(Level Reading at
Bench Mark)

10.000 - B

1

4. Gage Zeros were calculated as:

Gage Zero for gage A = Rod Zero - (Vernier Reading - Foresight)

(10.00 - Al) - (A2 -Z)

L) | - + »
(10 qo +2) - (&) A2)

Gage Zero for gage B = Rod zero for B = 10,00 - B,

5. Level Readings B3 of the central piezometers at each station
were taken with point gage B and vernier reading A3 was read when the
point gage A just touched the water surface in the stilling well.

6+ Calculation of depth of flows

Flow depth = (Cage Zero A + A3) - (Gage Zero B + B2)

i

z + B1 + A3) - (A1 + A2 + B2)

+
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Testing Procedure

Essentially the procedure consisted of passing five measured
flows down the test channel and making all observations needed to com-
puté the hydraulic elements of the channel. The five successive dis-
charges af every slope condition were made in order of increasing
magnitude.

At a particular slope, water was pumped into the upstream end
of the channel: Five to ten minutes was allowed for the flow to
attain equilibrium condition. fhe initial stream was controlled in
such a ﬁay to give a minimﬁm depth of flow of above %-inch to reduce
surface tension effect each time the flow rate was changed. Affer
equilibrium condition, discharge was measured for two minutes oﬁ the
2-inch meter and for five minutes on the sparling meter. The dis-
charge reading was repeated at the end of each experimental run and
the average value was calculated. The water surface elevation at
each station was measured at the common stilling well with a common
point gage. The point gage reading of the water surface at each
station was taken in sequence starting from the downstream station to
the upstream end. Care was taken to see that all water lines but one
under test was closed with a Mohr pinch ciamp during each point gage
vernier reading. An interval of three to;fiﬁe minutes was allowed
for water in the stilling well to reach a steady state after changing
station. All point gage measurements were read to 0.001 foot.

During the test, the regime and flow conditions were carefully ob-
served and the tempérgﬁure of water during the test was recorded in
degrees Fahrpfhatfe From measurements taken, the cross-sectional

area, the wetted perimeter, and the hydraulic radius for each run was
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determined. Values of roughness coefficient was calculated for each
5-foot test reach between stations. The average value of the roughness

coefficient for the channel was determined.



CHAPTER V
PRESENTATION AND ANALYSIS OF DATA

Uniform steady state gradually-varied flow tests were conducted
to determine the hydraulic effect of the size, spacing and pattern of
the roughness element on resistance to flow of water in the test
channel. The University IBM 360 Computer and Olivetti Underwood
Programma 101 Computer were used for calculations necessary in the
analysis. The Manning's equation as in Equation (5-1) was used to

calculate the hydraulic roughness coefficient.

(5-1)

where (Ra/%)m = Arithmetic average of hydraulic radius between two
adjacent piezometric stétions raised to 4/3 power
' = Average velocity of flow between two adjacent piezo-
metric stations
A\E = Difference in the total energy head due to depth and
velocity of flow between adjacent reaches.
[&L = Channel reach between two stations

S = Average channel slope between the reach

46
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n(r—9r+1)‘= Hydraulic roughness coefficient between adjacent

reaches
Bernoulli Energy Equation

The energy equation résults ffom the application of the principle
.of consérvatidn of energy to fluid flow. The energy possessed by a
flowing fluid consists of internal energy and ehergieé due to pfessure,
velocity and position. In the direction of flow, the energy principle

is summarized by a general equation as follows:
[

Energy at Energy Energy Energy - Energy at
+ - - =

Station 1 Added Lost Extracted ' Section 2
This equation, for steady flow of incompressible fluids in which the
éhange in internal energy is negligible, simplified to Equation (5-2)

according to Figure 18.

vy v
Vit T2 TV v Ty (5-2)

But Z = SOAx and similarly hL =S¢ AL.

n v
Therefore, 1 + -275- + SOAX =7, + i + Sf AL.
V2
Recognozing y -+ EE as the sum of pressure and velocity energies, the

change in energy AE between stations 1 and 2 is

oo
A TRl --z—g-=(Sf-SO)AL
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Figure 18, Derivation of Bernoulli Energy Equation
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-A—E-=S - 8
Therefore, AL f

Substituting for S_. in the Manning's Formula

f

1.486 _2 %
=—7—R/38»
n f

7 A\ %
y = L.486 2/3 (AEJFS)
m n \ AL o

By rearrangement

Dimensional Analysis

Dimensional analysis is a vefy powerful tool in experimental
design. It has two major advantages.

l. It saves time by allowing the experimenter to obtain useful
data with a minimum of experimental and computational effort.

2; The possibility of describing all the contributing factors
of a physical systeﬁ by a single equatibno

In this analysis, dimensions of Forcev- Length - Time approach
called F-L-T was employed., Variables known as pertinent quantities
thought to be contributors to the hydraulic phenomenon of the problem

were selected with designations listed.
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Pertinent Quantities

No. Symbol _ Quantity Dimensions
1 n | Roﬁghﬁess coefficient L
2 \% " Mean velocity LT-1
3 D Deéth of flow L
4 S . Slope of channel | | --
5 b Channél width L
6 L Channel test length : L
7 g Acceleration due to gravity LT-2
8 :l Shape factor defining'typq of stem -
9 é; Factor denoting roughness pattern ==
10 N Average number of stemé/row -
11 B Density of stem per square foot L2
12 d Stem diameter _ L
13 x Stem length | ‘ L
- 14 K Stiffness modulus of stem | FL2
15 f)s Stem density per unit length .of stem FL-ZT2
16 e Fluid density FL" 72
17 ‘*l Fluid viscosityb FL_ZT

The general functional relationship between the quantities can
i
be written:

f (n, V, D, S, b, L, 89}\9 :S:Na B, ds?oKs‘esaes/u)=0

(5-3)



51

From Buckingham Pi-theorem (7) there are seventeen pertinent
quantities. Therefore, fourteen dimensionless groups could be formed.
Choosing V, D and G’ as repeating variables, the possible dimension~

less groups are expressed as the function in Equation (5-4)

2
d L D 2 Ca K
f(vn s .09 s .00 ,S,J., R, ’ » dBD,
JI76°5°5 0 b . /_(d7/2g1/2
2
novo @w. o (5-4)

Simplification and Limitation of Functions for Study

A complete solution of this function was impossible because of

the large number of variables involved and the amount of time required.

In this analysis some of the primary quantities or combinatioans were
held constant, and the remaining ones varied to study their effects
on the secondary quantities. The criteria for elimination were by
their expected importance and influence on the experiment.

From physical limitations of the design some assumptions were
made:

1. The roughness elements will not be completely submerged at
any time; thus, 2 can be eliminated from consideration.

2. The elements are assumed to be stiff and unyielding when put

in place; therefore, the value of K and €>s would remain constant.
3. The term ér has only three values for smocth channel con-

dition, Square grid and Diagonal grid conditions.
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4. The termA defining shape has only one condition which is
circular; therefore, the effect would be constant throughout the
experiment.

‘s L .

5. For a steady state condition the term p remains constant.

6. The effect of roughness remains almost constant at high
Reynolds number for turbulent flow condition.

The terms containing f s Ky e s’ 5 » and /\ may be con-

sidered to be of secondary importance.

Thus, Equation (5-4) becomes

: 2
n D Nd \ _
or
f(2—, app, 2, v ) =0 | (5-5)
vR1/6 L ? b ’b.' 3 L gR o
n 2 QVD n V2

After replacing the terms

o176 gd ¢ AT Y CT78  aR
YR respectively where

V\

3 log, T - 2.333

0.4609 x 10°
T = Temperature degrees Fahrenheit, and R = Hydraulic radius of the
¢hannel.
The function in Equation (5-5) can be arranged in pi-terms for

convénience as follows:
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‘rr‘l = /6 - Dimensionless Roughness§Coefficieht
R 4
71“2 = dDB
=2
T3=%
_ N4
T, =%
V2
| 7Tg = R -  Froude Number

Channel Roughness without Roughness Elements

A series of gradually-varied flow experiments was designed to
measure the hydraulic resistance of the bottom lining, Five different
discharges were tested at each average channel slope of 0,0023, 0.0044,
00,0050 and 0.0091. The Manning's Equation:(S«l)’was used to™
calculate Manniné's roughnéss coefficient for every reach of the
channel. An avérage channel value of the roughness coefficient was
determined for each discharge. The values of the roughness coeffi-..
cient 'n' are listed in Table I. In general; the values of Manning's
'n' decreased with an increase in diséharge. The observed me;n
channel roughhess coefficient was 0.0086. The deviation frpmithe
mean of the‘observed values was generally in the order‘of~3o5}per

cent though scanty cases gave 1l.5 per cent‘deviation.
Channel Roughness with Roughness Elements

Gradually-varied flow studies were conducted on six different

types of spacings and patterns of roughness elements shown in
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TABLE I

ROUGHNESS COEFFICIENTS OF CHANNEL LINING
MATERIAL AT VARYING SLOPE AND DISCHARGE

Dischargé Roughness
Slope o (CFS) | Coefficient
0.0023 0.0638 | 0.0094
0.1208 0.0088
0.1597 0.0083
0.2200 0.0086
0.3496 0.0084
0.0044 ' 0.1013 0.0094
0.1419 0.0091
0.1998 0.0088
0.2305 0.0088
0.4164 0.0086
0.0050 , 0.3385 0.0086
0.4565 0.0083
0.6570 ~ 0.0082
0.7639 | 0.0083
0.8841 0.0081
0.0091 0.0821 0.0094
0.1351 | 0.0087
0.2231 | 0.0086
0.3763 0.0076

0.4031 0.0078
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Figures 6 through 11, The afore-mentioned six dimensionless groups
as well as Reynolds number were calculated for every discharge as

reported in Tables II and III.
" Prediction of Roughness Coefficient for Gradually-Varied Flow

As a result of severél parameters varying at the same time during
each test,vthfee computer progfams Qere designed to fit a multivariable
" response surface equation with no interaction for the éix variables in
Equation (5&5). These equations were in linear, quadratic :and cubic
forms. In all programs, provision was made for a least square 1inéar
regression analysis of observed and calculated valﬁes of dimensional
roughness coefficient ‘TTl,iin terms of TT‘2,1T"3,jT‘4,\ﬂ"5 and ﬁ1‘6
for every discharge conditions Coefficient of correlation and sﬁandard
deviation between observed and calculated values of 7T1 were also

determined.
Equations of General Multivariable Response Surface

The polynomial equatibns are of the form:

Linear: Y = C1 + szl + C3X2 + 'CAX3 + CSX4 + C6X5 (5-6)

D R e 2 2 2
Quadratic: Y = C1 + CZX1 + C3X1 + Q4X2 + CSXZ + C6X3 + C7X3 + CSX4 +

2 2
CX, +C. X, + C11 5

o¥s T C10%s5 (5-7)
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Spacing | Discharge D Nd V2 n
Ident.| (CFS) dDB b ) s T gi/® "ot

D4 0.1230 0.0193 0.0750 0.0296 0.0022 0.3208 0.0230 0.0152
0.1857 0.0271 0.,1055 0.0296 0.0022 0.2770 0.0258 0.0178

0.2325 0.0317 0.1230 0.0296 0.,0022 0.2820 0.0265 0.0187

0.2962 0.,0374 0.1453 0.0296 0.0022 0.2890 0.0278. 0.0201

0.3229 0.0392 0.1524 0.0296 0.,0022 0.3019 0.0281 0.,0205

D=4 0.0291 0,006 0.0235 0.0296 0.0051 0.559 0.0247 0.0136
0.1297 0.0159 0.0618 0.0296 0.0051 0.624 0.0236 0.0151

0.2320 0.0259 0.1005 0.0296 0.0051 0.4956 0.0265 0.0182

0.3051 0,032 0.1245 0.0296 0.0051 0.4682 0.0275 0.0195

0.4142 0.0410 0.1585 0.0296 0.0051 0.4410 0.,0280 0.0205

D=4 0.0993 0.0180 0.0704 0.0296 0.0107. 0.5493 0.0366 0.0273
0.1997 0.0244 0.0949 0.0296 0.0107 0.5493 0.0363 0.0264

0.2853 0.0318 0.1234 0.0296 0.0107 0.4226 0.0406 0.0287

0.4387 0.0395 0.1533 0.0296 0.0107 0.4359 0.0401 0.0273

0.5844 0.0484 0.1880 0.0296 0.0107 0.2533 0.0525 0.0342

D-2. 0.0400 0.0375 0.0429 0.0532 0.0025 0.1804 0.0357 0.0216
0.0913 0.00692 0.0791 0.0532 0.0025 0.1662 0.0427 0.0284

0,1575 0.1044 0.1192 0.0532 0.0025 0.1586 0.0500 *0.0352

0.1997 0.1236 0.1412 0.0532 0.0025 0.1601 0.0527 0.0380

0.2266 0.1355 0.1548 0.0532 0.0025 0.0161 0.0546 0.0398

D-2 0.,0507 0.0393 0.0449 0,0532 0.0047 0.2443 0.0378 0,0231
0.0801 0.0568 0.0649 0.0532 0.0047 0.2110 0.0426 0.0275

0.0998 0,0802 0.0917 0.0532 0.0047 0.1271 0.0412 0.0280

0,1374 0.0869 - 0.0992 0.0532 0.,0047 0.1883 0.0486 ~ 060334

0.1752 0.1046 0.1196 0.0532 0.0047 0.1824 0.0513 0,0362

D~2 0.0964 0.0503 0.0574 . 0.0532 0.0091 0.4293 0.0395 0.0250
0.1709 0.,0833 0.0952 0,0532 0.0091 0.3207 0.0470 0,0322

0,2310 0.1074 0.1227 0.0532 0.0091 0.2897 0.0510 0.0362

0.3296 0.1429 0.1633 0.0532 0.0091 0.2716 0.0553 0,0407

D-1 0.0246 0.,1575 0.0489 0.1005 0.0026 0.0511 0.0771 0.0477
0.0422 0.2368 0.0735 0.1005 0.0026 0.0476 0.0895 0.0589

0.0559 0.2896 0.0899 0.1005 0.0026 0.0477 0.0953 0,0646

0.0722 0.3496 0.1085 0.1005 0.0026 0.0474 0.1017 0.0708

0.1080 0.4673 0.1450 0.1005 0.0026 0.0481 0.1132 0.0819

D-1 0.0337 0,1548 0.0480 0.1005 0.0044 0.1371 .0.0721 0.0446
0.0522 0.2253 0.0699 0.1005 0.0044 0.,1017 0.0832 0.0544

0.0693 0.2859 0.0887 0.1005 0.0044 0.0870 0.0916 0.0620

0.0973 0.3799 0.1179 0.1005 0.0044 0.0712 0.1011 0.0712

0.1328 0.4793 0.1487 0.1005 0,0044 0.0734 0.1103 0.0801

D-1 0.0423 0.1509 0.0468 0.1005 0.0095 0.1535 0.0698 0.0428
0.0613 0.2124 0.0659 0.1005 0.0095 0.1216 0.0807 0.0522

0.0828 0.2788 0.0865 0.1005 0.0095 0.1031 0.0900 0.0607

0.,0958 0.3193 0.0991 0.1005 0.0095 0.,0955 0.0960 0.,0660

. 0.1514 0.4697 0.1458 0.1005 0.0095 0.0843 0.1105 0.0800
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Spacing | Discharge D | Nd V2 n I
Ident. (CFS) dDB b 5 ) s R LA B
D-4 0.0356 0.0315 0.0408 0.0886 0.0022 0.1622 0.0343 @ 0.0207
0.0650 0.0483 0.0625 0.0886 0.0022 0.1630 0.0385 ' 0.0247
0.0890 0.0607 0.0786 0.0886 | 0.0022 0.1599 0.0412 | 0.0274
0.1219 0.0761 0.0985 0.0886 . 0.0022 0.1588 0.0440 0.0302
0.1748 0.0979 0.1267 0.0886 @ 0.0022 0.1639 0.0477 0.0339
D-4 0.0317 0.0221 0.0286 0.0886 : 0.0045 0.3630 0.0306 0.0174
0.0665 0.0393 0.0509 0.0886 | 0.0045 0.2974 0.0348 0.0216
0.1302 0.0683 0.0884 : 0.0886 | 0.0045 0.2398 0.0421 . 0,0285
0.1653 0.0820 0.1062 = 0,0886 | 0,0045 0.2313 0.0443 ° 0.0308
0.2278 0.1055 0.1367  0.0886 : 0.,0045 02206 0.0486 . 0.0349
D~4 0.0863 0.0376 0.0487 | 0.0886 | 0,0095 045504 0.0353 = 0.0218
041556 0.0624 0.0808 ,  0.0886 : 0.0095 0.4179 0.0412 © 0.0275
0.2310 0.0876 0.1135 | 0.0886 | 0.0095 0.3551 0.0460 | 0.0322
0,3140 0.1137 0.1472 | 0.,0886 = 0.0095 0.3216 0.0500 ! 0,0363
0.3964 0.1372 0.1777 i 0.0886  0,0095 0.3077 0.0527 . 0,0391
D-2 0.0205 0.1219 0.0464 . 0.1596 | 0.0023 0.0395 0.0812 | 0.0499
0.0377 0.1904 0.0725 | 0.1596 | 0,0023 0.0398 0.0958 . 0.0630
0.0541 i 042417 0.0921 ¢ 0.1596 | 0.,0023 0.0425 0.1015 | 0.0690
0.0726 0.2950 0.1124 | 041596 ' 0.0023 0.0420 0.1053 | 0.0736
0.1005 0.3616 0.1377 = 0.1596 | 0.0023 0.0470 0.1081 | 0.0777
D-2 0.0205 0.0867 0.0330 | 0,1596 : 0.0045 0.1035 0.0601 ; 0.0351
0.0670 0.2295 0.0874 ; 0.1596 | 0.0045 0.0697 0.0849 | 0.0574
0.0801 0.2681 0.1021 ; 0.1596 | 0.0045 0.0661 0.0949 | 0.0655
0.0934 0.2938 0.1119 . 0.1596 0.0045 0.0675 0,0904 | 0.0632
0.1282 0.3740 0.1424 | 0,159 0.0045 0.0658 0.0995 | 0.0719
D=2 0.0279 0.0839 0.0320 .| 0.1596 0.0096 0.1996 0.0597 | 0.0346
0.0572 0.1609 0.0613 | 0.1596 0.0096 0.1279 0.0772 | 0.0494
0.0897 0.2385 0.0908 , 0,1596 0.0096 0.1036 0.0889 | 0.0603
0.1161 0.3015 0.1149 | 0.1596 0.0096 0.0911 0.0983 | 0.0690
0.1438 0.3640 0.1386 0.1596 0.0096 0.0844 0.1064 | 0.,0762
p-1 0.0134 0.4863 0.0503 0.3014 0.0044 0.0151 0.1901 0.1181
0.0250 0.7837 0.0811 0.3014 0.0044 0.0134 0.2176 0.1453
0.0304 0.9170 0.0949 0.3014 0.0044 0.0128 0.2325 041587
0.0370 1.0700 0.1107 0.3014 0.0044 0.0126 02485 0.1734
0.0476 1.2898 0.1334 0.3014 0.0044 0.0124 0.2601 0.1862
p-1 0.0218 0.5405 0.0559 0.3014 0.0097 0.0250 0.1763 0.1113
0.0339 0.8189 0.0847 0.3014 0.0097 0.0190 0.2178 0.1464
0.0412 0.9653 0.0999 0.3014 0.0097 0.0179 0.2308 0.1588
0.0482 1.0825 0.1120 0.3014 0.0097 0.0178 0.2349 0.1642
0.0593 1.3022 0.1347 0.3014 0.0097 0.0162 0.2530 0.1814




TABLE III
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ON SQUARE GRID SPACING OF ROUGHNESS ELEMENTS

Spacing |Discharge b Nd V2 n
Ident. (CFS) dDB b ) $ gR r!/6 n'
§-2 0.0572 0.0273 0.0541 0.0532 0.0025 0.1819 0.0288 0.0181
0.1388 0.0507 0.1005 0.0532 0.0025 0.1772 0.0339 0.0233
0.1932 0.0630 0.1241 0.0532 0.0025 0.1915 0.0357 0.0253
0.2332 0.0707 0.1402 0.0532 0.0025 0.2001 0.0370 0.0267
0.2850 0.0805 0.1596 0.0532 0.0025 0.2104 0.0380 0.0274
§-2 0.0583 0.0175 0.0347 0.0532 0.0050 0.6850 0.0225 0.0132
0.1951 0.0529 0.1048 0.0532 0.0050 0.3113 0.0330 0.0228
0.2321 0.0544 0.1077 0.0532 0.0050 0.4332 0.0262 0.0182
0.2850 0.0669 0.1325 0.0532 0.0050 0.3487 0.0323 0.0231
0.2939 0.0755 0.1496 0.0532 0.0050 0.2620 0.0389 0.0283
§-2 0.0610 0.0187 0.0370 0.0532 0.0107 0.8679 0.0342 0.0202
0.1531 " 0.0349 0.0692 0.0532 0.0107 0.7117 0.0339 0.0221
0.2321 0.0490 040971 0.0532 0.0107 0.5907 0.0364 0.0250
0.328 0.0637 0.1262 0.0532 0.0107 0.4944 0.0386 0.0274
0.4587 0.0865 0.1714 0.0532 0.0107 0.4409 0.0417 0.0309
5-1 0.0093 0.3256 0.0187 0.1005 0.0027 0.1111 0.0433 0.0231
. 0.,0289 0.7158 0.0412 0.1005 0.0027 0.1065 0.0473 0.0285
0.0528 1.1231 0.0646 0.1005 0.0027 0.0986 0.0538 0.0348
0.1057 1.8798 0.1080 0.1005 0.0027 0.0943 0.0647 0.0450
0.1258 2.,2726 0.1306 0.1005 0.0027 0.0798 0.0758 0.0541
5-1 0.0375 0.5787 0.0333 0.1005 0.0049 0.3276 0.0343 0.0200
. 0.0973 1.4237 0,0818 0.1005 0.0049 0.1714 0.0535 0.0358 .
0.1387 1.9378 0.1114 0.1005 0.0049 0.1503 0.0618 0.0432
0.1692 2.2818 0.1311 0.1005 0.0049 0.1432 0.0663 0.0473
0.1926 2.5138 0.1445 0.1005 0.0049 0.1427 0.0684 0.0495
§-1 0.0190 0.3414 0.0196 0.1005 0.0102 0.3972 0.0433 0.0232
0.0472 0.9293 0.0534 0,1005 0.0102 0.1276 0.0758 0.0475
0.1013 1.3063 0.0751 0.1005 0.0102 0.2188 0.0581 0.0384
0.1670 2.0000 0.1149 0.1005 0.0102 0.1819 0.0673 0.0472
0.2177 2.4901 0.1431 0.1005 0.0102 0.1700 0.0720 - 0.0521
S-1/2 % 0.0150 0.2628 0.0408 0.1950 0.0029 0.0325 0.0997 0.0600
-0.0256 0.3939 0.0612 0.1950 0.0029 0.0305 0.1140 0.0731
0.0403 0.5514 0.0857 0.1950 0.0029 0.0295 0.1269 0.0854
0.0481 0.6260 0.0973 0.1950 0.0029 0.0297 0.1324 0.0908
0.0668 0.8044 0.1250 0.1950 0.0029 0.0287 0.1471 0.1044
S-1/2 § 0.0198 0.2974 - 0.0462 0.1950 0.0039 0.0424 0.1072 0.0658
0.0340 0.4524 0.0703 0.1950 0.0039 0.0369 0.1207 0.0790
0.0438 0.5509 0.0856 0.1950 0.0039 0.0354 0.1292 0.0871
0.0592 0.6962 0.1082 0.1950 0.0039 0.0337 0.1407 0.0980
0.0842 0.9107 0.1415 0.1950 0.0039 0.0330 0.1558 0.1124
8-1/2 § 0.0129 0.1326 0.0206 0.1950 0.0096 0.1668 0.0680 0.0367
©0.0391 0.3764 0.0585 0.1950 0.0096 0.0694 0.1066 0.0678
0.0623 0.5733 0.0891 0.1950 0.0096 0.0547 0.1267 0.0858
0.0760 0.6835 0.1062 0.1950 0.0096 0.0504 0,1359 0.0944
0.0994 0.8658 0.1346 0.1950 0.0096 0.0458 0.1504 0.1079
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2.2850

0.1184

0.5850

Spacing |Discharge D Nd VZ n
Ident. | (CFS) dDB b Y 5 oR r1/6 nt
$-2 0.0298 0.075 0.0496 0.1596 0.0018 0.0629 0.0415 0.0257
0.0516 0.0980 0.0648 0.1596 0.0018 0.0917 0.0491 0.0317
0.0734 0.1226 0.0810 0.1596 0.0018 0.1100 0.0546 0.0365
0.0902 0.1431 0.0946 0.1596 0.0018 0.1051 0.0580 0.0396
0.1296 0.1847 0.1221 0.1596 0.0018 0.1069 0.0630 0.0445
$-2 0.0282 0.0445 0.0294 0.1596 0.0042 0.2691 0.0347 0.0197
0.0890 0.1002 . 0.0662 0.1596 0.0042 0.2811 0.0408 0.0264
0.1080 0.1195 0.0789 0.1596 0.0042 0.2511 0.0444 § 0.0295
0.1467 | 0.1571 0.1038 0.1596 0.0042 0.2126 0.0509 . i 10,0352
0.2198 0.2234 0.1476 0.1596 0.0042 0.1781 0.0602 0.0437
S-2 0.0394 0.0445 0.0294 0.1596 0.0104 0.5075 0.0378 0.0216
0.,0775 0.0788 0.0521 0.1596 0.0104 0.3661 0.0447 0.0279
0.1154 0.1123 0.0742 0.1596 0.0104 0.2916 0.0505 0.0333
0.1792 0.1671 0.1104 0.1596 0.0104 ¥ 0.2295 0.0589 0.0411
0.2037 0.1879 0.1242 0.1596 0.0104 3§ 0.2144 0.0620 0.0439
s-1 0.0154 - 0.2602 0.0499 0.3014 0.0021 0.0198 0.1236 0.0768
0.0286 0.4168 0.0799 0.3014 0.0021 0.0202 0.1602 0.1067
0.0393 0.5204 0.0997 0.3014 | 0.0021 0.0191 0.1604 0.1104
0.0467 0.5703 0.1092 0.3014 0.0021 0.0221 0.1647 0.1148
0.0564 f 0.6581 0.1261 0.3014 0.0021 0.0181 0.1605 0.1139
3 N
S-1 0.0155 § 0.1780 0.0341 0.3014 0.0045 0.0587 0.0860 0,0502
0.0386 [ 0.4200 0.0805 0.3014 0.0045 0.0328 0.1389 0.0927
0.0468 0.4864 0.0932 0.3014 0.0045 0.0324 0.1464 0.0998
0.0623 0.5916 0.1133 0.3014 0.0045 1§ 0.0335 0.1526 | 0,1068
0.0714 0.6739 0.1291 0.3014 0.0045 0.0258 0.1525 0.1086
S-1 0.0336 0.2930 0.0561 0.3014 0.0104 | 0.0571 | 0.1204 0.0762
0.0484 || 0.4002 0.0767 0.3014 0.0104 0.0495 0.1339 0.0889
0.0604 | 0.4793 0.0918 0.3014 0.0104 0.0461 10,1402 0.0954
0.0783 0.5869 0.1124 0.3014 0.0104 0.0442 0.1466- 0.1027
0.1075 0.7577 0.1452 0.3014 0.0104 0.0419 . 0.1583 0.1147
$-1/2 | 0.0065 | 0.9375 0.0486 0.5850 0.0020 0.0070 0.3098 0.1920
0.0114 0.4157 0.0733 0.5850 0.0020 0.0066 0.3578 0.2359
0.0167 0.8720 0.0970 0.5850 0.0020 0.0064 0.4023 0.2759
0.0236 2.4336 | 0.1261 0.5850 0.0020 0.0066 0.4556 0.3239
0.0269 2.6354 | . 0.1365 0.5850 0.0020 0.0070 0.4636 0.3330
S-1/2 | 0.0075 1.0983 0.0569 0.5850 0.0047 0.0028 0.3357 0.2128
0.0202 1.9320 0.1001 "0.5850 0.0047 0.0072 0.4020 0.2771
0.0146 1.4698 0.0761 0.5850 0.0047 0.0078 0.3534 0.2343
0.0299 2.6427 0.1369 0.5850 0.0047 0.0071 0.4619 0.3322
0.0350 2.9967 0.1552 0.5850 0.0047 0.0067 0.4872 0,3560
S-1/2 | 0.0Ll71 1.2855 0.0666 0.5850 0.0101 0.0119 0.3162 042056
0.0247 11.8179 0.0942 0.5850 0.0101 0.0104 0.3744 0.2560
0.0385 2.7261 0.1412 0.5850 0.0101 0.0089 0.4537 0.3278
0.0417 2.8884 0.1496 0.5850 0.0101 0.0089 0.4582 0.3335
0.0321 0.0101 0.0098 0.4127 0.2912 .
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e 2 . .3 2 . .3
Cubic: Y = Cl + CZXI + C3X1 +'C4X1 + CSXZ + C6X2 +'C7X2 + CSXS +

2 3 2 3 2
09X3 + ClOXB + C11X4 + 012X4 +013X4 + CI4X5 + C15X5 +

3
1685 (5-8)
where Y = Wl X, =7T5
X, =, X5 =T
X, = TTé C = Experimental Coefficient
Xq =T,

From another perspective, an exponential model relating the six

pi-terms under study was built with the equation

_ Bo.C_ D_E__F
T = AT I3 W, 5T (549)

where A, B, C, D, E, F are experimental coefficients.
Regression analysis using 1ogarithmic transformations uncovered

the relationship between the terms:as shown in Table IV,
Order of Experimental Analysis

One hundred seventy four experiments were analized, Six pi-terms
were calculated for further analysis in each experimeﬁto Some criteria
were used in breaking the analyses down into four major groups. The
first criteria was the pattern of spacing; i.e., Diagonal or Square

grid systems The second criteria was the size of peg diameter. Thus,



TABLE IV

MULTIVARIATE EXPONENTIAL RELATIONSHIP FOR = *

Rl 6
Size and Pattern | GCorrelation Standard
of Roughness Coefficient Deviation Exponential Model Equations
Element (R) (s) _ _
D - 25 0,947 0.0092 [T ,=10"2%x 1.05778 %6y ;8+80p ~17.8677.0.218,,-0.192
3 1 2 3 4 5 6
D - 3% 0.999 0.0037 TTl—BO 8TT-O 787TT;°051W-2'448TTg°097Tr-0'221
S - %f 0.990 0.0057 .nr =0. 562TT-0 OOOOSTTg 170TT2 467Tr0 267Trg0 0346
§ -9 0.999 0.0079 11.{_1 357T0 OOQTrO 351Tr1 353Tr-0 00021T-0 <064
32
3 9 0:282-0,084__0. 033 0 208 _=0.,276
D-F5 & D-33 0.991 0.0082 TT=0.172T0,° 77 1T, T, e
S-é— & 8-2— 0.970 0.032 T _0 26TT0 041Tr 158T~0 266TT0 248Tr-0°439
32 32 2 3
Diagonal and
Square all
Combined 0.968 0.027 T =0.25T7 )" 1033 0e 14Ty LOBTD 27 3gr Z0-4%

% Equation (5-9)

TQ



62

for each size of peg, all the diagonal grids were groﬁped together and
all the square grid systems were in another group. In each group all
the pi-terms were arranged in increasing order of discharge, test slope,

and density of spacing as identified below.

Identification Technique for Peg Size,

Arraﬁgement and Spacing

Pattern of Longitudinal Transverse

Element Peg Size Spacing " Spacing Spacing
Placement Symbol (inches) (inches) Symbol
Diagoenal o D - %— g 4 D - 4
L 9 A
Diagonal D - 37 2 2 D -2
Diagonal 1 1 D -1
3
Square S 33 2 2 S - 2
s - S - =
quare - 32 1 1 5 - 1
Square % % s - %

Multivariable polynomial progfaﬁs in lineaf, quadréfic>éﬁa éubic
forms were used to analyze each group experimeht. Further combinations
of all diagonal-grid and all square-grid experiments irréspect?ve of
sizes were respectively classified into:two groups. Finally all the
174 experimental results were coﬁbined into a singlé group. :Pre-
diétion equations were estéblished for the dimensgsnless roughness

coefficient. The results including correlation coefficients and

standard deviations are shown in Tables V, VI and VII. A summary of



EXPERIMENTAL COEFFICIENTS, CORBELATION COEFFICIENT

" TABLE V

(R), AND STANDARD DEVIATION.

(s) OF

MULTIVARIABLE LINEAR;EQUATIONSﬁFOR COMPUTING *DIiMENSIONLESS: RESISTANCE COEFFICIENTS *

Size and Pattern of Spacing of Roughness Elements

il

9

Diagonal and

LR b -3 s-3 s-35 | vpany | Spasoy| “lomieed
ExXpe R=0,989 R=0.998 R=0.970 R=0.997 R=0.991 R=0.981 R=0,967
Coeff. | $=0.0043 5=0.0049 §=0.0101 5=0.0124 " 5=0.0081 520,025 $=0.027
<, 0.0221 -0.0295 -0.0415 -0.0883 0.0269 -0.0730 -0.0358
c, 0.1279 10,0818 0.0013 0.0567 0.1392 0.0301 0.0260
Cy -0.0109 0.1422 0.2881 0.3483 -0.0278 0.3500 0.3100
c, 0.2815 0.5836 0.7218 0.6087 0.2185 0.6529 0.5866
Cy 1.1176 -1.4695 -0.2112 ~2.4500 0.5781 -1,6628 -0.2807
Gy -0.0228 0.0309 10,0183 0.0835 -0.0261 0.0706 0.0065

% Equation (5-6)

€9



TABLE VI

» EXPERIMENTAL COEFFICIENTS, CORRELATION COEFFIGIENT (R), AND STANDARD DEVIATION: (S)
OF MULTIVARIABLE QUADRATIC EQUATIONS FOR COMPUTING
DIMENSIONLESS RESISTANCE COEFFICIENTS *

Size and Pattern of Spacing of Roughness Elements .

‘ Diagonal and

P -5 P -5 s -3 -7 "3 e05 |55 455 | Combines

Expo R=0,992 R=0.999 R=0,987 R=0.999 R=0.,997 R=0,987 R=0,979 -
Coeff, $=0.0036 5=0.0039 S=0,0068 5=0.0082 5=0,0051 5=0,0207 5=0.021
C1 0.0460 -0.0327 -0.0213 -0.1307 0.0506 0.0351 0.0219
,G?Hi 0.2061 0.1166 0.,0202 -0.,0200 0.1845 -0.0149 -0.0051
Cé -0,1208 -0.0202 -0.0095 0.0218 -0.,0492 0.0126 0.0085
C4 -0.0135 0.3448 0.4976 1.5070 0.0099 0.2014 0.4465
05 -0.1804 -1.1988 -0.9727 -5.7272 -0:3294 0.4948 =0.9892
C6 -0.1680 0.5870 0.5702 0.7339 -0.0968 0.1060 0.0819
197 2.1129 -0.0328 -0.,1732 -0.0472 0.9096 0.6973 0.6986
ﬁ?*- -1.4654 -7.3500 1.2294 -8.0537 -1.0595 5.0530 12,7423

Cé» 210.7 443.22 -36.1448 46446 142.06 =322.54 -834,8

910 -0.0596 0.0807 -0.1450 0.0051 -0.0888 -0.2985 -0.3520
Cil 0.,0532 -0.0484 0.1760 0.1884 0.0935 0.3337 0.3892

* Equation (5-7)
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TABLE VII

EXPERIMENTAL COEFFICIENTS (C), CORRELATION GOEFFICIENT. (R), AND STANDARD DEVIATION (s) OF
MULTIVARIABLE CUBIC EQUATIONS FOR COMPUTING DIMENSIONLESS RESISTANCE COEFFICIENTS *

Size and Pattern of Sbacing of Roughness Elements

Diagonal andr

(@]
Voo~ PN~

OOO0O00O0O0O0O0O00O00O000000

A ol N R
oo PN RO

3 9 3 9 3 9 3 .9 Square all
D-137 D-33 5-37 5-37 | D37&D-37 | 537 % 537 Combined
R=0,996 R=0.998 R=0.996 | R=0.996 R=0.998 R=0.992 R=0,983
5=0.0024 5=0.0045 5=0.0039 5=0.014 5=0.0042 - 8=0.016 $=0.,019

0.0120 -0.3370 0.0993 0.0696 0.0162 0.0640 0.1022
0.4858 0.0471 0.1603 -0.0765 0.2409 0.0662 0.0544
-0.9209 0.0610 -0+1038 0.0591 -0.1562 -0.0711 ~0.0503
0.8068 -0.0318 0.0208 -0.0085 0.0543 0.0207 0.0149
-0.1101 1.1063 =1.6998 24,0752 0.3565 . -1.0449 -0.3225
-0.4878 -8.7474 18.8610 -12.591 =4.4449 18,2425 7.7208
1.9014 24,9180 -61,3042 33.615 13,4663 -70.5781 -31.8799
=-0.0737 1.4635 -0.5407 1.5641 -0.0350 0.5041 -0.1872
-3.8508 -4,8632 -12.0362 =0.6543 0.4180 -1.6460 1.5112
32.00 8.0944 69,6445 -0.4876 1.,0551 28352 ~-0.8028
18,608 182.20 40,2839 =314.5 13,336 =-3.609 -9,982
~-3857,0 -40684.0 -7037.0 66896.0 -2827, 1218.0 3415.6
230972. -2507281.0 379089.0 3921188 171624, ~-80153. 231193.0
~-0.0393 =0.0474 -0.3339 0.3230 -0.12493 -0,6013 =045964
0.1747 0.5072 0,5834 0.4438 0.3827 1.4065 1.2957
-0,2234 -0.5960 =0.3302 -1.1000 -0.3854 =0.8995 -0.8226

* Equation (5-8)
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correlation coefficient (R), and standard deviation (8) of multivariate
B
equations for predicting dimensionless resistance coefficient is given

in Table VIII.
General Discussion on Prediction Equations

In general, it can be seen from Table VIII that:correlation co-

efficient between the observed and calculated values of —%73 is very

: e R
high. This evidence may strongly prove the dependence of roughness
coefficient on tﬁé"éize, spacing, aﬁd pattern of roughness elements in
a waéer conveyance channel. The values of correlation coefficient
also increases with the degree of polynomial used. It is sometimes
questionable whether a polynomial of the degree greater than two"should
be considered as a criteria since the, coefficient R hardly increases.
In fact, in some cases, there is a decrease in R in polynomial of the
third degree. Howéver, the use of the second degree polynomial is
probably justifiééwby a considerable improvement in the standard
deviations. In this particular experiment, standard deviation was a
vbetter criterié.rgﬁher than coefficiént of correlation R. Generally,
the percentage.difference between calculated and observed values of
Y in Equations (5-6), (5-7) and (5-8) was below 6 per cent, though a
few extreme cases of ii per cent have been recorded.

Comparing ﬁhe two patterns studied, the extremely higﬁ correlation
coefficiengs associated with both indepéndent systems of diagonal-grid
and équareegrid degenerated as both patterns were combined either with
respect to size or exclusive ofsize and pattern., It is worthy of note
that the exponential multivariable model gave smalier values of standard

deviation only for the square grid system. There was no strong evidence



TABLE VIII

SUMMARY OF CORRELATION COEFFICIENT (R) AND STANDARD DEVIATION (S) OF MULTIVARIABLE
EQUATIONS FOR PREDICTING DIMENSIONLESS RESISTANCE COEFFICIENTS

Pattern Exponential Linear Quadratic Cubic
of
. 3 " 9 " , 3 11 9 1" 3 1" 1" 3 " n
R - — iam. — iam. — iam, - iam. — iam, -— iam, S iam. = diam.
g:iz 33 diam 33 diam 33 diam I3 diam. . 33 diam 33 diam 33 diam 33 diam
Elements R S R s R s R s R s R s R s R s
Diagonal |0.947} 0.0092 | 0,999 | 0.0037 {0,989} 0.00431 0.998 | 0.0049 ! 0.992 | 0.0036| 0,999 0.0039% 0.996: 0.0024¢ 0.998 | 0.0045
Square 0.990} 0.,0057 | 0.999} 0.0079 :0.970}f 0.0101| 0.997{ 0.0124{ 0.987 ; 0.0068] 0.999 0,0082§ 0.996| 0.0039{ 0.996 | 0.014
Diagonal .
1UT R = 0,991 R'= 0.991 R = 0.997 R = 0,998
Combined N
Sizes S = 0.,0082 S = 0.0081 S = 0.0051 S = 0.0042
Square .
for R = 0.970 R = 0.981 R = 0.987 R = 0,992
Combined
Sizes S = 0.032 S = 0.025 S = 0.0207 S = 0.016
Combined
: Diagonal R = 0.968 R = 0,967 R = 0.979 R = 0.983
{ and
Square S = 0.026 S = 0.027 S = 0.021 S = 0.019

10
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to believe thaf.thé'éxponential model was better than the linear relaf
tionship model.

Further examiﬁation of the results of coefficients in Tables IV
throughyVIf révééied.the‘following relationships between the dependent
and independent ﬁi-terms:, |

1, Tﬁe pbsiﬁive effect of the coefficient of the term dDB in
every degree of polynomi#l confirmed that size_in?rease as well as
increased»densitf"bf spacing causeéd the retardaﬁéé to flow of water in
open channels to incrgases

2., The resistance to flow increased as the depth of flow in-
creased in the_per;.%j; It is important to recognize that the validity
of this holdS’pfo§£Aed the whole length of the roughness elements re=-
mained unsubmergeﬁ‘as‘indiéated in the previous assumption.

3. For alliéfactieéluburposes, with the same size of element,
slope of the chanﬁel, ana dischafge; the resistance to flow increased

commensurably with the increase of E%.

be The term  ?/6 generall? decreased slightly with increase in

R

slope.

5. The resistance coefficient increased with a decrease in

Froude number.



CHAPTER VI
SUMMARY AND CONCLUSIONS
Summary

Gradually-vafied flow experimenﬁs were conducted in a 1l.32=foot
wide and 24~footvi§ng test section df a WF steel beam channel. The
bottom of thg.chénnel.wag lined with aluminum sheet material which was
fitted with round aluminuﬁ pegs of sizes 3/32-inch and 9/32-inch
diameters, Tﬂéibegs which servéd as roughness elements were placed in
the channel beé at definité longitudinal and transveﬁse patterns ang
spacings. Under the bare«chanmelvlining condition a maximum flow of
0,885 cofs50. was aliqwed into the chénnel. Test slopes for the
adjus#able.slope channei were restricféd to approximate.values of
0. 0025, 0.0050, and 0.010. Density of roughness elements was pro-
gre551ve1y 1ncreased transversely from four 1nches to onemhalf 1nc£;

The obJect1ve of this study was to détermine the relatlonshlp of
A_Mahnlng s reslstanée coefficient to size of roughness elements,
pattern of érrangem;ntg density of spacing, slope, and dischargé in a
smooth artificial éhaﬁneliusing dimensional ;nalysis and graduallya
varied flowol Muitivariable polynomial équations of first, second, and
third degreé,‘an&m;ﬁ.ékpoﬁential model were used to amnalyze the data
for.a seléctéd group ofdﬁmgﬁﬁﬁénlesstermsj Correlation coefficient

(R) and standard deviation (S) were established from a least square

linear regression equation. The effect of variable parameters was

69
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critiéally discussed.
" Conclusions

The following.conélusions are based on the analysis and inter-
pretation of the experimental results, |

1, /An.increase in size or density of roughﬁess elements increased
the resistance to flow in dﬁen channel, |

2, A Diagonal-grid pattern of roughnes; eiements of fered less
resistance to‘flﬁﬁ'in the open channel than a Squaré;grid pattern.

3. Resistance to flow.in the open channel slightly decreased
with increase in slope.

4, Resistance to flow decréased with increase in dischaFge under
smooth channelkcondition but it increased with discharge when channel
was fitted with roughness elgmentso

5, A 1inearzmgdel equation ¥ = ¢y + CZX1 +-03X2 +-04X3 +-05X4 +

CX?XEXE gave comparable standard

o

CeXs and an;exponehtial'model Y =

. s L . ; 2 e
deviations. A quadratic model Y = 01 o sz1 +-C3X1 + c&xz +-CSX2 +

X +-C;X§ +Cc X, +C X2 +¢. X, +¢C X gave improved estimates,

CeX3 g4 St T C10ts T C1r¥s

but it 'was more complex to calculate. A cubic model Y = C1 + GZXI +

2 3 2 3
C:‘}X1 +C‘4X1 +GSX +06 2+G X2 +08X +09X3+010X3+C 1X4+

2 3 w2 e 3 .
012X4 +-Cl3X4 +-614X5 + GISXS +'016X5, sometlmgs gave s}lghtly

improved estimates but it was not recommended because of its complexity.
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Suggestions for Future Study

Based on the results of this study, the following research is
suggested to improve the methiods for predicting the degree of resis-
tance to flow in open channels.

l. In most of the experiments, surface waves and standing waves
were major problems at high discharges and density of roughness .
elements. An extension of the hydraulic phenomena encountered in this
study might include the effect of surface wave velocities in future
study.

2. A study of steady state spatially-varied flow profiles of
these tests and other tests with different roughness elements is
needed,

3. There is probably a marked relationship between the effect of
the roughness of the channel and that of different roughness elements.
A contribution of each to the total resistance to flow should be
further examined.

A study of the effect of different roughness elements and com-
binations of these elements at high slopes up to 5 per cent should be

studied to completely understand the phenomena under gradually-varied

flow.
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EXPERIMENTAL DATA FOR THE é“hINCH DIAMETER ROUGHNESS ELEMENTS

APPENDIX A

32
Spacing Slope Temperature | Discharge Station Depths of Flow (Ft)

Ident, °F (cfs) 0 + 00 0+ 05 0+ 10 0 + 15 0+ 20
D=4 0,0022 80.0 0,1230 0.1000 0.,1020 0.0970 0,0970 0.,0990
80.5 0,1857 0.1420 0.1430 0.1380 0.1370 0.1360

81.0 0,2325 0.1670 0.1680 0.1620 0.1590 0.1560

81.0 0,2962 0.2010 0.2000 "~ 0.1900 0,1870 . 0.,1810

81,0 0+3229 0.2130 0.2100 0.2010 0.1950 -0.1870

D=4 0.0051 78.0 0.0295 0,0310 0.0315 0.,0290 0.0290 0.0345
78.0 0.,1297 0.,0810 0.0830 0.0780 0.0810 0.,0850

78.0 0.2320 0s1320 0.1340 0.1290 0.1330 0.1350

80.0 0.3051 0.1645 0.1660 0.1615 0.1645 0.1650

81.0 0.4142 0.2045 0.2120 0.2095 0.2110 0.2090

D=4 0.0107 7865 0.0993 0.0930 - 0.0955 ¢.0900 0.0870 . 0.0990
79.0 0,1997 01280 0.1270 _0.1220 0.,1170 0.,1320

80.0 0.2853 - 0,1655 0.1660 0,1590 051530 0,1710

81.0 0.4387 02040 0-2030 0.,1970 0.2010 02070

8l.5 0-5844 02540 0.2480 0.2430 0.2480 - 02480

§=2 0.0025 81,0 00572 0.0645 0.0705 00700 00745 0.0775
8145 0,1388 001345 0.1365 0.1325 0.1315 051285

81,5 0.1932 041705 0,1725 0,1640 0.1605 0.1515

8l.5 0,2332 0.1965 0.1955 0,1860 0,1795 00,1675

82.0 0.2850 062255 002245 0.2130 0.,2035 0.,1865

S5=2 0.0050 82.0 0.0583- 0.0430 0,0460 0.0450 0.0450 0.0500
S 82.5. 0.1951 0.1350 0.1385 0.1360 0.1400 041420

82.0 0.2321 0.1170 0.1370 0,1490 0.,1510 0.,1570

8255 0.,2850 0.1890 0.1590 0.1725 0.1770 0.1770

82,0 0.,2939 0.2010 0.,2020 0.1950 0.2030 0.1860

a7/



APPENDIX A (Continued)

Spacing Slope Temperature | Discharge Station Depths of Flow (Ft)
Tdent. °F (efs) 0 + 00 0 + 05 0 + 10 0 + 15 0 + 20
§$=2 0.0107 83.0 0.0610 0.,0320 0.0420 0.0500 0,0560 0.0640
83,0 0.1531 0.0705 0.0840 00940 0.1010 0.1070
83.5 0.2321 0.1030 0.1240 0.1330 0.1405 0.1400
8450 0.3140 0:1430 00,1640 0.1720 0.1770 0.,1770
84,5 0.4587 0.,2090 0.2300 02350 0.2370 0.2200
D=2 0.0025 82,0 0.0400 0.0605 0.0595 0.0575 0.0585 0.0470
82,0 00913 0.1165 0.1125 0.1075 0.1035 0.0820
82,0 0.1575 0.1805 01725 0.1625 0.,1515 0+1200
82,0 0.1997 . 0.2155 0.2055 0.,1925 0.1775 0.1410
8250 0+2266 02375 0.2255 0.2110 0.1945 0.1530
D=2 0.0047 81,5 0.0507 00550 0.0615 0.0600 00625 0.0570
82.0 0,0801 0.0850 0.0905 0,0880 0.0885 0.0760.
82,0 0:0998 - 0,1030 0.1165 0.1130 0.1315 0.1410
82,0 0.1374 0.1380 0.1415 0.1350 0.1305 0.1100
82.0 0:1752 0.1700 0.,1705 - 0.1620 0.1555 0.,1310
D=2 0,0091 79:5 0.0964 0.0730 0.0770 - 0.0790 00,0790 0.,0710
80.0 0,1709 0.1250 0.1310 0.,1320 0.,1290 0.1110
80.0 0.2310 0.1660 0.1710 0,1710 0.1640 0.,1380
81.5 0.3296 0.2280 0.2310 052270 0.2150 0.1770
S~1 0.0027 78,0 0.0093 0.0225 0.,0255 0.0275 0.0260 0.0220
780 0.0289 00,0555 0,0575 0.0580 0,0555 0.0450
78.0 0,0528 0.0915 0.0925 0,0905 0.0835 0.0680
78,0 0.1057 - 0.1615 0.,1575 0.1495 0.1355 0.1090
78.0 0.1258 0.1975 0.1915 0.1815 0.,1625 0,1290

77



APPENDIX A (Continued)

Spacing

Slope Temperature | Discharge -Station Depths of Flow (Ft)
Ident. °F (cfs) 0 + 00 0 + 05 0 + 10 0 + 15 0 + 20
S-1 0,0049 77 +5 0.0375 - 0.0450 - 040475 0.0450 0.0440 0.0380
77.0 0.0973 ~-0+1190 0.1185 -8.1125 0.1050 0.0850
770 0.1387 0.1660 0.1635 0.1540 0,1405 0,1110
77.5 . 0.1692 0.1980 0,1935 0.1810 0.1640 01290
78.0 0.1926 0.,2200 0.2135 0.1990 0-1800 9.1410
S-1 0.0102 77.0 0.,0190 00245 0.0245 .-0:0265 0.0295 0.0245
77.0 0,0472 00665 0.0715 0.,0715 0+0765 0,0665
77.0 0.1013 0.0985 0.1015 0.1005 0,1035 0.0915
77,0 0.1670 0.1595 0.1595 0.1555 0.1545 0.1295
7765 02177 0.2015 0,2015 0.1955 0.1895 . 0,1565
D=1 0.0026 78.0 0.,0246 0.0750 0.0735 0.0680 0.0555 0.0505
78.0 0.0422 0.1140 0,1085 ... . 0.,1010 0.0895 0.0710
79.0 0.,0559 0.,1410 0.1345 0,1230 0.1090 0.0855
7940 0.0722 0.1710 0,1635 0.1490 0.1310 0.1015
80.0 0.,1080 0.2320 0.2195 0.,1990 0.1740 0.1325
D=1 0.0044 80.0 0.0337 0.0790 0.,0765 0.,0675 0.0560 0,0380
80,0 0.0522 0.1120 00,1095 0.0990 00830 0.,0580
81.0 0,0693 0.1425 041375 0.,1240 0.1060 00755
81,5 0.0973 - 0,1860 0,1815 - 0.1640 0.1405 0,1060
82,0 0,1328" 0.2390 0,2300 0,2080 04,1775 0.1270
D=1 0,0095 79,5 0.0423 000665 0.0660 0.0635 00590 0.0540
80.0 0.0613 . - 00945 0,0940 0.0885 0.0850 0.0730
80,0 0.,0828 0.1235 0.1240 0,1185 0.1120 0.0930
79.0 0.,0958 0.1445 0.1420 0.1365 0.1270 0.1040
79.0 0.1514 0+2185 0.2130 0.2015 0.1840 0.1450

Q/



APPENDIX A (Continued)

Spacing

Station Depths of Flow (Ft)

Slope Temperature | Discharge
Ident. °F (cfs) 0 + .00 0 + 05 0 + 10 0 + 15 0 + 20
S=% 0,0029 77.0 - 0.0150 0.0605 0,0605 0.0555 .0°0535 000395
7700 090256 09094-0 0009’20 000835 000775 00@510
77.0 0.,0403 .. 0.1335 0,1295 0.1175 0.,1070 0.0780
77.0 0.0481 0¢1530 0.1475 0.1335 0.1205 0,0875
78,0 0.0668 0.,1995 0.1895 0.1715 - Qe1535 0.1110
S=% 0.0039 770 0.0198 _:000690 0,0710 0.0640 0.0590 . 00420
770 0.0340 0..1060 0.1080 0.0970 0,0890 0.,0640
77.0 0.0438 00,1310 0.1310 0,.1190 0.1070 0.0770
7745 0:0592 0.1680 0.1660 0,1500 0.,1340 00,0960
7765 0.0842 0.2240 0,2180 0.1960 0.,1730 0.,1230
S=% 0.,0096 78.5 0.0129 0.0220 0,0310 0.0290 0.0270 0;0270
78.5 0.0391 0.0800 0...0830 0.0810 0.0770 0.0650
79.0 0.0623 0.1260 0.1290 . 0.1240 0.1160 0.0930
79.0 10,0760 0.,1520 051550 0.1490 0.1370 00,1080
79.0 0.0994 0.1990 0.1970 0.1890 0.1710 0.,1320

&



EXPERIMENTAL DATA FOR THE

APPENDIX B

32

2==INCH DIAMETER ROUGHNESS ELEMENTS

Spacing Slbpe Temperature | Discharge Station Depths of Flow (Ft)
[ °F (cfs) 0 + 00 0 + 05 0 + 10 0+ 15 0 + 20
D=4 00022 7540 0.0356. 0.,0535 0.0575 0.0575 0,0545 0.0465
75,0 0.0650 0.0885 0.0895 0.,0875 0,0805 0.0665
75.0 0.0890 0.1135 0.1135 0.1085 0.1005 0.,0825
75.0 0.,1219 0.1445 0.,1425 0.1360 0.1245 0,1025
75.0 0.1748 0.1895 0.1855 0,1745 0.1585 . 0.,1285
D=4 0.0045 7540 0.,0317 00405 0.0400 0.0385 0.0370 0.,0330
75,0 000665 0.0730 0.0700. 0.0685 0.0665 - 0.0580
75,0 0.,1302 0,1290 0,1240 0,1205 0.1150 0.0950
75,0 0.1653 0.,1560 0.1500 0.1450 0.1370 0,1130
7560 0s2278 0,2040 0,1960 0.1865 0,1735 0,1420
D=4 0,0095 7460 0,0863 0,0640 0.0660 0.0655 0..0640 0.0620
74,0 0.1556 0.1070 0.1100 0.1090 0.1080 0,0990
74.0 0.2310 0,1550 0.1570 0.1590 0.1500 0.1330
7540 0.3140 0.2060 0.2060 0.2005 01920 0,1670
76,0 0.3964 0.2520 0¢2510 02420 0,2300 0,1980
§=2 0,0018 74.5 0.0298 0.0610 0.0645 0.0660 0.0660 0.0695
7405 0.0516 0.0930 0,0945 0,0900 0,0775 0.0725
74,5 0.0734 0,1220 0.1215 0.1150 0,0990 0.,0770
7465 0.0902 0.1440 0.1415 0.1320 0.1150 0.0915
7445 0.1296 0.1880 0.1835. 0,1700 0.1475 0,1165
§=-2 0+0042 74,0 0.0282 0,0425 0.0420 0.0385 0.0335 0.,0375
74,0 0.0890 0.1004% 0.0980 0.0915 0.0825 0.0645
74.0 0.1080 0.1195 0.1180 0.1095 0,0975 0.0765
74.0 0.1467 0.1595 0,1540 0.1435 0.1275 0.1005
74,0 0.,2198 0.2285 - 06,2200 0,1805 0.1425

0,2025

™M



 APPENDIX B (Continued)

Spacing Slope Temperature | Discharge Station Depths of Flow (Ft)
Ident, °F (cfs) 0 +080 -0.+ .05 0 + 10 0 + 15 0 + 20
S=2 0.0104 7440 0:0394 0.0370 0.0375 0,0405 -.0,0380 0.0410
7400 0.0775 0.0660 0.,0690 0,0705 0.0690 0.0690
744 0 01154 0.0970 -0.0990 0.1005 0.0980 0.0950
74,0 0.1792 0.1480 0.1500 0.1515 0.1470 0.,1320
75.0 0.,2037 0.1700 0.1710 001705 0.1620 0.1460
D=2 0.,0023 76.0 0.0205 0.0655 0.,0675 - 0:0655 0,0605 0.0475
76.0 0.,0377 0.,1095 0.1075 0.1015 0.0915 0,0685
765 0+0541 0.1425 0.1385 - 0.1280 0.1130 0.0855
76.5 0.0726 0.1755 0:1675 0e15%45 ‘021355 0.1085
76.5 0.1005 0,2155 0.2065 0,1905 0.,1690 061275
D=2 0.,0045 7540 0.0205 0.,0380 0.0490 0.0470 0.0460 0.0380
75,0 0.0670 0.1250 0.1310 0.1220 0.1120 0.0870
75.0 0.0801 0.1560 0,1510 0.1410 0.1270 0.0990
75,0 0.0934 0.1630 0.1640 0.1580 0.1430 0.1105
7540 0.1282 0.2170 0-.2115 . 0a1910 0.1810 061390
D=2 0.0096 75.0 0.,0279 0.0410 0,0445 0.0450 0.,0405 0,0400
7540 0.0572 0.,0840 0,0860 0.0850 0,0790 0.0705
75,0 0.0897 0.1280 0.1290 0.1250 01170 0.1005
76.0 0-1161 01650 01650 0.1580 0.1470 0.1230
76.0 0.1438 02030 0.2010 0.1920 0.1750 01440
S=1 0.0021 65.0 0.0154 0.0750 0.0740 0.0710 0.0620 0.0470
65,0 0.,0286 0.1330 0.,1200 0.1120 05,0940 0,0680
65.0 0.0393 0.1580 0.1500 0.1370 0.,1260 0.0870
65.0 0.0467 0.,1780 0,1680 0.1530 001300 0.0920
65.0 0.0564 0.2000 0.1900 0,1720 0.,1420 0.1280

10
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APPENDIX B (Continued)

Spacing Slope Temperature | Discharge Station Depths of Flow (Ft)
Ident, g (cfs) 0 + 00 0+ 05 0 + 10 0+ 15 0+ 20
S5=1 0,0045 67.0 0,0155 00490 0,0520 0,0510 0.0360 . 0,0370
740 0.0386 0.1240 0.1220 0,1150 0.0570 0.0730
67.0 0.0468 0.1460 0.1420 0.1320 0.1120 0.0830
67.5 0.0623 0.1810 0.1740 0.1590. 0.1340 01000
675 0,0714 0.1990 0.1910 0.1740 0.1510 0.1370
S-1 0.0104 63.5 0.0336 0,0710 0,0780 -0,0790- 0.0780 - 0.0645
64.0 0.0484 0.1010 041080 0.1100 0.1040 0.0830
64.0 0.0604 0.1230 0.1310 0.1310 0.1220 0.0990
64,0 0.0783 0.1540 0.1620 0.1600 0.1470 0,1190
6445 0.1075 0.2060 0.2120 0.2050 -0,1870 041480
D=1 0.0044 67.0 0.0134& 0s0810 0.0720 00680 " 050650 0.0460
' 67.0 0.,0250 041290 0,1190 0,1110 0.1030 0.,0730
67.0 0.0304 0,1530 0.1410 0,1280 0.1190 0.0850
67.0 0.0370 0,1800 0.1670 0.1530 0.1330 0.0975
7.0 0,0476 0.2160 0.1990 0.1830 0:.1665 0.,1160
D=1 0.0097 68.0 0.,0218 00800 0,0670 00830 0.,0760 0.0630
68,0 0.0339 0.1240 041150 0.1220 0-1110 0.087Q
68,0 0.0412 0.1470 0.1380 01440 0-1300 0.1000
68.0 0.0482 0.1690 0.1530 0.1630 0.1420 0.,1120
68.0 0-0593 0,2030 0.1860 041930 0.,1740 0.1330
S-% 0.0020 67+0 0.0065 0.,0800 0.0790 0.0715 0,0590 0.,0310
67.0 050114 0,1230 0.1190 0.1070 0.,0880 0,0470
67.0 0.0167 0.1660 0.1570 0.1400 0,1150 0,0620
67.0 0.0236 0+2190 0,2050 0.,1820 041490 0,0770
67.0 0.2390 0.,2230 0.1970 0.1600 0.0820

- 0.,0269
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APPENDIX B (Continued)

Spacing Slope Temperature } Discharge Station Depth of Flow (Ft)
Ident. p (cfs) 0 + 00 0 + 05 0 + 10 0+ 15 0 + 20
S} 0,0047 67.5 1 0.0075 0,0640 00690 0.0840 0,0820 10,0765
67.0 000202 0.1630 0.1580 0,1460 0.1240 0.0695
67.0 0.,0146 0,1210 0.1190 0,1120 00960 00545
6645 0.0299 002290 062190 0.1990 0.1660 0.0905
6605 0.0350 0.2610 0.2480 0,2250 0.1870 0,1035
s-} 0,0101 670 0,0170 0.0990 0.0995 0,0960 0.0890 0.,0560
6740 0.0247 0,1450 0,1435 0,1370 0,1230 0,0730
660 0.0385 0.2260 0.2195 02050 0.1790 0,1025
65.0 0.0417 0.2400 0.2325 02170 0,1890 0.1090
63,0 0.0321 0.1870 0,1825 051720 0.1520 0.0880

fale}



APPENDIX C

NOMENCLATURE
Symbol Quantity Dimensions
b Channel width ' ft
d Diameter of roughness element ft
y Depth of flow ‘ - ft
E ' Specific energy‘ | ft
g Acceleration due to gra?ity ’ ft/s'ec2
H ' Friction head fr
HV Velocity head l B ft
K Stiffness modulus of element 1b-ft2
1 Length of roughness element ft
L Length of test chaunel ft
n Manning's n, roughness coefficient nonhomogeneous
R Hydraulic rédius o ' ft
Re Reynolds number - - . dimensionless
Sf ‘ ‘v‘En@rgy slope B dimensionless.
So ' Channel bottom slope dimensionless
\' Velocity of Flow v ft/sec T
X Distance from some reference pdiﬁt_ | ft
Z Bottom elevatioh above datum ft
e ' Coriolis velocity coefficient dimensionless

84
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Shape factor defining type of
roughness element

Factor denoting roughness pattern
Fluid density

Fluid viscosity

85

dimensionless
dimensionless
lbnsecz/ft2

1b-sec./ft2
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