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Chapter I 

I~'TRODUCTION 

Sediment has been an important problem for several thousand 

years. Even the rise and fall of civilizations have sometimes been 

a·rtributed to the effects of sediment. The sediment-·fil1ed canals of 

the once fertile Tigris and Euphrates rivers region, and the south~ 

western section of the United States are examples o 

Definition of Sediment 

Before proceeding further, the term sediment will be defined 

A dictiona.ry definition isg 9
VFragmental materia.l transported by? sUS= 

pended in~ ~r deposited by w.ater or air 9 or accumulated in beds by other 

natu.ral agents~ any detrit1l aClCumulation~ such as loessvz • 

Some examples satisfying the definition are~ sand being trans 

po~ted by water; sand or snow being carried by wind; and fruits, vege= 

tables or other commercial products being conveyed by some fluid medium~ 

The former v that of sand being transported by water, is the case studied 

herei.n. 

Sediment Problems 

Hydraulic problems involving sediment can arbitrarily be divided 

into two types. One type is associated with the hydraulics of naturally 

fc<itmed open channels 9 and the complementary problem is that of transport 

within rigid boundary conduits. The basic inner mechanism of transport must 

necessarily be the same in eithel' case. However? the effect of rigid 

boundaries and the differences in economic considerations separate the 

water course and rigid channel problems. 
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In the study and application of sediment mechanics to natural 

channels the boundary form can seldom be controlled; it is determined by 

the variables describing the flow, the fluid t and the material being trans­

ported. Economic considerations are? in general, directed toward in­

ducing a stable channel at the least possible cost~ 

Rigid boundary conduits are similar to natural channels in 

many respects, the most obvious being a pipe in free=flow regime~ The 

difference between them is their relative versatilityo Conduits can be 

designed to flow free~ flow full up and down hills 9 operate under pres­

sure, and to work under practically any other conditions required by the 

specific task the boundary must perform. 

This dissertation is concerned with rigid boundary conduits~ 

Economic Application of Rigid Boundary Sediment Transport 

One application of rigid boundary sediment transport which has 

been before the ever-interested eye of the public is gold mining o In 

the early days of gold mining 9 water was conveyed to a cradle or other 

vibratory device~ and the less dense unwanted sediment was transported 

by the water to a spoil area. In recent years essentially the same 

process is used in dredge or placer mining, except that water is also 

used to convey ore to the separating equipment. 

Another process utilizing sediment mechanics is that of re­

finins~. Modern refining technology makes use of a fluidized bed 

of catalytic material. The fluidization process gives rise to a prob­

lem in sediment mechanics. In some cases the catalyst also goes through 

a pipeline recirculation system. 



Storm sewers are often required to convey tremendous quantities 

of sand, rock and detrital material. These sewers usually do not flow 

full, and hence they are a good example of a rigid conduit with free=flow o 

Hydraulic dredging of river channels has been going on for over 

fifty years Q The dredge pumps sediment and water from the river bed or 

banks and frequently conveys the mixture through pipelines to a spoil area~ 

Coal ~.~ transport pipelines operating under pressure are 

receiving more attention each yearo Various United States and European 

commercial companies have been experimenting with this method for seveLal 

years" 

The food processing industry has beenS! and is doing more, moving 

of vegetables!) fruits and processing refuse by hydraulic means o Both 

open and closed conduits are used. 

Many more examples of the economic applications of rigidbc.unda:;:' y 

sediment mechanics could be cited.. However, the above are sufLtCient 

illustrate possible fields where the results of research are needed and 

can be applied .. 

Variables Involved 

Variables entering a practical problem include: 1) economic: 

factors? such as a market, 2) physical conditions, topography being an 

example~ 3) mechanics of sediment transport.. The latter category is the 

one of principal interest in this dissertation. 

The important variables in the mechanics of transport :an be 

classified into four groupso These are~ 1) fluid 9 2) flow? 3) sedimelcL: 

and 4) geometry. 
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~ independent fluid variables are, in most practical applica­

tion, two in number. They are the dynamic -viscosity and the mass density 

of the fluid. The two fluids used almost exclusively are water and air. 

There exist many data using these two fluids, under all sorts of combina­

tions of the variables characterizing the fluid. The chemical behavior of 

the fluid is also sometimes important. 

Flow variables differ considerably depending on the problem 

being examined. The most common are the hydraulic gradient, the mean 

velocity and local velocity. All of these receive attention in any re­

search or design problem. The yield strength is sometimes important in 

fluid-sediment systems which exhibit characteristics of plastics. 

Sediment variables axe mass density, mineralogical composition, 

chemical activity, shape~ texture, and size distribution. All are 

important 0 This is an impressive list, most of the items of which have 

been studied only slightly~ Mass density, size distribution and shape 

have been examined quite closely, and with some success. Mineralogical 

composition; chemical activity and texture have been considered by the 

geologist more than by the engineer. 

Geometric variables constitute a description of the boundary 

within which the sediment-fluid complex is conveyed. For example, one 

group of length parameters are required in order to specify a trapezoidal 

channe1~ a different group is required to specify a circular conduit. 

In addition to these, however, the boundary needs a local characterization, 

for example, height of the roughness, frequency of roughness and any 

other appropriate geometric variable. 
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Summary of Previous ~ 

Circular conduits, a special case of rigid boundaries are the 

only type corsidered in this dissertation. For centuries engineers have 

been working to achieve smoother pipes and to reduce mechanical energy 

losses due to the generation of heat induced by the rough boundaries. In 

the last half centur~howeve~ efforts have been made to introduce artifi­

cial roughnesses of a very special type, designed for the job of more 

effectively transporting a specific sediment. Some of these special 

roughness types are the prime interest of this dissertation. 

Delimitation of Study 

Boundary form was the basic variable whose effect on mechanics 

of sediment transport was studied. Three cases were considered: 1) a 

geometrically smooth pipe, 2) a corrugated pipe made from steel sheets? 

and 3) a ReI-Cor type of pipe formed by rollers from coils of steel o All 

these had a nominal diameter of 12-in. 

Clear water was the continuous phase of the sediment-fluid 

mixture 0 The pipe was flowing full at all times and only the ease of 

suspended transport was considered o One size of sediment was employed 0 

This sediment was a fine sand with a median sieve diameter of 0 •. 20 mm" 

Statement of Problem 

Subject to the limitations of the three boundary forms~ the 

one fine~sand sediment, the range of fully-suspended sediment transport 7 

and the pipes flowing full? the problem proposed was that of finding 

answers to the following questions: 
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1. What are the interrelationships between boundary form, 

rate of energy dissipation, discharge of sediment-fluid 

mixture, and discharge of sediment? 

20 What are the effects of the boundary form on the local 

mechanism of suspended sediment transport? 

Answers to question one will give a clear picture of how the 

boundary form affects the parameters which are important in practical 

design problems. Question two is a study of the small scale mechan­

ism of sediment transfer, and is important in explaining how the mate­

rial is transported, thus providing additional information which can 

lead to development of more efficient artificial boundary roughness. 

~-



Chapter II 

REVIEW OF LITERATURE 

Analysis of the effect of boundary form on the pipeline trans­

port of fine sand by water necessitates reviewing and summarizing earlier 

work on sediment transport. In order to obtain a clear picture of the 

interaction of the many variables which might enter the problem, the 

following review covers a very large number of sediments, velocities and 

pipes o Two continuous phases, air and water, are reported~ Nearly all 

the papers are concerned with the one~dimensional flow pattern and only 

qualitative observations are made on the mode of transport. No accept­

able theoretical development has been presented for more than a very 

narrow range of variables o 

The review has been divided into several sections o These are~ 

boundary form studies, laminar transport by water, turbulent transport 

by water, turbulent conveyance by air, installed plants and their design9 

miscellaneous items and summary_ The miscellaneous category covers 

papers on instrumentation, as an example o 

Boundary Form Studies 

The papers reviewed in this section cover the effects of ri= 

fling on sediment transport, the mechanics of transport in a square pipe, 

the factors that enter a study of artificial roughness in pipes, some 

observations on flow over corrugated surfaces, and the effect on the 

resistance coefficient f of using combinations of artificial roughness$ 
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Howard (27) presented, in 1941, one of the few papers on a 

large artificial roughness placed in a pipe for the purpose of improving 

sediment ch~rying capacity. In order to determine optimum rifling, head 

loss tests were run on a 4-in. 20-gage steel pipe line, carrying water 

and 0.39-mm sand from the Pearl River. It was determined that the 

length of rifling should be 1/3 the pipe length. One of the best ri­

flings consisted of the above length, with 3 riflings spaced at 120 

degrees around the pipe and having a pitch of 10 diameters. The rough­

ness height was D/8, where D is the pipe diameter. 

A similar rifling was installed in a 2-in. pipe and tests made 

with the same sand. It was hoped that in this manner a design could be 

made for pipes of 30 to 32 in. 

Using the above optimum rifling, head loss tests were made 

using Oo023-mm silt and 2 0 48-mm pea gravel. 

The conclusion was reached that rifling will increase the 

efficiency of plants pumping coarse sand and gravel, for the range of 

velocities customarily used 7 but will decrease it for silt and clay; 

i.e o , efficiency will be increased for any material large enough to 

settle and travel along the bottom of the pipe. If the velocity be­

comes sufficientlY high when transporting a given material, the energy 

loss due to the rifles may overshadow the decrease of energy consump­

tion due to the induced suspended flow, and a decrease in efficiency 

will result. 

The U.S. Corps of Engineers (48) ~ (49)~ 1952, reported 

certain preliminary work in measuring ,head loss of corrugated pipes o 

Piezometer taps were placed at various points along the corrugations 
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of a prototype and a model. It was demonstrated that the actual static 

pressure did not occur at a unique point on the corrugations for all 

velocitie~o However? by comparing resistance coefficients computed 

with the heads registered by a series of piezometers at identical rela= 

tive locations with respect to the corrugation to those computed from 

static tube data, it was concluded the difference was not more than the 

expected experimental error o 

Observations on a sectional model implied the existance of 

a wavy layer of flow near the corrugations o Examination of velocity 

profiles indicated the layer exists between the eddies in the corrugations 

and the established turbulent flow in the center of the pipe o 

Ismai~ (30)!) published a paper in 1952 on studies condue'~ed 

in a rectangular pipe 10.5 in. wide and 3 0 0 in" deep" The cO'nduit was 

40 ft long o Sediment was recirculated.. Sands having sedimentation 

diameters of 0 0 16 mm and OalO mm were used", Measurements were m&\de of 

the discharge 9 velocity profile 9 concentration profile and head loss 

along the conduit., 

The analysis of data was based on consideration of the effect 

of the sediment on f v Em ? and 1<, where f is the Darcy·~ 

Weisbach resistance coefficient~ (£ s is the exchange coefficient 

for sediment!] Em is the exchange coefficient for momentum, and 

K is the Karman universal constant~ Conclusions were~ i; as 

increasedlJ K decreased to as low as 0 0 20 when Ct was 43 gm per 

litre~ 2) Cs oC Em 9 and 3) that f was not significantly affected 

by the presence of the sediment until the total load Ct was so great 

that dunes were formed on the bottom of the pipe o 
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An independent analysis of the same data by Laursen and Lin, 

reported in the discussion, led to converse conclusions, i.e., K was not 

adequately de ::'ined to permit reliable conclusions, sediment has little or 

no effect on. the flow, and the proportionality factor in 

is equal to or less than unity. 

~ Uo So Corps of Engineers (50), summarized in November 1953 

the results of tests with clear water flowing through a S-ft diameter 

corrugated metal pipe which had the bottom one-fourth of the periphery 

paved. The paving was accomplished by means of 18-gage steel sheets 

welded to the pipe and coated with an asphaltic material o 

Measurements of f? Re and VI , led to the conclusions that 

the resistance coefficient f was decreased and that the values of the 

local mean velocity VI were greater in the lower section of the pipe. 

The comparison was made with a pipe of the same dimensions not having a 

paved invert.. The Reynolds number is Re = VD Pw / J.A. , where V is the 

mean velocity in the pipe~ P w is the fluid mass density and )J. is the 

dynamic viscosity of the water. 

Morris (36) proposed a new concept of flow in rough conduits 

in 1954. Three basic types of flow: 1) isolated roughness flow, 2) 

wake-interference flow, and 3) skimming flow were postulated. Corrugated 

surfaces satisfy the wake-interference type of flow, and the resistance 

coefficient f is given by 

( 1) 

where f3 is a coefficient in y::: f3 /\ , and y is the distance 

from a roughness crest to the breakpoint between wall and core velocity 
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prof iles. The length A. is the longitudinal spacing of the roughness 

elements and ro is the radius of the pipe from the pipe axis to roughn­

ness crest. The dimensionless function 6 approaches 2 05 as (3 goes 

to zero with increasing velocity. 

The resistance function 

1 ro 
___ - 2 lOglO---
,{f A 

will approach the same constant value 1075 for all types of roughness 

elements, with increasing However, before this value of 1075 

is reached, the resistance coefficient increases with Re 0 

Vadot (55) published? in 1954 7 some ideas on the problem of 

friction loss in pipes~ If an artificial roughness is placed on a 

smooth bottom, formed of similar roughnesses placed in a given manner, 

the following variables need to be considered: 1) geometric form of 

roughnessl) 2) orientation with respect to the wall, 3) orientation with 

respect to the direction of fluid flow, 4) a characteristic dimension, 

5) placement of the roughness pattern with-respect to the wall and the 

flow direction, and 6) a length representing the implantation design. 

The lie S. Corps of Engineers (51), 1954, gave some data on 

the effect of a 50 percent paved invert on f for a 5-ft diameter 

corrugated pipe. The water carrying capacity was increased 1/3 over 

the case of no paving o The pipe was flowing full. The hydraulic 

gradient J was measured at several locations o 
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The U. S. Corps of Engineers (52), December 1954, reported head 

loss tests on a 7-ft diameter corrugated pipe. Conclusions were similar 

to those k'epct'ted earlier for 5-ft pipes, i.e., f was reduced about 

1/8 by paving the lower 1/4 of the pipe periphery, and the high veloc­

ities were shifted toward the invert. 

Laminar Transport £r Water 

Sediment transport by laminar flow of water has little appli­

cation in the field of sand conyeyance~ However, turbulent flow must 

reduce to laminar flow for sufficiently small velocities, high viscosities, 

or small pipe diameter, and herein lies the reason for studying and re­

porting certain research on the laminar flow transport of sludge. 

Clifford (9), 1924? attempted to analyze the flow of sewage 

sludge by an analogy with the laws of viscous fluid flow. A kinematic 

viscosity for the sludge" was determined by comparing the flow of sludge 

containing 90 percent moisture to the flow of glycerine. This compar­

ison was made with a tube 5/16 in. in diameter and 5.25 in. long. 

Applying the kinematic viscosity determined as given above, 

theoretical friction losses were computed for an 8-in. line, at Calumet, 

Illinois~ pumping sludges containing 90 percent water. Calculations 

checked with the measured friction losses. 

Hubbe1 (29) published limited data in 1933 on a sludge line 

at Dearborn, Michigan o The pipeline was of 8-in. cast-iron and 20,466 

ft long. The sludge, obtained by sedimentation of sewage, contained 

99 0 1 percent water. Hazen and Williams coefficients were 140 and 137 at 

velocities of 3 .. 15 and 4 .. 06 fps. 
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Caldwell ~ Babbitt (3), wrote a paper in 1939 on the laminar 

flow of sludges. Experiments were with I-in., 2-in., and 3-in. horizontal 

pipes carrying sewage sludge. It was concluded that clay slurries and 

sewage sludges behaved as true plastics; and therefore a yield stress and 

a coefficient of rigidity were necessary to describe the "fluid", in place 

of the coefficient of viscosity used for a Newtonian fluid o 

The yield stress and coefficient of rigidity were independent 

of the diameter and roughness of the pipe in which they were measured, but 

did depend on concentration of suspended material, size and character of 

sediment particles, nature of the continuous phase, temperature, thixo-

tropy, slippage, aggitation and gas content of the sludge. 

Turbulent Transport ~ Water 

Study of the papers in this section yields information on tur-

bulent transport, from fully suspended load to bed load~ Sediments in­
~ 

vestigated range from metallic ores to wood pulp and muds. Pipe diameters 

investigated in the laboratory varied from 1 0 5 in. to 10 in. Most in-

vestigators were concerned with only the one-dimensional behavior of 

sediment transport, particularly the .J-V and f-Re diagrams. 

Blatch (6), 1906, appears to have been one of the first to give 

the problem of sediment transport in pipes the consideration it deserves. 

Tests were made to determine the head loss along a horizontal pipe 27 ft 

long with a l-fa o nominal diameter. A 1.0546-in. diameter brass pipe, 

transporting sands of about Oo60-mm and 0.20-mm median sieve diameter, 

and specific gravity of 2.64 was studied o Also examined was a 1.0420-in. 

diameter galvanized iron pipe carrying 0.60-mm sand. 
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It was demonstrated that, for a given total sediment load, the 

head loss deviated further and further from the clear water head loss 

curve as thenean velocity decreased. Defining the "economical velocity" 

as that at Which the head loss due to a given mixture of sand is a minimum, 

it was concluded the economical velocity for a I-in. pipe was 3.5 fps. 

Furthermore, it was observed that there existed a transition in the flow 

regime between 3.5 and 4.0 fpso The transition increased in length with 

an increase in grading of the sediment material. 

Nevitt (37)~ 1919, studied the head loss in a l2-in. cast-iron 

sewage sludge pipe at Toronto, Canada" The test section was 240.5 ft 

long o Values of Kutters n from 0.0168 to 0.0181, obtained after five 

years of service with sludge from sedimentation tanks~ were found. The 

sludge was less than 10 days old. Its density was 1.01, moisture con-

tent 95 0 9 per~ent, ash 49.5 percent, and temperature 54 degrees Fahrenheit. 

Gregory (24), 1927 determined the head loss when pumping a 

slurry through a horizontal 4-in. pipe. Losses due to fittings were also 

evaluated. The test line was about 250 ft long. The sediment was made 

up of 70 percent clay (a little sand), 24 percent carbonate of lime, and 

6 percent hydrate of magnesia and hydrates of iron oxide. The material 

ranged from colloidal to microscopic in size and did not settle quickly 

nor cake in the pipe. 

Plotting J versus V, it was found that above a certain 

velocity the plot agreed with that for clear water, with total loads 

ranging from 5 to 29 percent by volume. For lower velocities, of a par­

ticular total load, the head loss remained constant. The maximum vel­

ocity for which J was independent of V, for a constant load, was 
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named the "critical velocity". It was also the most economical velocity 

in terms of power consumption. 

A Saybolt viscosimeter was used to determine viscosity of the 

slurry, to be used in Poiseuilles law in a study of the region for which 

J is independent of V. It was concluded a viscosity measured in this 

manner has questionable value. 

Mikumo, Nishikara, ~ Takahara (35) wrote a paper in 1933 on 

their tests of pipeline head loss with copper ore slimes pumped through 

a 1.5-in. pipe lineo The ore had an average specific gravity of 3 0 5. 

The median size of the material was 0.0042 ino The equipment consisted 

of a recirculation system powered by a centrifugal pump. The length of 

the horizontal test section for measuring pressures was one meter G 

Methods for the measurement of velocity and concentration are not ad= 

equately explained o 

Brautlecht and Sethi (7), 1933, presented data on head loss 

in a horizontal I-inc pipeline transporting unbleached sulphite pulpo 

The pulp was screened through a No o 10 flat screen. Concentrations were 

from 0 to 1 0 57 percent by bone dry weighto The pipe plugged at a concen­

tration of 3 0 0 percent o Velocities ranged from 200 to 8 G 8 fpso 

Traxler (47)? 1937, pointed out that the flow properties of 

dilute suspensions of clay and other minerals depends to a large extent 

on particle size, size distribution and shape o It was concluded that 

there is a simple relationship between concentration of solids and the 

viscosity of the suspensions. 
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OgBrien ~ Folsom~, 1937, published one of the classic 

pape~s on the subject of pipeline sediment transport. They ran a series 

of tests Wi+11 2=ln .. and 3-in .. standard black wrought iron pipe. The pipe­

lines were horizontal e Three sizes of sand were used, ranging from about 

OoOO65=ino to O~050-ine median size c A sand and water mixture was cir­

culated? and concentration, hydraulic gradient and mean velocity were 

measured 0 

In analyzing these data it was found that the Darcy-Weisbach 

equation 

wnere g is the gxavitational field~ was valid for non-homogeneous 

mixtu:res as well as for homogeneous fluids .. 

1_0 minimum velocities were defined: 1) a ~critical vel­

cci'ty?~ s at which the head loss begins to differ appreciably from head 

loss fo~ cle~l water in the same pipe~ and 2) the velocity of incipient 

loggingo It was concluded that the critical velocity was a velocity 

below which a part of the material was transported by rolling along the 

pipe and a.s the velocity is decreased, more LTld more area of the pipe 

be'~>vme$ obstructed by rolling sand until conditions of incipient 

I,egging OCC,U!'o Fuxthermore, the most efficient velocity for pumping 

a given t'vtal load is the minimum velocity that will move the material 

thJrough the pipeline? which was independent of sand size for the range 

]';'epv~ted., 

In a discussion of the effects of solids on the turbulent 

flow,they believed the concentration of material might not be the same 
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across horizontal surfaces because the particles tend to fall to the 

lowest point, inducing a double spiral secondary flow, downward at the 

center and ,;pward along both sides. 

Wilhelm:» and others (57),} 1939, published friction loss data 

on the pumping of cement roek and filter-gel suspensions. Horizontal 

pipes 0" 75=,in., '} 1 0 5 ino and 3 ill. in diametex, 27 ft long ~ were tested 

with w~te1",=sediment /Complex" A reas~nable correlation of all these data 

was obtained on an f~Re diag~am by substituting an apparent viscosity, 

determined with a rotating viscosimeter? for the fluid viscosity. 

Howard (28)~ 1939~ studied the head loss in a 4-inc pipe about 

30 ft long,} the downstream half being the test section,} with water­

sediment mlxt'i.ili'es o Seve1"al concentrations and ~"elocities were tested" 

The sediment wF£S sv~called Pea~l River Sand.. Some tests were run with 

g:t"&'tvel(} The minimum energy loss o:;;ctlxlfed when a 19 jerkingg9 motion 

existed a10ng the bed", lhree me\chods cf t.!°ansport were observed~ 1) 

:rolling when vel',dlcities are low~ 2) by Jerking'" at higher velocities? 

and 3) by all puticles being in motion at vex')" high velocities" It 

was found that f would decrease with an increase in V ~ and increase 

with an in~rease in Ct for a. given velt»~ity V 0 

DU1:epaire (21)1 in a. discussion of Hcwud (28), gave con­

clusions .on some tests with w'ate!' and Oo012·~inG Loire River sand 

pumped thxough a 52=tnm steel pipe.. The head loss expressed in feet of 

mixtu:.re was found to be about the samE as that for clear water, with con­

centrations as high as 40 peT~ent by volume., The minimum head loss 

o,;;;:culrlt'ed when deposition was about to begin9 and the head loss was 

nelver less than that 'tri th leaT water 0 F(lT(, a constant depth of deposit, 



the head loss varied as the square of the discharge, whatever the concen­

tration.. There was no Ujerking" motion, which seemed always to occur for 

gravity systems .. 

Dane! (14), in a discussion of Howard (28), pointed out that a 

density gradient in a pipeline could cause a damping of turbulence, just 

as density variations with height causes the calmness of the atmosphere 

at sunset .. 

Caldwell ~ Babbitt (4). reported in 1941 on extension of the 

laminar flow tests of 1939? with sewage sludge, to the turbulent regime. 

New standard black steel pipe 0 0 5 in e7 1 in., 2 in. and 3 in. in diameter 

was employed. Except for the 0 .. 5-in. pipe, the test reach was 21 ft long, 

preeeded by at least 40 pipe diameters for establishing the flow pattern .. 

The friction loss was measured for several velocities with each 

of the eight sludges tested. 

In analyzing these data it was found that a diagram of f versus 

Re = VDp/p was adequate to solve friction loss problems when the vel­

~city was greater than a certain magnitude. For velocities less than 

this? the hydraulic gradient deviated appreciably from that for clear water 

in C[:he same pipe.. Another important conclusion was that, for sludges 

'~~'0JmplOlsed of water and suspended ma.terial, the viscosity of the dispersion 

medium is nearly the same as that of water, so that the common hydraulic 

formulas can be used in evaluating turbulent flow friction losses when 

pumping sludges", 
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Wilson (58)9 proposed an elementary theory in 1942 of pipeline 

transport of llon·-co11oida1 inert solids 7 assuming that the particle set-

tling velocit<c< relative to the transpolrting fluid is known. A re1ation-

ship was written between the work done by the liquid on the particles 

and the decrease in potential energy of a settling particle. Using the 

Darcy=Weisbach equation and as<:;uming the energy gradient may be divided 

intlO two parts 9 the result of the energy calculation was the equation 

fV2 
J - ~-+ 

2gD 

C w t 
V 

for the hydraulic gradient when sediment is being transported, where 

Y sand Y ware the unit weight of the sediment and water respec-

tive1yo The fall velocity of the sediment particles is w and Al is 

a constant o 

(3) 

By assuming Ct s W ~ f, Al ~ and D constant, a condition 

for deposition was derived., The condition is 

for horizontal pipes~ 

That actual c~ses would differ from this~ due to non-uniform 

val.ues of shealr over the cross=section 7 was recognized .. 

Dane1 (13), pxesenting some theoretical consider~tions ~.n 1948) 

again put fClI'th. the concept of 9?evening calm~v with re:3pect to a flow having 

a marked density gradient o It was concluded that the amount of energy 

dissipated in maintaining sediment in suspension was about equal to the 

de.c:rease in energy dissipation due to damping of the turbulence? ioe:l the 

total head loss for a mixture is apPlfC"ximately the same as that of a fluid 

of the same average density~ 
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The concept of a plastic fila near the wall was postulated for 

the txansport of very fine material. This is the usual laminar sub layer , 

into which the sediment has diffused until the layer is plastic in 

character" 

Durand (17) reported in 1951 on the hydraulic transport of 

gravel and pebbles o The material was sieved into categories between the 

A l04=mm horizontal pipe was used for the tests. 

The head loss varied with total load for all the gravels studied, 

but seemed independent of the mean diameter of the grains. Furthermore, 

for a given velocity in the range usually found in hydraulic conveying 

W01Lk~ the head loss was higher than that for clear watero 

A classification of °sand Q sediments was proposed, based on the 

characteristic plot of head loss versus velocity plot for each class. The 

lasses a!'e~ 1) silts and fine sands which follow the Stokes law, 2) 

coaxse sands~ and 3) gravels and pebbles that follow the Rittinger law. 

This classification emphasizes the significance of the parameter w/V. 

Durand (18) discussed in 1951 some experimental work on pumping 

fine ashes from a power plant. The material covered a wide size range, 

2 to 100 microns? with a specific gravity of about 2.5. The pipeline was 

250 mm in diameter. Total load was as high as 300 grams per litre o 

It was felt that due to the heterogeneity of the sediment no 

precise conclusions could be made until additional data on screened sedi-

ments were available 0 

Tison (46)~ wrote in 1952 on tests with a chemical plant residue 

of about 0 0 05 mm~ which was pumped through I-in" and 2-ino diameter pipes. 

Concentrations by volume of 15 and 30 percent were used o Head loss was 
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measured in feet of water because the specific gravity was always less 

than about 1e15~ a negligible error~ 

The sediment reduced the resistance coefficient f considerab1yp 

at least fo~ Reynolds numbers greater than 10,000 0 

Kest1icher (31), 1952 7 studied head loss in a 101 0 6-mm cast-

iron pipe 61 m long transporting very fine sedimento Specific gravity of 

the mixtulle ranged from 1,,00 to 1 0 28" As in earlier investigations, it 

was found that the head loss curve corresponded to that of clear water for 

velocities greater than a. value depending on the total load o In this case 

the asymptotic ~urve was determined after the tests had been completed, 

and a very smooth ~>~at of sediment covered the pipe roughnesses (> This 

coating reduced the .lfesistance about to that of a hydrodynamically smooth 

pipe o 

Head (26)9 1952 9 working in the paper engineering field with 

non=Newtonian fluids of pulp and sulfite, introduced terms to replace the 

dynamic: viseosity which is strictly applicable only for Newtonian fluids, 

The shea~ diagram was a straight line with a non-zero intercept for zero 

shear over the range investigatedo This led to defining the physically 

meaningful ~lope viscosity" as the slope of the shear diagram. An uapparent 

yield stress?? was defined as the intercept on the shear diagram when the 

shear was zero., A g?shear critelrion~' was introduced for non-Newtonian 

suspensions .. 

Durand and Condolios (19), presented a very complete paper in 

1952 on the hydraulic transport of sediments having a specific gravity of 

about 2.,65 0 Besides silts, etc o , nine categories of sediment, from fine 

sand tJ! pebbles, were studied in four conduits of 4O o 6-mm to 250-mm di-

ametero Tot?l sediment load varied from 50 to 600 grams per litre o 
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Using a Hwhistle meter" for discharge measurements, it was re­

ported that for non-deposit regime and concentrations less than 20 percent 

by volume the'~mometer reading was not affected by the presence of sand. 

Also? for fine sands in high velocity flows the presence of the material 

did not have an apprecia.ble influence on the value of the head loss ex­

pressed in terms of clear water, ioe., the presence of the material was 

not detectable on a metallic manometer o 

The head loss for muds in turbulent flow was found to be the 

same as that of water~ if the head was expressed in height of mixture 

For analysis of the data on fine sand and couser material trans­

port it was found that the Gasterstadt relative head loss (J - Je)/Je 

was a significant variable and related to the transport concentration by 

whe:re e was to include V ~ D? d, etc.. It was decided that for 

sediments having a sieve diameter d greater than 2 mm? with ? given 

welocity V, the head loss is independent of the sediment dimensions. 

The texm Je is the hydraulic gradient for the pipe transporting clear 

water under the same V as the corresponding J 0 

In constructing e , it w~s determined empirically that, for 

d ~llid D a ~on3tant, e = e(v) " If D were varied, e = e(v/~). 
With b0)th d and D lrariab1e, e became 

( 4) 

All <these data for fine sand or coarser material transported entirely in 

suspension, by water, were correlated by 
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where A2 is an empirical constant o 

Cra,\ven (12) ~ 1952 preserited the results of studies at the 

University ~f Iowa with 60 ft lengths of 5.55-ino ID and a nominal 

2-1no diameter plastic tubes o Tests were run with thxee grades of uni-

fom quartz sands (0 0 25 mm ? 0~58 m.m and 1,,62 rom)" The slope of the 

By dimensional considerations it wa.s demonstrated that the bed-

load transport could be adequately described by two dimensional relations. 

The experiments were designed to determine these functional relationships .. 

The investigation. was not sufficiently extensive to attain the original 

obje~tive? but \b',e1Ctain interesting observations were made. It was found 

"that the bed eonfiguration~ for each of the sands, evolved through the 

same pattern but the value of Ct at which a given change occurred was 

different fot' each grain size" It seemed that the higher the value of 

V/w 9 the gxeater was the tendency for sediment to be lifted into suspen-

sian and the less the tendency for it to travel by dunes. 

Ambrose 52)~ 1952~ extending the reseaxch of Craven (12), with 

the same basic equipment~ investigated the case of free surface flow in 

pipes g Two l'elationships to define the phenomenon of sediment trans-

port welfe derived by dimensional analysis~ a) a transport function re-

lating the discharge to the geometry ;'-lnd to the other charactexistics of 

flow, channel, L"ld sediment~ and b) a discharge function relating the 

discharge tv the resistance to flow of the sand bed and pipe wall. 

Analysis of these data indicated that the transport function 

appears to be dependent solely upon the mean geometry 0 No discernible 



effect due to dID was evident. It was found that the transport reached 

a maximum value of approximately 

Deposition w~uld not occur for values of the total load greater than this. 

The parameteE -Is/ iw was constant. 

The discha~ge function seemed adequately defined if kID and 

Re were ~egle~ted (k is an equivalent uniform sand roughness) .... 

Durand (16) reported a somewhat more complete analysis of Durand 

(19) .... However y the principal results were the same e The main difference 

in the two papers is that this 1953 report was published in English .. 

ApPaTently there has been little exchange of knowledge between 

the In'irestigators using air and those using water as the continuous phase .. 

Different nomen~latu~e and different names a~e given to the same parameters 

and equations with which the hydraulic engineer is familiar 0 In the 

following reviews the authors definitions have been very carefully ana-

lyzed a~d put into the more standard symbols of fluid mechanics. The role 

played by {J = Je)/Je should be observed. 

Gasterstadt (23), presented in 1924 the results of studies on 

the pnetlmati,t: conveying of wheat in a 3-in., ID pipe. This seems to be the 

first paper to use the relative pressure drop, (J - J )/J as a funda­e e 

mental 'laxiable.. Measurements were made of the friction losses accompanying 

h:'aIlspoxtation Olf given total loads of wheat at various velocities in 

horizontal pipelines. 
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A linear relation~ for given velocities~ was found between 

(J = Je)/Je and the 5peci~ c output of grain. The effect of velocity 

v~s lnvestigat~d both theoretically and experirpntally by considering 

w/V e The \"-=:::i ty of an individual grain in the two phase stream. was 

measured by flash ":otography 0 

C~amp and Priestley (11) wrote in 1924 on pneumatic grain 

elevators 0 Tests were made with No. 1 Manitoba wheat, with the purpose 

in mind of developing curves of horsepower per ton-hour for various rates 

of transp0rtation~ The acceleration from rest characteristics of wheat, 

desirable grain-air mixing nozzles j and theoretical efficiencies which 

could be expected from plants were investigated o Only vertical conveying 

·;as studied. These data seem to be somewhat incompletely lJresented o 

Seg.:et (42)" 1934~ studied the effect of pipe diameter on the 

horizontal conveying of wheat by air. The pipes ranged from 46 to 420 

mm in diameter. A few data were taken with oats, and some on the ver­

tical t:r~nsport of wheat" 

These data for horizontal conveying satisfy a single linear 

function on a log plot of 

(J/Je - l)l/r versus 

fa is the air mISS density. 

Wood and Bailey (59) published results in 1939 of research with 

sand and linseed sediments tranported by air in a horizontal brass pipeline 

2 0 9 in Q in diameter and 25 ft long. 
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Observations were on a saltation flow regime. The length of 

jump decreased with diminished air speed. It was also observed that the 

hydraulic g1"ad:ent was steepest at the pipe inlet. The pressure drop due 

to the grain alone depended on its rate of conveyance but not the grain 

veltQ>((;it}"? indicating decreasing friction between the grain and pipe walls" 

Ihe hydraulic gradient was found to be a linear function of the ratio of 

s~lids to air .. 

Vogi ~ White ~7 writing in 1949 on wotk with horizontal 

and v'ertieal pipes conveying granular solids by gases, followed earlier 

scientists in using (J - Je)/Je as a primary variable. Friction loss 

data were recorded on a Oo5-in. diameter pipeline carrying Oo0088-ino? 

These data? for both horizontal and vertical transport, were 

j!:c>epresented by the equation 

where f' is the weight ratio of solids to air flowing, and A3 and A4 

=/ (l/3( Ys - cr'a) ad3) 

"AJ/g2 

The latter parameter was derived from. the Stokes law. The effect of 

par.ticle shape was not investigated but seemed of secondary importance. 
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Fatbar (22), reported in 1949 on some studies of the isothermal 

flow characteristics of g~-solid mixtures in vertical and horizontal 

17 -mm diameter pyrex tubes" The sediments were alumina, silica, and 

catalyst, ranging from 8 to 220 microns in diameter. Air velocities in 

the approach section were 50 to 150 fDs~ The ratio of weight of solids. 

to air varied from 0 to 16. Several types of nozzles were used to in­

troduce the sediment into the air stream. 

Pressure measurements were made on a 2-ft test section along 

the 7-ft test pipe~ The nozzles were tested for stability of flow in 

the system 1 as characterized by pressure surging. Qualitative obser­

vations were made on the flow pattern v 

The conclusions were mostly qualitative in nature. At low 

concentrations the solids seemed to travel in clusters following a 

sinuous path,. striking the bou:nd~ry and. deflecting back into the main 

stream. For high concentrations there was a teDdency for the pressure 

drop to be independent of concentration. It was further concluded that 

the flow characteristics of gas-solid mixtures in which the particle 

size distribution covers a wide range differ considerably from mixtures 

of a narrow size range~ 

Belden and Kassel (5), 1949, wrote on the vertical conveying 

of large particles in pipes; by air. Two steel pipes, 0.473 in. and 

1 0 023 in. in diameter were used, preceded by a 2D-in. glass section. 

The catalysts were 0.0379 in. and 0.0764 in. in diameter, with unit 

weights Y's of 53.7 and 60.9 pounds per cubic foot respectively. 

Measurements were made to determine pressure drop as a function of vel­

ocity and rate of sediment transport 
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The pressure drop was divided into a static term and a friction 

term. The Darcy-Weisbach equation was then arbitrarily generalized to the 

form 

dpf = 2(. (Ga + Gs)Va 
<f:K. gD 

'~ere dpf/dx is the friction pressure drop, Va the true air velocity 

and G· 1 
the mass velocity of the respective mixture constituents. Most 

of these data were represented by the empirical equation 

Hariu and Molstad (25), writing in 1949, reported on the vertical 

conveying of solids by gas in glass tubes 0.267 in. and 0 0 532 in. in 

diameter. Six sediments were used, Ottawa sand of 0.00165 ft and 0.00117 

ft diameter, sea sand 0.00090 ft and 0.00070 ft in diameter, a microsphe-

roida1 cracking catalyst of 0.00036 ft and a ground cracking catalyst of 

0.00036 ft diameter. 

The head loss was considered in two parts; that due to the gas 

alone as if no solids were present, and a solids pressure drop. The 

solids pressure drop was further divided into a solids static head, a 

solids friction loss due to particles-pipe contact, and an acceleration 

drop for SOme distance above the point of introducing the sediment. 

Pressure gradients were high in the acceleration zone; the Darcy-Weisbach 

equation applied beyond it. 
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In studY1ng sedi~ents having large size ranges, it was felt that 

some diameter between the average and the largest should be used in calcu­

lating the mafij~aVerage slip velocity. 

Installed Plants ~ Their Design 

The purpose of studying papers on the design of plants and re­

sults observed at existing installations is to gain an awareness of the 

type of problems frequently encountered. The difficulties seem to be: 

1) tec,hnique of operation, 2) economic feasibility, 3) correct pump de­

sign~ and 4) energy consumption" 

Maltby (34), 1905, reported the results of friction loss inves­

tigations on the discharge lines of eight dredges of the Mississippi River 

Commission o The dredges operated on the portion of the river below the 

junction of the Mississippi with the Ohio? at Cairo, Illinois Q Tests 

were made from 1896 thru 1905~ With the sediment all in suspension, 

apparently in smooth pipes about 24 ino in diameter, f was found to be 

about 0 0 015" Spe.cific conclusions were not presented a 

O:rrck an2 :.-2.rrison ~21, as early as 1921: made estimates on 

the eC0n0mie praccicability of pump1ng anthracite and bituminous coal 

as far as 320 miles~ Excluding water costs, all the estimates were equal 

to or less than 3 mills per ton-miLe for pumping 6 million tons per year. 

Cramp (10) ,. 1925; set up a design criterion for pneumatic con­

veyors o Plants were classified as pressure 5 suction or a combination. 

The factDrs to be considered were the pressure differential, the sediment­

pipe friction: the air-pipe friction? the force to support the material, 

the force to support and accelerate the air, and che force to accelerate 

the material o A very lengthy equation involving all the above factors is 
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given? for the ~ase of vertical pipes o It is stated that a Modification 

of the e~uatiQ~ would be appli~ab~e to horizontal lines o Measurements and 

caleul~c~i~lITlS c'Uffe::red less tho 4 pe~cent 0 Horsepower was computed by 

assuming isothe~mal ~ompressiono 

Lanibrette (33), discussed in a general way, in 1935, the pumping 
~.""......--~ . ...., .--,' 

pape5f r.rulp9 dispersed clays~ effluent water, and other solids o A so-

~a11edsteJfeophage type pump, suitable for pumping fibrous solids, was 

des~~ibed~ It is a special centrifugal pump which should not clog easilyo 

Th~ene~ (45) discussed in 1936 the advantages and disadvantages 

pipeline t~ansp~rtatioI!l of sand and grave1 0 An example of typical 

pumping perf~Jfmance curves and a list of the characteristics of mixtures 

~1!:'e gi~?enl0 In~,luded also are fxiction losses f01f fittings and some dredge 

Du:s>e'oailfE; (2O)? 1939, in a -co1r.i.tribution to the study of sedi-
~ . ...,.~~ 

mentr r:umpS9 (~~:i':~ied out a c.0Jmplete a:tld clear analysis of stabil! ty in 

g,edime;t'ttt>=wate1t' mixtuJfe t:it'ansport lines. HydJfaulic gradient was plotted 

mixture f O)f VariA)'Us a:r'bi trary total loads ~ giving a 

lt~·J,;i.(:,~l ,;;::U!"f!e in which there always exists a minimum head loss for each 

i{;;yhi,1 sedimen,\t load" A hypothetical pump characteristic curve was 

st.~p€~imp,:»sed ion the J=V diagram. The stability of the plant operation, 

\NhiL~1 d~(C1fe<iSeS the pxobability of pipeline ,::logging~ w~s present for 

<;:!:at1E'y (8), 1940 9 discussed the elements of power consumption 

in tlh~ ibranspol,'t ~)f granulu solids in suspension. The significant ones 

ii11~'e lifting the s01id pwrtic1es, accelerating the grains~ sustaining the 
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grains, friction against the pi~E walls, accelerating the fluid. fluid 

friction and losses at bends and valves~ 

Sample calculations were presented for a 6-in. pipe 50 ft long 

transporting 48 tons of grain per hour o Air was used as the fluid. The 

computations indicated that roughly three times as much horsepower is 

required for horizontal transport of grains as for vertical convey­

ance. The major portion of the difference in power seemed to be due 

to the higher power requirement in the horizontal pipe to accelerate the 

grains. It was felt that slope is a significant variable in pneumatic 

transport when it deviates from the vertical. 

Soleil ~ Ballade (44) carried out tests in 1951~ reported in 

1952, on the Nantes dredging operations o Head loss, rate of material 

transport and depth of deposit in at 580-mm and 700-mm pipe were measured. 

The test section was about 100 m long~ horizontal and located at the 

end of the main dredge discharge line. 

Conclusions were that the pipe diameter ought to be chosen as 

large as possible in order that the width of deposit represent a con­

siderable part of the pipe diameter. The larger pipe had the lesser 

head loss and carried more sediment per cubic foot of discharge than a 

smaller pipe with equal mixture discharge. 

The head 105.5 was very sensitive to sediment size. Material 

over 0.3 mm affected the head loss, but material less than 0.3 mm diam­

eter did not influence it. 

Dougherty (15) made a survey, reported in 1952, on the prob­

lems presented by pipe transportation of coal by water. After reviewing 

the opinions of manufacturers of centrifugal sand pumps, and some 
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economic studies available in the literature or files of manufacturers, 

the conclusion was reached that coal could be transported economically 

in pipelines, especially in large tonnages. Further conclusions were 

that, before coal pipelines could be built, many more pumping perfor­

mance data are needed, pumps need more development, data on erosion of 

pumps are lacking, and data on the most economical linear pumping vel­

ocities and pressure drop must be determined for various coal mixtures. 

Miscellaneous Items 

The reports reviewed below were studied because of their 

bearing on instrumentation and technique, properties of fluid-sediment 

systems, stability of concentration profiles, and variables of current 

importance in open channel sediment work for which there is an analogy 

in the present study. 

Kowa1ki (32), reported in 1938 on a series of experiments on 

pumping of an .aluminum suspension thro~h an orifice to determine the 

flow characteristics. A series of photographs shows the path of the 

powdered aluminum. 

The. ~o Corps of Engineers (53), 1941, reported on laboratory 

investigations of suspended sediment samplers. The following points are 

relevant to the present study: 

1. Comparing a standard nozzle to a rounded-edge type, 

with 0.45-mm sediment, a variation of the sample 

intake velocity by ~ 10 percent from the ambient vel­

ocity caused a sampling error of ~ 3 percent. Velocity 

variation of + 20 percent gave ~ 6 percent concen­

tration error. 
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2. The standard nozzle, with V = 5 fps, had a ~ 3 per-

cent concentration error for a + 20 percent error in 

intake velocity. 

3. Various concentrations have little effect on the 

magnitude of error for a given sampler. 

Vanoni (54), 1946, published results on the sediment distri-

butic>n in an open flume. The purpose of the studies was to investigate 

the relation between the momentum exchange coefficient Em and Es 

in the diffusion equation. The equation 

(5) 

was the basis of analysis. This equation is sometimes called the "Rouse 

the !~Rouse number H 
0 The concentration is at the 

elevation a above the bed, D~ is the depth of flow and y is the 

distance above the bed that c i~ measured. '£he form of the equation 

was satisfactory but the value of the exponent Zl was not in quanti-

tative agreement. 

Furthermore, suspended load reduced the magnitude of the 

Karman K ~ which characterizes the effectiveness of the turbulence 

in transferring momentum. lbis is equivalent to a reduction in €s' 

wnich measuxes the effectiveness of the diffusion process o The idea 

that the sediment damps the turbulence was put fortho 

Alves ill, 1949~ discussed the viscous and turbulent flow of 

Bingham plastics~ pseudoplastics, dilitant suspensions, thixotropic 

suspensions, and rheopectic suspensions. The characteristics of each 
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are shown graphically for comparative purposes. Possible methods were ad-

vanced by means of which head loss could be measured. 

Prandtl (4O)? 1952, in a section discussing the f }1.1.i.d 1~ledia, 

presents the Richardson number R. 
1 

as a stability criterion. By defini-

tion, 

R. = ~g/~e __ d""""e __ l_d-,-Y (6) 

1. (du/dy) 2 

~olewski ~ Grove (43), 1953, reported data on head loss 

when pumping fire fighting foam through O.S-in., 0.75-in. and I-in. 

standard black iron pipe. These foams were non-Newtonian systems. Rates 

of flow varied from 27 toO IS5 pounds per minute o For each rate of flow 

the foam specific gravity was varied from 0 0 1 to 1.0. 

Pressure drop was a function of the fluid viscosity for foams 

having a specific gravity of 0 0 4 to 1.0. For these foams a laminar 

lubricating layer existed, if the velocities were not excessively high~ 

resulting in low energy requirements. If the foam had a specific gravity 

less than 0~2, there was not an excess of liquid to readily form a 

lubricating layer and it was thought that the pressure drop was a func= 

tion of the surface tension of the solution, because the pressure drop 

versus specific gravity curve approached a straight line. A transition 

existed between specific gravity 0.2 and 0.40 

Summary 

T~e literature is summarized by classes, for simplicity. 
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Bound!!! ~ studies indicate that the nloober of investigations 

conducted on the effect of boundary form on sediment transport is very 

sma110 The cor~lusion which can be drawn from these very limited data 

is that~ for sediment large enough to settle rapidly, an artificial rough­

ness will result in less energy expenditure to transport the mixture for 

some :.range of mean flow velocities .. 

The tests carried out to evaluate the effects of artificial 

:roughness:? on the fluid mechanics of clear water flow, are of fundamental 

impoxtance o Such data lay the foundation for the more complex situation 

which will exist when sediment is present. Corrugated boundaries were 

i:n.vestigated in combination with smooth surfaces~ and a wavy layer of 

fluid was present near the corrugated surface. A recent paper postu­

lating three basic types of flow, which are isolated roughness, wake­

interfe:relfi:0e and skimming, is significant. Each type of flow can be 

associated with the lresults of a physical boundary shape and spacing on 

the fl~w pattern o 

Laminar transp'vxt by water, has been, for the most part, 

employed with sludges and slurries o Boundary form hardly enters these 

problems., The dynamic viscosity of a Newtonian fluid in not adequate to 

descl'ibe the pl'opert:ies of non<=>Newtonian sludges and similar sediment­

laden flows G Solution of problems of friction loss, transition to 

tUl'bulent flow and clogging reduce to a study of effects of the mix­

ture properties, represented by the slope and intercept of the shear 

diag:ram., 



The pro'bletlls of turbulent transport :!r water are divided by 

classifying the sediments according to size, i.e., muds and silts, sands, 

gravels, and pebbles. This implies size is a very significant variable. 

The friction loss in transporting very fine material is generally AC­

cepted to be the same as clear water, if the head loss is computed in 

tenns of the mixture unit weight. Head loss can be expressed in terms 

of clear water 9 when transporting sands, with the conclusion that the 

sediment reduces the energy expended by the continuous phase. Analysis 

by means of the f~Re diagram has led to various definitions of an 

apparent viscosity, with no definite conclusions. It is generally be­

lieved that the most economical transport velocity corresponds to 

incipient deposition7 for materials small enough to be carried in sus­

pension. A number of criteria for deposition have been advanced. Large 

particles usually travel by "jump8~~ i.e., in the saltatioll regime o The 

parameters which seem to occur frequently are: Re, V/-/i'i5, w/-v';ci, 

J, C t 9 f, PsI Pw and w/v. 

Turbul~nt trlPsogrt ~ ~ is centered about the study of ver­

tical conveyance of cereals or fluidization of catalyst beds. A large 

number of sediments have been studied, with Re, f, and (J - Je)/Je 

as primary variables. Several definitions have been used for Re in 

an attempt to correlate data. Shape factor for the sediment is believed 

to be of secondary importaDce. Head loss is frequently split in parts; 

that due to the particies, pipe and air, static losses and various 

others depending on the preference of the investigator. The slip vel­

ocity between air and particle is important, and transport is mostly by 

saltationo 
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,~talled Pv~~t! ~ !heir ~ indicate there is a very liv\tly 

intelL':'est :LlJL sediment t1l:UlSport in pipelines., Plant operation techniquesl) 

pump design& new matE:%ials to transport and economic studies a.re re­

~eiving support fi.'om. industxyo 

The yal'i~us ~~11~1eous ~ IF.eviewed each had only a specific 

point to il1ustrj,te :is fali:' ~s the present study is concerned, thus they 

d,o not lei£d tiO in)'" genelbEil IConclusicns. 



Chapter III 

THEORETICAL CONSIDERATIONS 

Some insight into the mechanics of fine sand sediment trans­

port~ by water in pipelines. can be obtained by certain theoret1cal 

considerations 0 Theoretical analysis employs two complementary methods. 

One method is based on the fundamental concepts of Newtonian mechanics, 

i.e.? Newton 9 s second law? conservation of matter~ and an equation of 

state. The complementary method is dimensional analysis. Experience 

plays an important role in selecting the significant variables for 

dimensional analysis, and organizing certain ones of these variables into 

products which form dimensionless parameters capable of physical inter­

pretation. 

The classical equations of hydrodynamics will be presented and 

discussed in this chapter? in-so-far as they apply to the problem of 

pipeline sediment transport. Consideration will also be given to the 

dissipation of energy by the sand-water system and d1mensional analysis 

of several specific problems. 

Local concentrations, local mean velocity and mass density are 

cons1dered measured over a macroscopic volume of sand-water mixture suf­

ficiently large that they exhibit no appreciable discontinuity because 

of the two materials present in the system. 

It is also quite possible that a suitable solution could be 

obtained for many of the problems of the mechanics of sediment motion by 

introducing the tools and concepts of statistical mechanics. 



Classical Equations 

The classical equations employed in a study of viscous fluids 

are the Navier-Stokes equation, the continuity equation and the equations 

of state" 

The Navier-Stokes equations are an expression of Newton's law 

F = d(~)/dt applied to a fluid continuum. Newtongs law of motion for 

a viscous fluid may be written in the form 

3 

pFi + L oTi!a x. :: pdvi/dt , (i :i 1~ 2~ 3) , 
j j 

(7) 

where the first and second terms on the left represent the i th rectangular 

component of the volume and surface forces, respectively, in an inertial 

Cartesian coordinate system (x1 ' x 2 ,x3 ). TiJ is the stress tensor 

for an isotropic viscous fluid, which may be written in the fot~, 

3 

T .. :: -p ~ .. + M (Ov./OXj + ov/ox, - ~ 0 .. ~ ov-1oxk ) 0 (8) 
1J J.j 1. 1. 3 1.J f k' 

Vi is the i th rectangular component of velocity of a macroscopic element 

of fluid, o ij , is the Kronecker delta, and ).1 is the dynamic viscosity 

ot.the fluid o 

Subst ituting Bq 8 into Bq 7 and assuming 'CJ",u,/ () x. is zero, 
.1 

(9) 

Using vector notation, Hq 9, the Navier-Stokes equation, may be written 

-3t-

dv :: p~ 
dt 

OV 
:: p ( l) t + !' \7!} (10) 



Bq 10 will apply to any small macroscopic volume of the sediment-

laden flow which is approximately isotropic in character and for which the 

time rate of change of strain may be linearized. This amounts to saying 

that the sediment must be, in general, of a size not greater than the 

very fine sands, and the concentration must be fairly small, say 10 to 15 

per cent by volume. The condition of homogeneity cannot, in general, be 

satisfied throughout the volume of sand-water mixture contained in a 

large pipeline. 

The continuity eguation of the sediment-water mixture is 

OP/ot + V-PYa 'IJI; 0 , ( 11) 

where !m is the velocity of the ~ixturet and P is the mass density 

defined by the equation of state 

(12) 

where Pw and Ps are the mass density of water and sediment respec-

tively, and c is the local sediment concentration. This equation is 

applicable to a pipeline conveying sediment, assuming no sources or sinks 

exist. 

However, the purposes of this dissertation require a continuity 

relation for the sediment. Bq 11 is not useful because the relation 

is usually not known, where !s is the velocity of the sediment. 

Continuity ~uation for Sediment 
Concentration Distribution 

A continuity equation for the sediment concentration will be de-

rived and then applied to sediment conveyance in a pipeline. 
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The influx of sediment into an arbitrary but fixed volume 

is given by 

-J A 
C !.s ·n da , ( 14) 

s 

where 
A n is an outward unit vector normal to the element of surface da , 

and s is the surface bounding ~o. The ti.e rate of change of sedi-

ment in r( is given by 

Transforming Bq 14 to a volume integral and equating it to Eq 15, one 

obtains 

i( :7 c/ "0 t + 'Il. c !s) d or = 0 • 
1: 

Since ~ is arbitrary it follows that 

2> c/ a t + V . c .!s ::sr 0 , 

which is the desired continuity equation. 

In order ~ apply ~ 17, an expression is needed for c!g. 

(15) 

(16 ) 

( 17) 

Assume that the sediment _tti8R~ is due to diffusion and transport. Let 

G be a vec.tor which has the direction of the mean sediment Motion ' 

caused by a concentration gradient and a magnitude equal to the volume 

of material diffused per unit area per unit time. The transport of the 

sediment is due to the motion of the mixture and the fall velocity of 

the sediment. Let C!sf represent this transport per unit area. 

Therefore, 

C !s = C !sf + G • (18) 
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An expression can be derived for !! in tems oJ c by means 

of the Fourier law, which sta.tes that for an isotropic medium 

G = (19) 

where (£ i is an arbitrary function of position. The assumption of 

isotropy is probably not extremely limiting when fine sediments at low 

concentrations are considered. 

Substituting Bq 19 into Bq 18 and thea Bq 18 into Bq 17, one 

obtains the following diffusion equation for sediment: 

oc/ ~ t + v ~(cv ' --s 

3 

reiOC/ OXi ei) :: 0 ~ (20) 

Consider the special case of a horizontal pipe, let e1 , e 2 , 

e
3 

be unit vectors, where e1 is along the axis of the pipe, e 2 is 

vertically upward and e 3 is normal to e1 and e2 • Further, assume 

oc/ox = 0 , 
3 

() c/ () t :: 0 • 

Making use of Bq 21~ llq 20 becomes 

For the steady {low of mixture, 

(21) 

(22) 

(23) 
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and 

ocl 'Ox = 0 , (24) 

hold, and Bq 22 reduces to 

() (cv f - € a cl 1) x 2)1 a X:2 = 0 .. 
S2 X2 

(25) 

Since e, and X 2 are functions of x 2 only, the partial 

der.ivatives in Bq 25 may be replaced by total derivatives.. Integrating 

with respect to y Bq 25 becomes: 

c V IJ - e dc/dy =: constant, 
52 y 

(26) 

where x 2 has been replaced by y.. In order to put Bq 26 in more meaTI<= 

ingful form and evaluate the constant, multiply through by dxdz" Ihus 

(cdxdz)v 2 - (Ey dc/dy) dxdz =: constant dxdz 0 

In the first term, cdxdz is that part of dxdz occupied by the sedimEnt 

particles.. If v 2 were the fall velocity of the sediment!' the first 

term would be the volume of sediment settling downward across dxdz per 

unit time.. The second term is the volume of sediment per unit time d:if~, 

fusing upward through dxdz Setting v 2 = ~W , the particle fall vel~ 

oeity, and the constant equal to zero~ 

cw + € s dcl dy :: 0 , (27) 

where €y is associated with the sediment exchange coefficient Es ~ 

Bq 27 is the fundamental equation for the sediment concentration distri=· 

but ion along the vertical diameter of the pipeline in which pronounced 

secondary circulat~on does not exist. 
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In order to apply Bq 27, it is necessary to derive an expression 

for €s/w in terms of y. While w varies with sediment concentration 

and proximity to boundaries, it has often been given a magnitude corres-

ponding to the fall velocity of the median particle sieve diameter. The 

exchange coefficient Es is frequently assumed a constant along the 

vertical direction. However, experiments in Burope, Durand (16), demon-

strated that such assumptions are not accurate enough to enable one to 

solve for the concentration distribution in pipes in the general cases, 

i.e., for any size sediment, pipe or mean velocity V. 

To interpret the continuity eguation for the pipe problem, it 

may be rewritten as 

jdY/( csfw) =jlfC ) (dc/dy)dy " In (c/Ca ) (28) 

y y 
or 

(29) 

where y is measured from the bottom of the pipe and ca is the local 

sediment concentration a distance a above the bottom of the pipe o The 

relative influence of pipe boundary forms on the concentration profile 

could be determined by comparing plots of €glw for various pipes 

carrying a specific sediment. 

Two particular sediment distributions will give an idea of the 

functional dependency of Cs in an actual case. One case of Rq 29 is 

C = ca ' which implies 

J dy = 0 .. 
Eslw 

y 
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This is true when w/ C = 0 , i 0 e. , s 
w = 0 and/ or ~ s is finite and 

very large. l::or example, inert dispersed clay or very small sil t par-

ticles would give c = ca because w ~ 0 The same result could occur 

with fine sand, if (s»w. This latter case implies a rough boundary 

and/or a large Reynolds number inducing a large amount of turbulence. 

A situation which arises more frequently, with fine sands, is a 

linear concentration distribution over a vertical diameter of pipeline. 

According to Durand (16), it occurs for nearly any smooth pipe if the 

mean velocity is sufficiently high, and wand ord are small. The stand-

ard deviation of the sediment sieve diameter is ~d By calculation it 

is possible to demonstrate th~t 

(31) 

for a linear concentration distribution, where Ai and K are constants~ 

The calculation can be verified by putting Eq 31 into Eq 29 9 integrating 

from a to y , using the identity InA = In eln A ,and carrying out the 

necessary algebraic operations. 

Both of the above concentration distributions are significant 

because they represent types of profiles that are desirable in trans-

porting sediment. Deposition will not take place until large total loads 

are present in any pipe boundary which can induce such profiles. Hence, 

in comparing boundaries satisfying Eq 31, one is essentially looking for 

a boundary characterized by a large Cs and a small energy dissipation, 

for a given sediment. 
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Energy Considerations 

The total mechanical energv per unit volume of flow complex may 

be defined as 

E = P V 2 /2 + p + P gy 

1,\1i th the above def ini tion, an expression for the rate of 

energy dissipation can be derived, Consider a simply-connected region 

of space 'T fixed wi th respect to a coordinate system placed at some 

fixed point along a pipeliLe. The energy of a unit volume of mixture 

outside of the surface bounding ~ is given by Eq 32. The flow of 

energy into T per unit time may be written in the form 

The rate of dissipation, i.e., conversion into heat, is 

dET=~l 
dt dt tL 

E d =j oE d-r 
1: at 

Adding Eqs 33 and 34 and reducing to differential form, 

This is the basic equation for energy considerations. 

The energy loss Q!E unit volume ~ to the sediment is the 

difference in rate between a homogeneous flow and sediment laden flow. 

(32) 

(33) 

(34) 

(35) 

For a homogeneous incompressible fluid, with op / at = 0, 'l.y. == 0 . 
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Therefore? with a homogeneous fluid, 

{} E/ 0 t = - v 0 V E (36) 

Expanding Eq 35 for the sediment-laden flow~ 

.0 E/ 2:} t = ~v. \7E - E\7.! 0 
(37) 

Henee" the additional energy expended pe)~ unit volume per unit 

time dUe to the sediment is 

substituting Eq 12, Eq 39 may be written as 

From Eq 39 one has the significant conclusion that 8E :.; 0 
h 

when \l p:; 0 J P = constant, i 0 eo, a uniform sediment distribution. 

(38) 

(39) 

In detail any pipeline which is capable of maintaining a uniform sediment 

distribution can transport sediment without additional energy dissipation 

per unit volume over that required to transport a liquid of the same 

average density, 

Consider Eq 39 when V p -j, 0 0 Substituting Eqs 14 and 32, 

Eq 39 may be written in the form 

replacing V 2 
by =W • 

de v --:::; 
20Y 

( P
' de · p s - w) way ; 
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In the analysis of the effect of various boundaries, the de-

sirab1e boundary, again, would be one such that dc/dy = O. The next 

most desirable is one corresponding to dc/dy = constant, i.e., a linear 

concentration profile. But in any case the energy rate is directly pro-

portiona1 to wand dc/dy , and inver~y proportional to c. This 

equation also emphasizes the important role played by 

(compare sand-air and sand-water). 

The integral representation is better suited to evaluating the 

energy dissipated over a length of pipeline. The basic equation is 

(41) 

Exp anding Eq 41, 

dE / d t = 1 ( £ \7. v + V E . v) d 1: • 
T --

1" 

( 42) 

Substituting Eq 32, 

Eq 43 is applicable whether sediment is present or not. To 

apply this equation to a pipeline, select a region of length along the 

pipe, parallel to the direction of the mean flow. Transform the second 

two integrals of Eq 43 into surface integrals and intergrate over the 

boundary surface. We find that dBr/dt = h ('\7.P!) dT for the mean 

flow. Let s be the surface composing the ends of the region, i.e.~ 

the planes normal to the pipe axis. Then 
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I V.p::::.da = 1 p::!..nda = 1s pvda , 

" 
dEr/dt = is pvda - ~ pvda , 

1 2 

( 44) 

( 45) 

where s is the upstream cross-sectional area of the unit pipe length 
1 

and s the corresponding downstream area. 
2 

For a homogeneous fluid, without sediment, retaining the second 

integral of Eq 44, 

dEr/dt = J (p + ;ly) vda 

= -1 (ply + y)vda. 

From Eq 10, pi d' + y = constant over a cross=section normal to the 

direction of the main flow. Therefore, 

dF~/dt = (p p) Q ~ 1 - 2 ' 

which is directly proportional to horsepower, i.e., the classical result. 

Comparing the flow charaeteristics of a homogeneous fluid to 

those of a sediment=laden fluid 9 sediment may cause the pressure distri= 

bution to be non=hydrostatic? thereby changing the rate of energy 

dissipation. The effect of this deviation of pressure from the hydro-

sratic could, conceivably] be negligible when Eq 44 is integrated over 

a cross-section of the pipeline. The conclusion can be drawn that a 

sediment~laden fluid might not dissipate more energy per unit time than 

a homogeneous fluid of the same average unit weight. 
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Analytical Definition ~ Total~ 

Up to this point in the development, .. local mean concentration 

c , in decim9.l by \101U4Ie, has been used. Another definition of concen­

tration is more significant, for example, to a dredge engineer. The 

dredge engineer needs a concentration whiCh when multiplied by the dis­

charge of mixture will give the ef s of sedJ.meat beiac ptmJped. The total 

load Ct defined by 

has the necessa.ry property. no evaluate Ct in the laboratory, from con­

centration profiles, it is necessary to evaluate 

Ct -, (11Q) J c:v1 da (48) 

= (l/Q>jC(Y) '9'1(Y'Z) dy~, 

""herei!1 time av€=~ge~,; a~e assumed"e The integral of Bt 48 is difficult to 

calculat€ bece"u·se of the different ftmctional depelldency of cand v 1 • 

By !~;~~ .. ~~~~~~ ~~!.~l~ instrumentation!.!! measurl., Ct can 

be determined easilyo A cross-section is needed at which 

or 

The former case is desirable. 
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General Function for Dimensional Considerations 

In order to study further the effects of boundary form on fine 

sand transport in pipes, one can resort to dimensional considerations o 

Often, when a purely theoretical analysis becomes so complicated as to 

stall progress, it is possible to extend both analytical and experimental 

aspects of the problem dimensionally~ This section is intended to set up 

the function from which can stem dimensional analysis of any specific 

point of the general problem~ 

Variables entering the study are of four types; those des­

cribing the fluid, the sediment, the flow, and the geometry~ The signif­

icant fluid variables are Pw 7 A1? and i(w 0 The sediment can be 

fully characterized by P s' d cr d' Ys and sf '" Flow variables 

are V, !.' Ct , c, and J" The geometry of the several pipes can 

be characterized by D and 0 (boundary) (> 

SOMe discussion of the variables is in order" All terms, that 

have a time associated, are time averaged, ioe o , turbulent fluctuations 

have not been included, as indicated earliero The reason for this is 

that existing equipment for water channels is not capable of accurately 

determining such short duration phenomena. The hydraulic gradient .J is 

an average value characterizing the entire cross-section~ It is ex­

tremely important to remember that not all the variables listed are in= 

dependent 0 This point will be treated in detail as the need arises Q The 

boundary parameter ~ is made up of those geometric parameters necessa!~ 

to describe the boundaries.. All considerations are with respect to a 

horizontal pipe. 

A coordinate system satisfying 
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e. • e 0 

1 J 
= 1" a 0 • 

1J 

is assumed. The axis along e i will correspond to Xl ' and Vi will 

be along this axis. Let r = 
3 

Ex·e i · . 1 
1 

Bringing the variables together in one functional relationship, 

¥r(! , Pw ' AJ, ~w ' Ps ' d , Od ' sf , V , ! , Ct ' c , J , D , ~ ) = 0.(49) 

From this equation will stem dimensional analysis for the several specific 

points to be studied. 

One should observe in the following development that ~ is a 

symbol denoting an arbitrary function, and is not the same function 

throughout the chapter. 

One-Dimensional Analysis 

The equation 

J = l/f ( Pw ' p. , y w ' Ps ' d , Od ' sf, V , C t ' D , $3 ) 

is the starting point for a one-dimensional analysis. Observe that the 

sediment is sufficiently characterized ~t Ps and d. Therefore, 

(50) 

The variables in Bq 50 can be arranged into significant dimen= 

sionless groups by selecting D V and D as repeat1"ng varl.°ables '-w' , • 

The resulting function is 
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For the work reported herein? Psi Pw and dID are constants .. 

Therefore, 

(51) 

Bq 51 ~cntains the significant dimensionless g~oup:E. which 

fo~ the basis of analysis for specific one-dimensional p~oblems.. Of 

<0\QJUl'se they ({:all be multiplied O:Jr added to one bother as de;:3ired? and 

used in with explicit auxiliii,ry equ~tions.., 

The xesistbce problem will be ccnsideJred ii1CSt o If sediment 

we~e not present, Eq 51 would reduce to 

J :; 1/r(Re, ~/D) 
V,2/2gD 

fully Tepxesents the data fox a homiOlgeneOtis fluid flowing in pipes .. 

The expression J2gDjV2 is known as '(the Ducy"",Weisbaeh re-

(52) 

sista.."t((';'e eoefficient f (> Assume a simiLalr solution fot: l~:he present case .. 

Then 

(53) 

Bq 53 

sist~ce ehar~~teristics 0f pipes c~rying sediment; so long as there are 

the pipe.., If 

dep\:'3sits exist" then a new definition is needed fOJf ~.. In this l!'eport 
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only suspended flow is of interest. Therefore, when Ct is such that 

qJ = ~ (e) ? tll~.S fact will be expected to show up as a deviation from 

&j 53 0 

The f-Re diagram, with ~/D and Ct as additional variables, 

se~ms the best procedure to use in analyzing these data. A curve for 

ea~h ~/~ can be expected for those data which correspond to Ct = 0 • 

1hen9 ~s Ct is increased? the effect of Ct can be added as a fourth 

V~JriiWle 0 The ~/D used heJre is somewhat lim.alagous to the Nikuradse 

lI'elatiwe sm!Ql,othness raft for uniform sand grain roughness. 

A from of Eq 53 1 which has been used frequently, results fr'om 

s~bstit~ting the definition for f and rewriting the equation in the form 

'r&iiking 'the loguithm. of this? 

log J = 2 log(V/~)+ log ~ • (54) 

Slt~dy' e;f Bq 54 lreveals that, if 

• 101-10g plot of log J versus 

Re and Ct do not have any influence, 

log V/~ will be a straight line 

w.:Hth aTl; iIDlter.eept depending on the boundary form, since ~/D is a con­

.srtt&tru~~ fox ea~h", This is exactly the case for turbulent flow in hydro­

dy:n.bielil,11y .lrough pipes? when Ct = 0 «> Then Bq 54 can be written 

l;O)g J :: 2 log(V/=v'2iD)+ log Vt (~/D) (55) 

fi;;;f: :J".::,;wgln pipes!) the procedure in applying Bq 55 is to make one plot for 

e~\~h <J/D ~ then vary Ct and see if there is any deviation from the 
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straight lines of Ct :: O. While Bq S5 is dim.eBsionless and fundamen­

tally sound? ~~~k with Ct :: 0 is still being presented by most ex~ 

peri.enters in the dimensional foxm log J versus log Y. For 

compuatiwe purposes? the J.".y diagram will also be used .. 

Two of the classic resistance equations for the study of rough­

ness 7 whitt:h tean be found in. an elementary text on fluid mechanics, are 

given fo~ refe~en~e pU~PQses~ 

KL~=P:ntndtl (SM\OJlOltlh pipes) 

l/~q =: 2 Ivg(Re-=/f) ... 0 0 8 ? (56) 

Kaftlla.n"",Prandtl (JI;'!Q)ugh pipes) 

1/"'Y'!f=2 log(rolk)+ 1.74 0 (57) 

hl&lysis ,Gf ineipient deposi tioD. can. be c&l'r.ied out with Eq 51 

asa basis.. Sin~:e D is a constant throughout the study, it is only a 

dimensional eonstant in Re and V/~ 0 As far as studying deposition 

is ~(ilncerned9 the pxineipa1 influence of the viscosity ~ is its effect 

cn the palrtiele fall velocityo That w need not be consider.ed is e1;'?i­

dent by 1l(Q)":ting that dID ~ as used in pla-ce of w/~:i was constant and 

could be dJb~pped from the beginning 0 This reduces to Re and v/-vrgD 

both being velocity parameters o Fox convenience (computation for ex= 

ample)\? the lltttere paR'ameter is lretained o Then Eq 51 becomes 

As will be seen later (Fig., 89 chapte2:' VI) for the 1range of 

V/~ studied~ Ct is pt'obably not impo:rtamtt in f:: 1/1' (Ct 9 ~/D) 

until dep~$i~i~n begins Q 

~55-

(58) 



Using this knowledge, Eq 58 can be written as 

(59) 

which should apply as a deposit is forming as well as when Ct = ° . 
Let VL denote the velocity at which deposition begins for a 

given Ct and ~/D. The equation for study of incipient deposition is, 

therefoX'e? 

(60) 

A hOg'sepc)'wer fun(:tion is needed in order to make designs and 

e(:onomic ~ompaxisons of the effects of boundary form on sediment transport. 

F~x reas~~s t~ be pointed out in Chapter VI, the most efficient operation 

cvxxesp,O;Jllds to \Operating, for a given J and v/ov'iD, at the Ct of 

i~«::ipient deplOlsiti iollo A fundamental parameter in design is the dimension­

~1 f@rm HP9 h~rsep~we~ per unit length of pipeo 

By defin.itioIi? 

HP' :; Q -I J/550 (61) 

Assuming 

Using Eqs 477 50, 58, and 60, the equation for studying com­

pa.1fatiwe h'Ol1rSepower, at the point of most efficient operation, is 

(62) 



This is a dimensional equation. It represents the .. horsepower per unit 

length of pipe required to transport G cfs of sediment at the most 

efficient operating point; what a design or costs e~gineer needs. However, 

to complete the study, a plot of Eq 47 (QCt = G) needs to accompany the 

plot of Eq 62. In this way the amount of water transported, which has 

to be disposed of, is brought into the analysis. The real significance 

of these equations will be brought out in Chapter VI. 

Analysis of Internal Mechanics 

Study of the mechanics of what is happening inside the pipeline, 

on a local scale, is a somewhat different problem than the one-dimen-

sional analysis. Eq 49, repeated below, is the beginning point for a 

study of concentration profiles, local deposition, secondary circulation, 

diffusion coefficien~ or the Karman K 

r (!.' fw' fi, -iw ' (' s' d, cJ d' sf, V, v 

J, D, ~) = 0 ( 49) 

Significant dimensionless groups can be derived by again using 

V, P w , and D as repeating variables. The dependent variable will 

be the local concentration c. The sediment shape factor is constant, and 

hence unnecessary to retain. Therefore, 

Re, V 1.....Tgi5 , 

Ct, J, ~/D) (63) 

The parameters O"'d/D, Psi fw and diD are constants; therefore, 
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J, ~/D)l> 

While c is dimensionless, its numerical number will depend on 

whethe~ it is computed as percent by weight or percent by volume. The 

p~~~ete~ c/Ct ~an be used to eliminate this. A further reason why 

this l~tteJ1' pa1L'aletex is meaningful is that all concentxatitOln profiles 

of Bq 51 makes it possible to drop Re or J, 

The two basic foxms fox specific problems are, 

e/Ct :: 1/1 (~xi/Dei' Re, V /..,Jgi), Ct , 
1 

!v ./Ve~ , ~/D) 
i:1 ~ 

(64) 

J , v/-Jiij , 

~v i/Vei' ~/D) (65) 
t 

AUiXll:li,uy equatizCJmJ.s can be introduced as necessary • 

B~s ~4 lind 

a;md 

. Analysis of hoxizontal concentration profiles requires only the 

65 beeome 

The ~vi/Vei are extra dependent variables. 
t 

c/Ct ;: 1Jr (z/D , Re 11 V/=V'iD , Ct , ~/D) , (66) 

~~t= 1/1 (z/D aI J , v/-v!iD , Ct , YJ/D) (67) 
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These equations are still very complex. To simplify them, use can be 

made of the same argument followed in deriving Eq 58. Thus, 

c/Ct = 1/1 (z/D, V/-JiD, Ct , ~/D) • 

Eq 68 is fundamental for studying horizontal concentration profiles. 

(68) 

For cases in Which secondary circulation was not present in any 

form, one could expect that c/Ct would not depend on z/D. In such a 

circumstance the profiles could be reduced to a universal function if 

Ct was replaced by C' , the arithmetic average concentration over z. 

Assuming such, the universal profile would be 

c/C' = 1.0 9 (69) 

Vertical concentration profiles can be studied and interpreted 

by Eq 68, with z/D replaced by y/D. Thus, 

(70) 

A simplification such as Eq 69 is not possible in this case. However, 

there is an excellent possibility for simplication in the variable Ct. 

For a given y/D, V/...vi15', and ~ID Ct can be dropped if the 

standard deviation ~d of the sediment is very small, or the boundary 

is very rough. For this case Eq 70 becomes 

c/Ct = 1/1 (y/D, v/-v'iD, ~/D) 0 (71) 

In presenting data by Eq 70 and 71, the procedure would be to 

use c/Ct as the ordinate on a c/Ct versus ylD plot. However, physical 

interpretation is much easier if y/D is the ordinate arid c/Ct the 

abscissa. 
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The functional equations for such a study are. from Bq 65 and 

using the arguments for deriving Eq SSt, 

t vi/Vei = _~ (~xi/Dei' V/...rgD, Ct , ~/D) . 
_ .1 

(73) 

These equations are very difficult to treat experimentally. The 

complications in velocity profile analysis can be visualized by comparing 

Eq 73 to the two dimensional case, i.e., 

The functional dependence ~ the diffusion coefficient 

from Eq 72, 

(74) 

e is, s 

(75) 

In the theoretical analysis some discussion was given on the 

type of distribution of Cs that was desirable from the standpoint of 

economical sediment conveyance lines. In Eq 74 are given the variables 

which would enter. It is not proposed to study this problem intensively, 

but only to present the procedure which can be used in later research 

employing a given sediment. 

A logical method to use in analysis of data on the diffusivity 

coefficient is to construct a dimensionless plot of t::s/wD versus 

y/D for each 0/D. The first step would be to assume V/~ and Ct 

secondary. Then, if necessary, introduce V/~ and subsequently bring 
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~cal incipient deposition can be analyzed by means of Bq 70. 

In studying this p~oblem? the logical procedure is to pick a value of 

y/D as ne~ to zeEO as sampling equipment could conveniently take data. 

Then9 flOlX: eatCh ~/D to be studied9 a plot of 

(72) 

w©~ld be sig~ifi~~t9 ~t le~st fo~ sand sediments in water. This would 

n~t ~pplr ~fte~ much ~f a bed was fo~medi however» because ~/D would 

no l(Qlngex be eOlTI.sta..<1Jl.t Q 

The functir())Jl11 .Eq 729 is ~"e1ry imp0Jrtant because it indicates the 

possibilities of an absolute critex:ion for incipient deposition~ a prob­

lem so fa% <iUln~lfiLsweEed and whi'::h has made it difficult to bxing the results 

~f diffel~elTIllt slCientists together. FOlr ~/D 11 ylD cOllstant 9 a. little 

th~ught will lead one to conclude that a plot of c/Ct versus Ct for 

e~ch v/c,~/gD studied must reach a maximum. if O'""d enters the problem 

(smt»COltlll pipe)o A muimum of c/Ct need nOlt exist in a Eo'Ugh pipe, but 

plfcbaU,ly Ii, c,oIDlstant value will persist from zero concentration up to incip­

ient dep©sitiiWJltt o Dep'())sitioD would be indicated by a rapid decrease of 

c/Ct with iuc~ease in Ct 0 Using the maximum magnitude, or the depar~ 

tlUbre fE'om ~ lCIDlt'il.Slt@,TI~ Mi&gni t'Ude ~ would (Constitute an absolute cri texion, 

applie~1ble ~t least fOlb sands in water and similu problems. 

S<ttudy 'DJf the effe~t Olf secondary circulation is actually an 

~alysls ~f welocity pE0files~ somewhat beyond the scope of this disser~ 

tiil;iti1J)t~o HO)'WEWelb' \1 beciiuseDne boundary WtiS tested which did induce pro<=> 

JrJl©'lUllOl«::ed helic1ll1 fl«Yw along the boundaries, the basic equ.ations necessary 

fOJf ~ aIDl~lysis of this problem are presentedo 
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Summary 

Summary of theoretical and dimensional considerations can be 

divided into three sections: 1) theoretical analysis, 2) one-dimensional 

analysis, and 3) internal mechanics. 

Theoretical analysis introduced the classical equations of 

hydrodynamics, and interpreted them for a sediment-laden flow. 

The general continuity equation for sediment distribution in a 

fluid media was derived. It was found that the special case 

cw + E's dc/dy = 0 was applicable to pipes. Analysis indicated that a 

large c /w a linear function of distance from the wall, was s 

most desirable. 

Energy considerations on the transpott of sediment in suspension 

led to the conclusion that any change in horsepower over that required 

to pump a fluid of the same average density was due to the sediment causing 

the pressure distribution to deviate from the hydrostatic. 

One-dimensional analysis can be summarized by giving the fun-

damental functions derived for each special problem involved in the trans-

port of .a single size of sediment through the l2-in. pipes studied. 

1. Resistance problem 

f = ~(Re, Ct , 0/0) Eq 53 

log J = 2 log(V/~) + log ~(Ct' Re , 0/0) Eq 55 

2. Incipient deposition 

Eg 60 
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3. Horsepower function 

HP = f.jt (G, ~ID) Eq 62 

Eq 47 

Analysis of internal mechanics follows the same pattern as one-

dimensional analysis. 

10 Horizontal concentration profiles 

c/Ct = 1// (z/D, V/..Jii5 , Ct ' YJID) Eq 68 

c/C' = 1.0 Eq 69 

2. Vertical concentration profiles, 

c/Ct = t(y/D , V/..Jii5 , Ct ' YJ/D) Eq 70 

3. Local incipient deposition 

c/Ct = yr.(Ct ' V/..Jii5) Eq 72 

4. Secondaryiclrculation 

~v./Ve. 
1 1 

= t/f (~xo/Ve. , 
1 1 1 

V/..Jii5 , Ct s YJ/d) Bq 73 

5-0 Diffusion coefficient 

E:s/wD = 1f(y/D , V/..Jii5 , Ct , YJ/D) Eq 75 

These equations constitute the basis of the analysis in Chapters VI and VII. 

One term which recurs frequently is V/..Jii5. This should not be 

interpreted as a Froude number. It is a special form of V2/2g/D, em-

ployed for convenience throughout the analysis. 
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Chapter IV 

EXPERIMENTAL ~UIPMENT AND PROCEDURE 

Study of the effect of pipe boundary on the transport of fine 

sand was cax~ied out by using 12~in. diameter HelaCor, smooth and standard 

corrugated pipese Tbe equipment consisted of a continuous recirulation 

system9 sediment sampling devices? velocity and dis~harge measuring equip­

ment g ~d a batik ~f piezomete~s along the test pipe o One size of sediment 

was usedo 

The p~oceduxe was to put a fixed volume of sediment into the 

system and then make measurements of velocity, sediment concentration, 

disehuge of mi:xtuxe 9 piez©metl'ie head gT~die!lt9 total sediment load and 

temperature 9 for sever~l diseharges o The volume of sand in the recixcu­

lati~n system was then changed and the technique xepeated, with some 

wU:i:i.tiOIDl9 fjf(~m pipe to pipe o 

One b(()tllliilduy was tested Ol~"er the full lrwge of vuiables before 

~©ther pipe w~s installed for investigation. 

Bxperi.e~t~! ~ipment 

The expe~imental equipment was located along the north side of 

the Hydxauli~s Labo~ato~y at Colorado A and N College, Fort Collins, 

C~loradoo A jet-pump was built initially to circulate the sediment-water 

lttixture e Aftelr discuding the jet-pump principle, an old horizontal 

een.t~ifug~l pump was installed.. The three pipes with different boundaries 

wexe prowided by Armco Drainage and Metal Products, InCa The sediment was 



a natura.l sand and the discharge of mixture was :measured by means of a 

IO-in. orifice. Total load data were taken at the same orifice. Tempera­

ture of the mixture was recorded frequently. Piezometer taps were located 

at IO-ft intervals along the test section. Velocity data for determining 

sampling time for local concentration determinations were taken by means 

of the same instrument used for taking sediment samples. 

The first recirculation system was a lOO-horsepower motor de­

liveri.ng sediment free water to a 2.5-in. diameter jet discharging verti­

cally into an 8-in. tube, with the jet and pickup submerged in a sediment­

laden catch basin at the downstream end of the test pipe. The necessary 

water to pump through the jet was obtained by putting a screen in such a 

position that the sediment, and _jority of the mixture, remained in the 

proximity -'Of the jet, but sufficient clear water passed through the screen 

,operate the jet. 

While the principle of the equipment was sound, it was fo~d 

Wlsatisfac'toxy in this case because of the high operatinA.~head l'equired~ 

imp~a~tic£bility of separating the fine sand from the mixture by screening, 

too much sediment storage in the system, extreme vibration of the 8-in o 

piek=up tube, and the excessive noises associated with the operation of 

the jete 

ihe recirculation syst~m employed consisted of a lO-efs 

horizont.l centrifugal pump driven by a 35-horsepower 870-rpm electric 

motoro The pump discharged vertically into a l2-in. line. The fluid 

passed through a IO-ino orifice, made a right angle turn to the horizontal 

and exp~nded into a l4-in. smooth pipe. Passing through 48 ft of horizon­

tal line, it discharged vertically downward into a l4-in. to 12-in. reducer, 
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and then entered the lOO-ft test section. The mixture emptied into a 

4~x 4-x 7~ft deep sump at the downstream end of the test pipe. 

The fluid traveled from the sump through a horizontal, 4O-ft 

long, 14=ino smooth pipe to the suction side of the pumpo 

The installation was satisfactory, with twO exceptions. The 

l4-in. smooth return pipe stored large quantities of sediment ill/hen low 

velocities were being used, making it difficult to cont~ol the mean tzans­

port concentration in the 12-in. test pipes. The other difficulty was 

that the temperature of the sediment-water complex ine~eased continuously 

during a run? because of the small volume of fluid being recirculated o 

The tempexature problem. was partially controlled by continuously intro­

ducing cold water into the pump bearing. 

Fig. 1 is a schematic diagram of the recirculation plan·~ that 

w~s used for the tests reported herein. 

Boundary forms tested were three in number, all nominally 

12 in. in diameter o Pig. 2 summarizes the physical characteristics of 

the pipes. The 12-in. Hel-Cor pipe was zinc coated inside and outQ It 

had a (Go~tinuous lock seam. joint. The corrugation.s h~d fa. pitch, or wave 

length, of 0 0 167 ft. The amplitude of the corrugations was ~ 0.0185 ft, 

measured from the mean elevation. To complete the Corrugations, circular 

ar~s with a radius of 0.0370 ft are joined by straight tangent sec.tions. 

The helix angle, measured from a line drawn along the outer extremity of 

the pipe parallel to the pipe axis to the tangent of a corrugation, is 

11 ~/30 radians. 
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Nofe: 

T= 0.0747 

/2-in. Smooth Pipe 

R,=a7622 
R~=O.6875 
M=O.500 

14 

L ::0.76 
qJ-53°44' 
T-a0745 

2.67-----tIIIIoI 

/2':"in. Standard Corruqofed Pipe 

IE-ln. HeJ- Cor Pipe 

T-a0747 
M-o.440 

2.W -I 

All /enqth dimensions (Ire in inehl18. 
Section views ore norm(ll fo corrugation .. 

Fig. 2 Details of boundary f()rms 
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The lOO-ft test length of Hel-Cor pipe had two field weld joints 

and two victaulic couplings along its length. One victaulic coupling was 

in the downstream 75 ft of length. The inside clear diameter of the pipe 

was 12.1 ~ 0 0 03 in., as measured with inside calipers; this measurement is 

the average of ten trials. 

The 12-in. diameter standard corrugated pipe, also 100 ft long, 

was zinc coated. It was of close-riveted construction, with all seams 

soldered on the outside to prevent leakage. The corrugations had a pitch 

of 0.222 ft along the axis of the pipe. The maximum corrugation amplitude 

from the mean was 0.0208 ft. The crests and troughs were circular arcs 

with an included angle of approximately 11 #/30 radians and a radius of 

0 0 0573 ft. Straight tangent sections jointed the circular arcs. 

The five 20-ft sections of corrugated pipe were connected by 

slipping a one-ft long section of corrugated pipe over the joint formed 

by butting two sections together. This band was then welded to the pipe, 

making a continous pipeline. The inside clear diameter was 12.1 + 0.03 

in., measured with inside calipers. 

The smooth pipe was of uncoated steel, formed in 2O-ft sections 

by rolls, and had a longitudinal welded seam. The 2O-ft sections were 

field welded to form the lOO-ft test pipe. The inside diameter of 

12.0 ~ 0.03 in., was an average of ten readings. 

Sediment for the tests was obtained from a delta formed in the 

Lake Loveland Reservoir by a supply canal discharging into the lake. The 

reservoir is located at Loveland, Colorado. Sieve analysis and fall 

velocity determinations are given in Chapter V, Preliminary Studies. Brief 

study under a microscope revealed that about 50 percent of the sand particles 
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were quartz grains 9 40 percent flakes Olf mica (mostly biotite), and the 

other 10 per«::€'i./).t consisted of a variety of minerals, predominately 

oxthoclase., 

Measurement .2!:. discharge of .!!!! mixture was accomplished by 

means of a 10=ino diameter sharp-ed5ed orifice located in the l2-in. 

pump discharge line o It was lo~ated about 7 ft downstxeam from the pumpo 

The mixt~e dis~harged verti~ally upward through the o~ifice, thus all 

the sediment p~esent ~~s in suspensiono 

The taps fox measuring the diffel.'ential head acxcss the ol:ifice 

were located about 0 0 10 ft lOin eithex side of the plate o They were con"", 

nected to a water manometer ?"via som.e And traps .inst~lled in each line Q 

Measurements could be made to ~ 0 0 001 fto The actual a~cu~acy w~s prob= 

~bly somewhat less due tv fluctuations of the water columns o 

Ine orifice calibration curve for t1ear water was used through­

out the duration of the studies o Durand (19) pointed out in 1952 that 

the presence of the sand has little effect on the c1ilibxation C1.tlr"/e ll fOlr 

sediment coneent~ations less than 20 pe~cent by volume, of fine non-cohesive 

sattdo This point is diseussed further in Chapter Vo 

Temperature was determined by a centigzade the~mometer partially 

submerged in the fluid., It was 1QClI;t~d in. the t&ilbc:x S€ctiOlil o 

The E}-ezometer system for recording the hydra.u1ics gradient 

differed somewhat for each boundaryo Taps welt'e installed on the ci()lrruga..,~ 

tions at the point nearest to the axis of the pipe in every case. Some 

taps were installed on the troughs of the cOJrrugations 'Olf the coxxuga.ted 

pipe in o~der to check the effect of location. 



There were ten taps on the Hel-Cor pipe, spaced at 10-ft inter­

vals starting about twelve diameters from the downstream end of the 

straight sect~on of test pipe plus diverting pipe, or fi~e diameters up­

stream from the end of the test pipe. The taps were located on the 

corrugation troughs, to an observer outside the pipe. The openings into 

the pipe were 1/16 in. The taps were located on a horizontal plane 

through the axis of the pipe. 

The piezometer taps on the smooth boundary were eight in number. 

They were spaced at 10-ft intervals, beginning about twelve diameters 

from the end of the straight pipe. The openings were placed on A hori­

zontal diameter. The orifice had a diameter of 3.64 in. This small hole 

led to a 0.25-in. brass tube 1 in. long that was soldered to the outside 

of the pipe wall. Plastic tubes from the manometer bank were connected 

to the 0.25- in. tubes, via a sand trap to be described later. 

Two sets of piezometer taps were placed on the l2-in. standard 

corrugated pipe. A set of seven taps was located in the corrugation 

troughs and a set of five taps on the crests. The group of seven taps was 

used as a base, placed at 10-ft intervals as on the other boundaries. The 

five piezometer taps were located on the crests nearest to the trougbs 

having taps. 

~ traps were placed at each piezometer station. A 0.5-ft 

length of 3/16 in. ID Mayon plastic tubing connected each piezometer tap 

to a sand trap 0 Each trap was a glass bott Ie with a volume of about 1/2 

pint. The rubber stopper sealing the top of the ~ottle had three openings; 
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oae for the piezoaeter tap conaection9 another fox releasing air bubbles, 

and the thixd f~~ ~onnectian to the manometer bank. 

The manometer was made of 14 glass tubes, each 4 ft long 0 The 

inside diaMeter was about 6 mmo The instrument for reading the manometer 

was a fine wire hairline atta~hed to a T-fr~e Which slid in a gxoove 

alans the cente~ of the manometer board o AccUKacy of reading was of the 

orde% of ~ 0 0 003 ft of w~te~o 

A ~latping system was devised to f~cili tate 1l:'e~d:ing the m~iClmetelt' .. 

This device instantmecusly clamped all 14 tubes so> illO fluid could flow =­

whi,ch penitted :l'apid reading Olf the baIDlk of p:iLe2omete~'s" 

The veliDcity profile equipment, was not s&tisf~;c·:to:ry as~ fi:1'st de .... 

signedo It ~Olnsisted of two 1/8-ilIll o OD bxass ~;,,;'lbeS9 one fGr: lrec,,)1l:ding 

ambient pressure Md the othex used as Ii. st~g:m~:tiCl:m tube., One tube w®.s 

recessed into ea~h side of the sediment concent~~tion sampling tube o The 

point where the pxessure was taken was g foz each t~~e1 0 0 75 ino from the 

centerline 'Of the O.2S-ino sampler opening. It WIaS pa,Tti.l1el tc; the diltec= 

tion of the mean velocityo This ~alibrated, ~@n=stand~~d9 pitot tube was 

not practical to use because a single grain of s~d was sufficient to plug 

it 0 FwrthermlOJxe, because the smalldiametex tube h/i,d t{)l be about 3 ft 

1011'9 the pitot was extremely slow to> Jrespond to chuges in velocity., The 

entire apparatus was discarded as impractical for its contempl&ted applica= 

titmno 

The principal function of the velocity pz-ofiles W&l.S to e·nabl€ 

rome to compurlte the desired sup ling time (ox vel<Qlcity) Ii:\(; ~ liven location 

alonl i. diameter of the test se~tiono For reasons to be presented ill 



Chapter V, extreme accuracy was not necessary. Therefore, the ambient and 

stagnation pre~sures necessary for computing the local velocity were 

measured by approximate means. Ambient pressure was indicated by a 

3/l6-in. tap in the wall of the smooth plastic section housing the sedi­

ment sampler e The l~4~in. ID opening of the sampler was used to measure 

the stagnation pressure 0 A coefficient of veh)ci ty, depending on concen­

tration? was determined for each run. Readings we~e taken f~om L~ open 

piezomete~ ~ontaining clear water. 

The sampling equipment !£ obtain a ccnce~t~ation profile in­

cluded an intake tUbe, siphoning and pumping equipment, s~pling cones, 

stop watch, and oven-drying and weighing apparatus. The equipment em­

ployed is shown in Fig. 3 0 

The intake tube extended 5 in. upstream from its support nor­

mal to the direction of flowo It was made of l/2=in. OD by 1/4-in. ID 

brass tubing. The nozzle section was 4 in. long, tapering to a sharp 

edge at the inlet. 

The sediment samples ordinarily were taken by siphoning o A 

small hoxizontal centrifugal pump was used when insufficient piezometxic 

head was available for siphoning. The pump was not used unless absolutely 

necessary because of its unsteady discharge characteristics. 

The samples were collected in one=litxe, g1radu~:~ed Imhoff 

sediment cones .. 

The stOlP watch~ the oven for drying, and the oa1.a.mH:e for 

weighing the samples were standard laboratory equipment. 
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~ ~ sediment samples were taken at the downstream edge 

of the lO~ino orifice, as ill~strated in Fig. 3. The sampling tube had 

a sharp edge opening 1/4 in. in diameter projecting upstream parallel to 

the direction of the mean flow. 

Samples were taken by siphoning. The rate of sampling was con­

trolled by a pinch clamp on a discharge line made of plastic tubing, and 

by changing the elevation of the tube outlet. The samples were taken at 

several locations along two diameters which were atrright angles to each 

other. 

Experimental Procedure 

The experimental procedure was directed toward collecting data 

on the mean values of mixture discharge, sediment discharge, energy loss, 

local mean velocity, and sediment concentration. Additional information 

required for analysis of the data were periodic sieve analyses of the 

sediment, velocity and concentration at the total load sampling station, 

and oven-dry weights of a number of sediment samples. 

General operating procedure was to first make a few runs without 

sediment -- at which time discharge and head loss along the pipeline were 

recorded. Then a small amount of sediment was added to the system and a 

range of discharges was repeated -- this time measuring mixture discharge, 

head loss and total load, and concentration along the vertical and hori­

zontal diameters of the test pipe. After completing such a series, more 

sediment was added and the process repeated until concentrations were such 

that deposition occurred. If deposition took plac~ at a given discharge of 

mixture, that discharge was not used when more sediment was present to the 

system" .. 
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DischarlE ~ mixture was measured with the 10-in. calibrated 

orifice by reading the manometer four times at ten to fifteen minute inter~ 

vals during each run o 

In determining the hydraulic gradient for a run, all piezometers 

were clamped simultaneously, read and unclamped. This was repeated four 

times at roughly fifteen minute intervals for each test. It is believed 

that repeated relidinls taken in this mmner, and averaged, glil:ve 2iIDl. accurate 

measure of ene~gy l~sse 

The manometer was read to + 0.003 ft of water, which was 

sufficiently accurate for determination of the Darcy-Weisbach resistance 

coefficientf) 

T~t~l sediment load data were taken fo~ &11 xuns in which there 

IIppeued ti possibility of deposition. Furthermore, with the smo';:)th pipe~ 

they we~e taken for every run which had sediment present. 

The procedure was first to dete~mine the sampling time required 

to fill a one-litre sediment COllIe.. Samples welfe then siphoned at several 

loc;~tions along two normal diameters of the o.t'ifice. Five SDples were 

taken at e~ch txavexseof a diameter o At least duplicate 9 and sometimes 

as many as fou~, traverses were made along each diameter fox each run o 

Velocity versus concentration ~ !! the !2-!!. oxifice were 

taken in conjunction with the regular :runs, en. the smooth pipe o Dmring 

these x~s the total load sampler was also used as a stagnation tube. These 

di,ta we:ibe' taken fox several dischuges and sediment c{)Dcentrations., 

Concentration p~ofiles in the l2-ino test pipes wexe made in the 

hO:ibizontai and vextical directions for e&ch total load" Samples were 

taken at OolOO-ft intervals along the traverse. To determine the requi~ed 
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time to obtain a lOOO-ml sample through a l/4-in. ID sampler, sampling 

at the ambient velocity, a velocity profile was first made. This gave a 

Hcomputed sampling timeft for each sampling point. Then samples were 

taken repeatedly until three samples were obtained such that the average 

"measured sampling time" was nearly the same as the c~mputed time. Any 

individual sample for which the measured sampling time differed from the 

computed by more than 5 percent was rejected. 

Siphoning was much easier, faster and more accurate than pumping. 

The siphon was controlled very closely by a clamp and varying the eleva­

tion of the siphon outlet. The pump (of about 1/50 HP) tended to surge. 

The samples were collected in 1000-ml cones, tapped three or 

four times by hand, and left to settle for a few moments. The apparent 

volume of sediment in ml was then read and recorded. The cones were 

emptied, washed and drained in readiness for reuse. However, periodically 

a few samples were retained for oven drying and sieve analysis. 

With the Hel-Cor pipes, the first one tested, duplicate con­

centration ptofiles were frequently made. This was found unnecessary, and 

was discontinued When testing the smooth and standard corrugated pipes. 

Sediment ~ calibration ~ were obtained by retaining a 

sample periodically. All of these samples were oven dried and weighed on 

analytical balances. 

A record was kept of the date, the run number, and the position 

in the concentration profile where each sample was obtained. 

A periodic ~ analysis was performed, to determine whether 

the mean size of the sediment was changing due to recirculation. The 

samples used for this purpose were picked, essentially at random, from the 
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ones used in calibrating the sediment cone. Standard shaking procedure 

was used and the material retained on each sieve was weighed on an 

analytical balance e 

The data for each sieve analysis were plotted on "log-probabilityVY 

paper. Median size and average standard deviation were taken from this 

plot for each sample analysed. 



Chapter V 

PRELIMINARY STUDIES 

A number of preliminary studies were conducted before proceeding 

with the main problem. These preliminary studies were: 1) measurement of 

the discharge of mixture, 2) determining the sampling time interval~ 3) 

rapid determination of the local sediment concentration 4) description of 

the one sediment used~ 5) method of determining the total sediment load, 

and 6) effect of piezometer location along corrugations e 

Measurement ~ Discharge ~ Mixture 

Measurement of disCharge of the sediment-water mixture hinged on 

determining Whether any of the common rate-of-flow devices used in clear 

water hydraulics could be applied; or if not, what simple 9 rapid and 

economical technique could be used. 

Durand (19), employed a special orifice meter in the shape of a 

whistle. The particular shape apparently was chosen because the devise 

was usually installed on the end of a pipeline; the whistle-like con­

traction avoiding .eparation of the fluid jet from the top of the pipe out­

leto Careful calibrations with ashes, fine and course sands, gravels and 

iron demonstrated that materials had a negligible influence on the clear 

water ealibratio~ curve -- provided that the fine sands were transported 

at concentrations (in percent by-:rvolume) less than 20 percent and no 

deposition existed at the meter. 

For the research reported herein it was assumed that the 

differential head across a sharp edged orifice plate located ina vertical 
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section of pipeline would not be materially affected by the presence of 

fine sand up to concentrations of 15-20 percent. Therefore, all discharge 

measurements of clear water and the water-sediment mixture were made by 

using the orifice calibration curve for clear water. 

Determining ~ Sampling ~ Interval 

Since a sampler with a sharp edge at the opening and a O.25-in. 

ID cir~ul~ intake was to be used, some knowledge of the allowable ratio 

of intake to ambient velocity was needed, to maintain say a ~ 5 percent 

maximum Error or less in sediment concentrationo From the Corps of 

Engineers (53), it was found that, for the particular nozzle used, 

differences of !. 15 percent in intake velGei ty froDlthe ambient velocity 

wo\!lld i'esult in ccneentration e~xol'S less than :!:. 5 pet'cent o 

Henee 9 rapid velocity determinations were made at each point in 

the fl©w that a p~int time integrated sample was to be taken o From this 

velocity the sampling time interval required to fill a one litre sediment 

co1ie was ealculated Q Each sample taken tq '~etermine the .local concen­

trati~n was based en a sampling time measured in the above manner Q There 

seems sufficient reason to expect, as far as sampling time is conce1Cned, 

that concentrations axe accuxate 7 in general, to at least + 5 percento 

Rapid Determination 2f Local Sediment Concentration 

Until recently, about the only technique used to measure concen­

tration was to take the sample of sediment-water mixture, oven dry it, 

weigh the solids on an analytical balL~ce and calculate concent%ation; a 

process often requiring an average time of ten minutes per sample o For 
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this study it was anticipated that some 12,000 to 15,000 samples would be 

taken. The ab~ve procedure was not practical. 

TIle difficulty was resolved by calIbrating a one litre sediment 

cone. This reduced to determining the actual concentration as a function 

of the appue.nt volume of sediment as read with a scale 011 the cone. A 

number of samples were oven-dried in order to get the actual concentrations 

during preliminary testing. The resultant curve looked very promising. 

The calibration curve used" Fig. 4, is the result of oven drying 

more than 140 samples. All samples were taken by one or the other of two 

persons. The technique used in shaking down the sediment in the cone to 

obtain a constant voids ratio for each sample was not quite the same for 

both men. Samples for drying were picked at random, by the man not 

actually doing the sampling, ever a period of about three Months,.. 

Studying this calibration curve points out the possibilities of 

this method fox sediment studies. It should be noted that there is a 

lowe.lf limit of co~centration beyond 'Which the accuracy is not satisfactory. 

F@r some field studies~ in ~ich extreae accuracy is not too important, 

concentl'ations down. to 0 0 05 percent could be 1I:easured satisfactorily, How­

evex, in general, oven drying ox some alternative method is advisable below 

0 0 10 pexcent e The technique is probably not applicable to studies in­

volving a large percentage of silt and clay sizes o 

SedimeJ1l.t Data 

One sedim.ent was used throughout the course of the project. 

Inf\Q)xmati{l)n as to its source and composition. is given in Chapter IVo 

-81-



It:! 
ea 
,..A 
\N\I / 

4a lit 
/~ 

~. 

nI'II /' 
.. 4.V\I 

~~ 
~ 

,/ 
I IIX) L 

~ (' 

/ 
~ " :a ~fi) v 
~ 

~ ~ V ~ 
'ti V \)~ 
~'V I~ 
~ ~ ~ v6 
~ ~ 0 

i/!'~ 01 
~ rv rvO 

[8 A 
~6 J.-r 0 

~V>' 

0/ /000 ml Imhoff cone 
4 A .... 0.20 mm fine sand sediment -

B/ 

Vo 
2~ 

al Q2 04 Q6 08 1.0 2 4 6 8 /0 m 

Concentration c in percent by volume 

Fig. 4 Sediment cone calibration curve 
-82-



The purpose here is to present those data useful in analysis and repre­

senting the behavior of the sediment during the testing program. 

Representative fall velocity distr~Hution ~ are given in Fig. 5. 

These data were obtained from a detailed fall velocity analysis of a sedi­

ment sample sent to the Corps of Engineers, Missouri River Division Labora­

torys by a cooperating project using the same sediment. The significant 

point is that the median sieve diameter 9 to be discussed in the next section, 

lies slightly beyond the upper limit of applicability of Stokes law. Thus, 

due to the distribution of sizes present, part of the sediment had fall 

velocities in the Stokes range and part was outside this range. The latter 

came close to satisfying the Budryck equation. See Durand (16). 

Average median sieve diameter was used as the basic variable for 

describing the sediment. This variable was particularly convenient be­

cause it could be obtained by sieving select samples from those dried 

for the cone calibration curve. Using these samples, frequently com­

posites. two problems were solved. In the first place, because samples 

were taken over a time period of several months, a continuous record of 

change due to abrasion? if any, in the median size was ava(1able. Secondly, 

by proper selection of samples it was possible to determine the difference 

in median size at the top of the pipe and a point lower on the vertical 

diameter" 

The sieve analyses ~ were plotted on ftlog-probability" paper, 

thus making it possible to rapidly determine the median sieve diameter and 

the standard deviation of the diameter. A typical analysis is given in Fig. 5. 

The average median sieve diameter was 0.20 mm and the average standard 

deviation was 0.051 Mmo The average median diameter was computed including 
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all sieve analyses regardless of the portion of the vertical diameter 

from which the sediment sample was taken. The median diameter and 

standard deviation of eaCh analysis are tabulated in the Appendix. The 

original plots- are filed with the Department of Civil Engineering, 

Colorado A and M College. Arithmetic averages were used in computing 

average median diameter and average standard deviation. 

Maintainance of the median diameter of the sediment was achieved 

by continuously discharg~ng the somewhat-turbid water and adding new 

sediment and clear water. The procedure was adequate for this study 

but probably would not be satisfactory for coarse material, especially 

if the constituent minerals were soft. 

Method of Determining ~ Total Sediment ~ 

In evaluating the integral for total sediment load, 

C =! lcv1da , it is practically a necessity to pick a location for 
t Q s 

measurement of either c or Vol , at which at least one of these variables 

is a constant. An even better location would be that for which 

Ct 
_- (c) ( V i '1 da . Sampling at an orifice placed in a vertical section 

Q s 
of pipe seemed to be the best answer. 

~ variation of velocity across! IO-in. orifice placed in a 

vertical 12-in. pipe line was studied. Since only the variation of velocity 

was of interest, and not its absolute magnitude, special equipment was not 

developed for the study. One leg of a manometer was connected to the 

stagnation tap for the orifice plate and the other leg to the O.25-in. ID 

sampling tube 0 Duplicate traverses were made along two diaIlv~ters for each 

mixture discharge and sediment discharge. One diameter was parallel to the 

pump axis, and the other normal to it. 
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These data are plotted in Fig. 6. The distribution is quite 

erratic. It is believed this was due to the proxiMity of the orifice to 

the pump, a distuce of about seven diameters. Another factor wa.s the 

lack of refinement of the equipment, but neither this nor the presence 

of sediment could reasonably ca.use the scatter which is ShOWllo 

A study by Kowalki (32) on a similarly oI'iented ol'ifices> using 

aluminum p~tieles9 gave a practically uniform velocity distxibution. The 

oxifice t@ pipe=diameter ratio was much smaller and the pump was not so 

close o 

!!!! vuiation of concentration .2!!! ~ lO-in. orifice is also 

plotted in Figo 6 Q The eoncentxation at the edge of the orifice corres= 

ponding t~ the {J!utel' rim of the pump impeller is consistently h:igh9 and 

~~nsistently l~w along the edge normal to ito The concentration is quite 

uaiformly distributed over the core of the jet. The high and low points, 

The methtid used for determination of the total load was 

where -'C was ~ssumed to be near enough constant that it could be taken 

outside the integral o Furthermore~ it was assumed that a sufficient 

measure of this Ct = C was 

where ,111 ~ 30 9 ieeo)l thirty samples? thcee at each of ten locations over 

the orifice ~ross=se~tiono 
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Effect of Piezometer Location Along Corrugation 

While the~e seemed no physical reason why the hydraulic gradient 

as determined from a set of piezometers all located on the crests 

(observer inside pipe) should differ from a set consistently at some 

other position9 it was believed the matter should be investigated o 

The Corps of Engineers (48), reporting on a study of laxge diam-

eter corxugated pipes 9 included some information on the deviation in head, 

from true ambient pressuxe? at various locatio~s along a corxugation. A 

hydrauli~ g~adient measured by any consistent piezomete~ b~nk seemed to 

be satisfact~rY9 within ones ability to read the manometer. Sediment was 

not present du~ing the tests o 

Nomin!i.l l2=ino close-xiveted standcd COl"Z''Utg~ted pipe was used 

for the tests reported herein o The amplitude of the corrugations was 

0 0 5 ine from crest to trougho A piezometer tap was located at the crest 

and another at the txough e The difference in head between a crest and 

nea~est trough is given as on fto The hydr~ulic gradient determined 

from the crests is called J ~ and that from the tro~ghs is 

The differential ~ between ~ crest and txo~h 87r $I is 

plotted in Fige 7 as a function of Reynolds number and tot!i.l ~oado When 

sediment was not present OJr appeared to be directly proportional to 

the Reynolds number of the mean flow. As the concentration increased, 

however 9 fo~ a given Re 9 the 07r in general dec~easedo A possible 

explanation can be derived by reasoning that the sediment circulating in 

the quite stable vortex Which exists in the groove between crests caused 

the vortex to shift slightly in ~osition. This resulted in a different 
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kinetic head being recorded by the trough piezometer. Another plausible 

reason for the decrease in 81C is that the angular velocity of the vor­

tex was decreased because of the sediment. That this phenomenon occurs is 

demonstrated by recalling that, if deposition takes place in the corruga­

tion, the angular velocity of the vortex is reduced to zero. 

~ effect of the piezometer location 2!! .!!!! hydraulic gr~~ent 

can be evaluated by examining the curve of J 1/J versus Re in Fig. 7. 

The gradient was not affected significantly~ except for a few isolated 

points. Reviewing the laboratory data revealed that J
1 

was based on 

only two or three piezometers for these points, the piezometric head 

being so great that the others were off scale~ The J set are basic 

throughout this study~ and consist of readings from 4 to 10 piezometer 

taps on 10 ft centers. Therefore~ the deviating points are not given 

mU<.:h ~vei~ht and it is concluded that the hydraulic gradient as recorded 

by the corrugation crests gave an accurate measure of the rate of energy 

dissipation. 

Summary 

Preliminary studies indicated that a clear water calibration 

curve for the 10-in. orifice would be used to measure mixture discharge~ 

a considerable error could be made in sampling time without causing undue 

errors in local concentration measurements; a calibrated sediment cone 

could be used for rapidly determining local concentration; the total load 

could be measured at an orifice placed in a vertical pipe; and the error 

in hydraulic gradient t as determined by any set of piezometers located 

consistently along the corrugations, was negligible. 
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Chapter VI 

ONE-DIMENSIONAL ANALYSIS 

The e.quations of homogeneous fluid hydraulics were used as a 

basis in analysisof~he one-dimensional characteristics of fine sand 

transport in 12-,in ~ pipes, and extended to include va.riables describing 

the sediment 0 The one=<iimensional study was divided into the following 

parts~ 1) effect of boundary form on hydraulic gradient, 2) resistance 

coefficient f a.s a. function of the Reynolds number and total loady 

3) determination of the total load at which deposition is incipient,4Uld 

4) effect of boundary form on horsepower and discharge" 

Bffect of Boundary Form on Hydraulic Gradient 
~~ = ~_ .... -="'t __ _ 

The hydraulic gradient may be interpreted as the energy loss 

per u.ait weight of fluid. per unit length traversed along the conduit" 

Herein r.ests its importance in hydraulicsu Before presenting and dis-

cusslng the data ta.ken dtttlng this study, it is necessary~ because of 

subsequent rellluks, to show the region on the J -V dfaglC'1.D! in which 

lie the d .. ta of earlitu.' workers and its re.1!1tiGu ~~~the present data o 

The effect af boundary form may then be presented by exami.ning: 

1) effect of boundary form for cleax w£ter transport~ 2) effect of sedi-

Ment 1 3) minimum horsepower for constant total load, and 4) the slope of 

the J-V curves g 

The yariatio~ of 1 with y ~nd £± is shown schematically 

in Figo 8 0 Most of the field and laboratory work on sands in water 9 re= 

ported in the lite~atuxe~ are in the region A, above the upper shaded 

horizont.al line. The region B is studied in the investigation reported 

herein" 
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In many field applications it is desirable to know the minimum 

rate of energy dissipation required to transport sediment at a given rate. 

Since horsepower is proportional to the product of J and V, the minimum 

rate of energy expenditure for a given Ct occurs at the minimums in the 

Ct curves. A considerable number of data emphasized that this minimum 

occurred at the point of incipient sediment deposition for any 

Ct = constant on the J=V diagram. 

Summarizing~ for minimum energy requirements to t1:"ansport sedi­

ment9 it is desirable to have a boundary with ]-V ~urves for clear water 

as close as possible to the J axis? and l&xge Ct = constant curves 

intersecting the J axis at small J values. 

Effect of boundary form for ~ watex may be examined by re­

ferring to Fig. 9. For a fixed J, the corrugated pipe had the smallest 

velocity V and the smooth the largest velocity. This could be inter­

preted as implying that corrugated pipe is the most desirable for con­

veying fluids which interpretation will be shown later to be true only 

for special problems. 

Since the J=V curves have a slope of two (except the smooth 

pipe) and horsepower is proportional to the product .JV, horsepower 

versus discharge was least for the smooth and greatest f011: the corrugated, 

wi th Hel-Cor falling between. The artificial :c':)ughness had a slight ly 

greater frequency and somewhat smaller amplitude in the Hel-Cor than in 

the corrugated pipe, but the lesser energy dissipation in Hel~Cor was 

due to a larger effective conveyance area, because of the helical grooves. 

A part o~ the water was conveyed continuously in each helical corrugation. 
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~ sediment does not have an appreciable influence on horse­

power requirements. until deposition begins to occur in the pipe. This is 

what one would expect by extrapolation of earlier work, as was done in 

presenting Fig. 8. There is a considerable deviation of the data from 

the clear water curve for smooth and Hel-Cor pipes when deposi.tion occurs, 

but only a small change for the corrugated pipe. None of these de­

viations, however? are great enough to enable one to define a minimum 

in a Ct = constant curve o 

The minimum horsepower for! constant total load can not be 

easily associated with a minimum on the J-V diagram for the data pre­

sented, because the minimum of Ct = constant is very near the clear 

water curve and difficult to define. The data need to be analyzed in 

a somewhat different manner in order to determine incipient deposition 

as shown in Figo II. 

Slope of the J=V curves is worth careful thought. The curves 

for both the corrugated and Hel-Cor pipes are characterized by a slope of 

two. However, the smooth pipe definitely has a slope less than two. 

This implies that the Darcy-Weisbach resistance coefficient f is in­

dependent of Reynolds number for corrugated and Hel-Cor, and dependent on 

Re for the smooth pipe. The significance of this will be pointed out in 

the section on resistance coefficient. 

Resistance Coefficient ~ ! Function of ~ ~ Et 

The dimensional J~V diagrams are ilftPortant for many fieldr' 

design problems? but do not clarify the fluid mechanics involved. The 
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resistance coefficient f is more fundamental. It is a drag coefficient 

capable of representing a given boundaryo Dimensional analysis has shown 

that 

f = 1/1 (Re, Ct , ~jD) • Bq 53 

Analysis and discussion of resistance reduces to a study of this equation 

with the aid of experimental evidence as presented in Figo 10. The curves 

of Fig. 10 are drawn in as the best fit consistent with the J-V diagram, 

for fully suspended sediment transport 0 

Discussion covers: 1) effect of sediment in fully suspended 

flow regime, 2) effect of sediment at incipient deposition, 3) comparison 

of results for smooth pipe with the Karman-Prandtl resistance equation for 

turbulent flow in smooth pipes, 4) comparison of results for corrugated 

and Hel-Cor pipes with the Karman-Prandtl resistance equation for turbulent 

flow in rough pipes, and 5) comparison of the results for corrugated pipe 

with the M~rris wake-interference flow concept. 

The effect of sediment in fully suspended ~ regime seems to 

be an energy balance phenomenon, because the resistance coefficient does 

not vary appreciably with total load until deposition begins. This implies 

that the amount of energy expended in supporting sediment is approximately 

equal to the decrease in energy transferred to the small energy dissipating 

eddies by the large scale energy transport eddies -= if there were not a 

decrease in energy dissipation at some part of a sediment laden flow, 

then the value of f would continuously increase as Ct increased, 

because the additional energy dissipated in supporting the sediment in­

creases with Ct . 
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The effect of ~ sediment !! incipient deposition was a change 

in boundary form. It is significant to note there is a definite increase 

in f when deposition begins for the smooth and Hel-Cor pipes, but not a 

noticeable change for the corrugated. The effective boundary of smooth or 

Hel-Cor is not even approximately that which is implied in the ~/D 

parameter when deposition is taking place. The concentration profile 

analysis will yield fqtther information. However, observations through a 

plastic section in the test pipe contain important information. 

A series of unstable dunes formed in the smooth pipe when de~ 

position began to take place. These eliminated ~/D as describing the 

boundary. In the Hel-Cor it was observed that? for a given mean velocity, 

the helical motion of the outer shell of mixture became less and less, 

as the total load approached the maximum carrying capacity. i.e., the 

discharge through the troughs of the artifical roughness was approaching 

zero. The helical motion was non-existant when deposition was present 

and the pipe closely resembled a corrugated pipe with small corrugations. 

The corrugated pipe had comparatively large corrugations and the formation 

of small dunes did not materially affect ~/D; therefore, f did not 

increase appreciably when deposition began. 

Comparison of the results for the smooth pipe with the Karman-
f - -- -- -- --- --- --

Prandtl resistance equation for turbulent flow in smooth pipes is based 

on Eq 56, 

l/,!f = 2 log(Re,/f)=O.8 ~ Eq 56 

The curve for the smooth pipe (see Fig. 10), satisfies this equation as 

well as one might wish, and can be used as a design equation for the 

given range of Re . 
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Comparison of ~ results for corrugated and Hel-Cor pipes with 

the Karman-Prandtl resistance eguation ~ turbulent flow in rough pipes 
I 

is based on Eq 57, 

1/,)[ = 2 log r /k + 1074 . o 
Eg 57 

The relative smoothness r /k , based on Nikuradse sand grain roughness, 
o 

has been used as a standard in discussing rough pipes. Substitution of 

f .: 0.115 and f.: 0 0 040 into Eq 57, for the corrugated and Hel-Cor, 

yields values of r o~1k of 4,,03 and 42.6, respecti ve Iy 0 

It is interesting to compute an equivalent sand grain diameter 

from the values of rolk 0 The grain diameter is k.: 0.12 ft and 0.012 

ft for the corrugated and Hel-Cor, respectively. The actual amplitude 

of the artificial roughness is 0.042 ft and 0.037 ft, respectively. 

There is very little correlation between k and the physical quantity 

involved~ thus implying that a better roughness parameter is needed for 

large evenly spaced artificial roughnesses. In this connection the 

listing of factors which enter, by Vadot (55), should be helpful. See 

Review of Literature for list. 

Comparison of results for corrugated pipe ~ the Morris wake-

interference flow concept for corrugated pipes is based on Eq 1, repeated 

here for convenience. 

Eq 1 
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This equation, on a graph of 

l/-/f - 2 log r 111. o versus 

has an asymptote of 1.75, in close agreement with the Karman-Prandtl 

resistance function. An approximate summary curve for corrugated 

strip roughnesses as a function of the above variables is given in 

Morris (36). To evaluate the accuracy of this curve, the value of the 

Re-/i resistance function, for a given , was computed and compared to 
ro/Jl 

that taken from the graph. The computation is below. 

Let Re :: 8 X 105 f = 0,,115 , r = 0.5 ft and 
0 

= 0.222 ft. Then 

Re-/f = 12,100 . 

The computed value of 1/'/£ - 2 log ro/A is 2.25 and the value from the 

graph is 2.31. 

The close agreement of the curve and experiment, making use 

of physically measurable quantities, mO:i'J:5 the wake-interference concept 

has considerable merit, and is an improvement over the Nikuradse relative 

smoothness parameter. 

Determination of Total ~ !! which Deposition is Incipient 

As emph~tzed in the discussion of the J-V curves, the 

minimum of a Ct = constant curve on the J=V diagram is important l.n 

determining the minimum horsepower required for transporting a given 

total load. The primary purpose of this section is to determine a curve 

of Ct versus V for which deposition is incipient. Correlation of 

such a result with a J-V diagram will give the requisite information 

for efficient design of sediment pumping plants. 
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A plot was made of Ct versus V on rectangular, log-log 

and semi-log paper, noting at each plotted point whether the sediment 

was all in suspension, deposition was incipient, or a bed existed, as 

observed in the laboratory for each boundary~ The object was to plot 

on a type of paper on which a straight demarcation line could be 

drawn as separating suspended and deposition regime. Semi-log paper 

was decided upon, and Fig. 11 is the result. It must be emphasized 

that the straight line drawn as separating suspende~ and deposit trans­

port regimes was purely a matter of judgment, i.e an empirical 

conclusion in every sense of the word. Figo 12 is a composite of the 

demarcation lines, on one V scale, as taken from Fig. 110 

A remark on the Hel-Cor pipe will illustrate the latitude 

one has in constructing an incipient deposition curve, If a bed existed 

in the pipe before pumping was begun and the discharge was gradually in­

creased to the operating discharge without secondary circulation, trans~ 

port at incipient deposition would differ considerably from that possible 

if the secondary circulation were in operation and concentration gradually 

increased to a maximum for the same operating discharge o In the latter 

case a helical motion would be aiding suspension but in the former the 

motion would be one-dimensional o 

Personal judgment entered considerably in deciding whether 

deposition was incipient. Observations were made through a plastic section 

at the downstream end of the pipe o It was essentially the same problem 

as deciding in a flume study when the critical tractive force condition 

exists. 
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A significant check on the result discussed above has been 

found in analyzing the concentration profiles for each pipe. This check 

will be discussed with the smooth pipe vertical concentration profiles. 

Some valuable conclusions can be reached even if the demar­

cation curves of Fig. 11 were not exact. Dimensional analysis demon­

strated the importance of V/~ in deposition phenomenon. If VL is 

used to designate the limiting transport velocity and plots the lines 

drawn on Fig. 12 in terms of V~~ versus Ct on rectangular co­

ordinates, Fig. 13 results. 

Forra given boundary (see Fig. 13), the range of Ct for which 

an observer would probably say deposition was occurring is becoming larger 

and larger with increasing Vt/,/gD, This has important ramifications o 

Horsepower will vary almost entirely with total load for large VrI.iiD, 
assuming operation corresponding to incipient deposition. The importance 

of this to a dredge operator is that, for a nearly constant mixture dis­

charge, a large range of total loads is possible and still maintain 

operation near maximum efficiency. Variation of total load occurs when 

moving the suction line of a dredge from place to place. Furthermore, 

nearly constant discharge is a desirable feature to have, as discussed 

later under pump stability. 

From the standpoint of sediment mechanics, once vII-viD is 

increased and becomes less dependent on CtJ there is sufficient large­

scale eddy transfer energy available to accommodate a rather large range 

of total load. 
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Effec! of Boundary Form ~ Horsepower ~ Discharge 

Design of a sediment pumping installation depends on the limita-

tions and assumptions imposed by the available design data and the equip-

ment available. Most problems involving boundary types are included by: 

1) type of pump needed, 2) relative power for a given total load G 

3) relative water required for a given G, 4) comparative sediment dis-

charge for a given horsepower, 5) comparative sediment discharge for a 

given mixture discharge, and 6) a combination of horsepower and discharge. 

Certain limitations and assumptions ~ imposed in order to 

make comparative studies of the effects of boundary form on horsepower and 

mixture discharge characteristics as a function of sediment discharge. The 

sediment discharge was computed as the product of 

where Ct and VL are related by the incipient deposition plot. 

Variation of the mixture unit weight was negligible in calculating horse-

power. The equation employed was 

HP = Q YwJ/550 , 

where J corresponds to the clear water value at the velocity VL • This 

calculation gives horsepower per ft of pipe. Therefore, results of this 

calculation are valid only for the most economical operating conditions. 

It is important to note that this technique is applicable only in the range 

of velocities such that the minimum value of a constant Ct curve on 

the J-V diagram lies near the clear water line. 
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The analysis is strictly applicable only for the sediment used 

in obtaining these data. However, the curves of Fig. 14 should have at 

least a qualitative application beyond the range of the data for which 

they were derived. 

The question of type of pump needed for the task of transporting 

sediment is really a problem in itself. The reason for including a short 

paragraph on this subject is that the problem of pipelines clogging is 

often the difference between failure and success of an installation; and 

correct pump design can be the answer. 

Assume a plant operates at velocities on the J-V diagram where 

a minimum occurs in the Ct curves, as in Figo 15. Further, suppose a 

pump with a J-V characteristic curve such as A (constant horsepower) 

were installed. This curve crosses the Ct line in two places, one in 

the deposits regime and one in the suspended transport region. Such an 

operation is unstable because, for the same hors~power, the discharge may 

oscillate back and forth across the Ct minimum and pipeline clogging 

may result. 

Assume a constant discharge pump with a characteristic cur.ve 

such as B. Stability is evident and the probability of clogging is 

materially reduced. 

Durepaire (20) gave a very thorough treatment of this subject. 

Fig. 14 is helpful in discussing the relative power requirements 

for! fixed sediment discharg, of the three boundaries studied. This type 

of problem arises in designing a plant which runs continuously. Cost of 
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power is frequently a major item in such a case. To be more specific, 

suppose sediment enters a power canal at a constant rate and must not be 

allowed to enter a set of turbines. Assume further that the amount of 

water used in the sediment excluding operation is not important. Comparing 

the boundaries for the above type of problems, the corrugated pipe re­

quires from 250 to 600 percent more power than the Hel=Cor, and 200 to 

250 percent more than the smooth. Smooth pipe requires as much as 300 

percent mote power than Hel-Cor over the low range of total load. This 

difference continually decreases and at a total sediment load of about one 

cfs the smooth requires less horsepower than Hel-Cor. 

In general, for a given G and assuming Q unimportant, 

Hel-Cor will be the most economical for G< about Q500 tons per day; for 

larger G a smooth pipe is desirable. 

Problems arise for which the relative water ~uired for ~ 

given sediment discharge is the fundamental problem. A typical case could 

be the construction of a hydraulic fill dam. Disposal of a large volume 

of water from the top of the fill, once the solids have settled, may be 

difficult or undesirable. A pipeline is needed which will convey the 

largest volume of solids for a given amount of mixture. 

The broken curves of Fig. 14 indicate that the corrugated and 

Hel-Cor are about equally efficient for G greater than 0.1 cfs. The 

smooth pipe discharges about 60 percent more mixture than either of the 

other pipes for a fixed total sediment load. 
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It can be concluded that a smooth pipe is not practical for jobs 

where the amount of water to be wasted must be held to a minimum, and that 

both corrugated an~ Hel-Cor give about equally satisfactory results. Power 

consumption has been ignored in this comparision. 

Another design problem for which this study is important is that 

of excluding sediment from a canal at a given rate. Assume an irrigation 

system removing sediment from a canal at the rate of 0.5 cfs. A simple 

calculation, using Fig. 14 and recalling that 1.0 cfs for 28 days corres­

ponds to 55.5 ac-ft, shows that nearly 500 ac-ft of water would be saved 

for irrigating farm crops by employing Hel-Cor pipe. 

It would not be valid to give the water a monetary value and 

say a fixed amount of money was saved, because a part of the 500 ac-ft 

might have been lost by canal seepage. Furthermore, a part of the water, 

if pumped through the smooth pipe, would probably be recovered. The 

problem of horsepower was not considered. 

Other installations can be imagined in which comparative 

g~diment discharge for! given horsepower is being considered. An ex­

ample would be an operator who already has a motor, and wants to convey 

a maximum amount of solid material per unit time. 

The most evident difference in G for constant horsepower is 

between the corrugated and Hel-Cor. The He1-Cor will carry approximately 

ten times as much sediment per unit time as the corrugated. This is an 

extremely large difference which can hardly be ignored in field contract 

jobs because of the significance of the time element. Some contracts are 
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in terms of a fixed amount of money to deliver a specific amount of solid 

material not later than a given date. Assuming equivalent working days at 

the same horsepower for the above two pipes, the Hel-Cor would require only 

10 percent as long to finish the job as corrugated. Furthermore, even 

though horsepower is the same in both cases, since the corrugated would 

operate 10 times as long, the power bill would be 10 times greater for the 

corrugated. 

The above arguments are also valid when comparing the smooth 

and Hel-Cor. However, the difference in G decreases with increasing 

horsepower until HP reaches 0.18. Above this value the smooth pipe trans­

ports more per unit time than Hel-Cor. Hel-Cor may convey four times as 

much sediment per unit time at low horsepower as smooth pipe. 

The comparative sediment discharge rate for ! given mixture dis­

charge is another important question to be answered. A problem in this 

category arises quite frequently in irrigated areas. One of the diffi­

culties in the design of stable open channels for irrigation and power is 

that of preventing sediment from entering in prohibitive amounts. 

Associated with this is the limited amount of the channel water that can 

be allocated for aiding the sediment exclusion. Thus, it is imperative 

to have a pipe boundary, if dredges or similar techniques are used, which 

will convey the largest amount of sediment for a given mixture discharge. 

From Fig. 14 it can be seen that Hel-Cor and corrugated pipes 

convey about 15 times as much sediment per unit time for a given mixture 

discharge as smooth pipe. There is not a significant difference between 

Hel-Cor and corrugated. 

-113-



In order to gain an idea of what the above savings mean, assume 

a canal carrying 100 cfs, of which 5 cfs have been used with a smooth pipe 

to remove sediment. Suppose the system operates four months a year. In 

these four months the smooth pipe could remove about 5,400 cubic yards of 

sediment and the other pipes in the order of 80,000 cubic yards. This 

comparison is tempered by recalling that mention has not been made of the 

rate at which sediment really needs to be removed from the canal. 

A combination of horsepower and discharge will lead to valuable 

conclusions. Assume a power company has a canal carrying 500 cfs, a 

maximum of 5 percent of the discha~e can be removed in order to keep 

sediment from entering the turbines and it is known that removing sedi-

ment at the rate of 0.05 cfs is necessary. The problem is to determine 

which boundary will be the most economical as far as operation is concerned; 

and compare the other pipes to ito 

The lower set of curves on Fig. 14 indicates that all the 

boundaries will satisfy the 5 percent limitation for G = 0.05 cfs. 

Further use of the curves will give the information given below. 

Data From Curves Comparison to Hel-Cor 
Boundary HP x 103 G X 102 Q Percent HP Percent water 

5.65 discharged 

Hel-Cor 5 0 65 0.5 3 0 75 100 100 

Smooth 8.00 0.5 6.05 141 161 

Corr~gated 19.0 0.5 3.85 337 103 

Considering the information above, the Hel-Cor boundary will 

result in a significant saving over the corrugated and smooth pipes, a 

problem for which both power and waste water must be kept at a minimum. 
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Summary 

One-dimensional analysis revealed that the sedimen, has little 

or no effect on the J-V diagram for clear water 1 with J in terms of 

water, until inc1pient deposition begins. The same conclusion was reached 

on the f-Re diagram 0 A plot of the velocity VL at which deposition 

begins versus the corresponding total load indicated that VL became 

less and less dependent on total load -= occurring for Hel-Cor and 

corrugated much more rapidly than the smooth. In general, for the vel­

ocities used? Hel=Cor carried more sediment at less horsepower than 

either corrugated or smooth pipe o 
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Chapter VII 

INFLUENCE OF BOUNDARY FORM ON INTERNAL MECHANICS 

Analysis of boundary form effects on the internal mechanics of 

sediment transport by pipes requires sediment concentration profiles in 

both the horizontal and vertical directions of a cross-sectional normal 

to the mean flowe Such profiles were obtained for several total sedi­

ment loads and a number of mean velocities o To analyze and discuss these 

profile data, they were subdivided into: 1) horizontal concentration 

profiles, 2) elementary comparison of vertical concentration profiles, 

3) vertical concentration profiles in Hel=Cor pipe, 4) vertical concen­

tration profiles in a smooth pipe, 5) vertical concentration profiles in 

corrugated pipe, and 6) diffusion coefficient €s and the Karman con­

stant k 4 

The basic equation for studying concentration profiles is 

Eq 70, 

Eq 70 

or the same equation with ylD replaced by zlD. Reynolds number or 

the hydraulic gradient enters some problems. 

Analysis of Horizontal Concentration Profiles 

Horizontal concentration profiles were obtained and analyzed to 

determine if there was evidence of a pronounced secondary circulation 

spiral owing to density gradient and if the Hel-Cor boundary induced trans­

port up the walls of the pipe o The applicable data are summarized in Fig. 

16, as a plot of c/C 9 = jU'c z/D) . 
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Because of the large volume of these data, many of which plotted 

on top of each other, only the extreme values and a few of the average ones 

have been plotted. The plot was designed to show variations in concentra­

tion across a horizontal diameter, and should not be related to the total 

load Ct which has previously played such a dominant role. This explains 

substituting z/D for y/D and C/Cf for c/Ct . 

For convenience, the discussion of the horizontal profiles was 

separated into: 1) ReI-Cor, 2) corrugated, 3) smooth, and 4) conclusions. 

The ReI-Cor profile (see Figo 16) had a constantly greater-than­

average concentration on the side of the pipe corresponding to that up 

which material would have a tendency to flow because of the effect of the 

helix. To clarify this, assume an observer stationed along the centerline 

of the pipe and looking in the direction of the mean flow. From this 

point the pipefwall would resemble a right hand screw. Sediment had a 

tendency to settle to the bottom of the pipe. But if it were carried up 

the wall, corresponding to turning slightly the right hand screw, the 

result would be to increase the sediment concentration on the left. 

The amount of deficiency of sediment on the opposite side may 

be shown to depend on the parameter V/,!gD, as can the amount in excess 

discussed in the preceding paragraph. Sediment was carried up one side 

of the pipe when V/,!gD was small, but settled away from the boundary 

before going over the top and reaching the opposite side. The high 

boundary concentration continued further and further up the wall, as 

v;,)gD increased, until it went completely around the pipe, and a low 

concentration no longer existed near any portion of the boundary_ 
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A more detailed description will be given when the vertical con­

centration p1"ot~lE:s aI:e discussed" Worth noting at this point is the 

general uniformity of concentration over the core region. 

Standard corrugated pipe had a nearly uniform concentration over 

the entire horizontal diameter. The maximum deviation from c/C~ = 1000 

was about ~ 5.5 percent] which was probably experimental since no con­

sistent tendency was observed. 

Smooth pipe had the same type of uniform distribution in the 

horizontal as the corrugated pipe. The variation of concentration from 

c/CO :; 1000 was about + 3 percent. The deviation was somewhat smaller 

than in the corrugated 0 This was probably because less difficulty was 

encountered in taking samples in the smooth pipe, in general, the con­

cei1trati;)Tls were less and t,he sampler operated better 0 

The principal ~onclusion is that bound.ary form has a definite 

influence on the mechanism of transport~ In the Hel-Cor pipe there is a 

definite helical secondary flow inducing a fi0n~uniform sediment distri­

bution along a h;o:rizontal diamEter =~ but undoubtedly resultin§ in a 

more uniform concentra.tion over a cross~section of the pipee There is 

no evidence of any secondary mot10n due to the density gradient along 

the vertical di~meter of corrugated and smooth pipes o Furthermore 9 as 

long as there is not a mechanically induced helical flow, or a similar 

secondary circula.tion~ the horizontal profile is independent of the 

amount of turbulence generated by roughening the boundaries? insofar as 

form is concerned 0 The actual magnitude of the concentration along a 

horizontal diameter depen~on the number of large-scale eddies generated 

and transporting sediment. 



Elementary Comparison of Vertical Profiles 

Analysis of the vertical concentration profiles was based on 

Eq 70, 

c/Ct = 1/1 (y /D, V/..,/g'D, Ct , ~/D) Bq 70 

The total load Ct was again a fundamental variable: Fig. 17 is a plot 

of one typical profile for each pipe, with Re and Ct constant. The 

purpose of this plot is to show the characteristic form of the concentra­

tion profile for each boundary. 

Hel=Cor pipe, carrying a fairly high discharge of mixture without 

deposition, had a nearly constant concentration over the entire section. 

The high concentration in the vicinity of the boundary mayor may not be 

present, depending on the value of V/..,/g'D 0 In general, for a given 

Ct ? as v/,!gD increased the regions of high concentration near the 

boundary became more pronounced. 

Corrugated pipe exhibited a profile that was an exponential 

function of yID for low V/..,/g'D, and passed to a nearly linear function 

of yID for high V/,!gD t The limit would be c/Ct = 1.0 , for in­

finite V/,!gD. Between these upper and lower limits, on semi-log 

plots, the typical s-shaped concentration curve of Fig. 17 existed. 

Smooth pipe had a comparatively non-uniform concentration pro­

file throughout the range of velocities examined 0 The roughbess of the 

walls was not sufficient to generate large turbulent eddies capable of 

transporting sediment; lD2 corrugated pipe was capable of generating. 
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Vertical Concentration Profiles in Hel~or Pipe 

Objectives of this analysis of vertical concentration profiles 

were to examine the relationship of the parameters in the equation 

This is Eq 70 with ~/D constant. In order to organize the data for 

study in terms of Eq 70, they were arranged in groups of nearly constant 

v/~ -- that is, one plot for each value of v/~ 0 See Fig .. 18, 

The Ct for each profile is distinguished by an appropriate symbol. 

Presentation and discussion are given for several values of V/,!gD. 

Some remarks on large eddies and a summary follow. 

The limited data for V/,)gD = 0.36 , for incipient deposition, 

show that there was actually less sediment on the bottom of the pipe than 

up the side. Deposition occurred for quite low Ct ' so low that the 

"deposit" formed part way up the pipe wall -- where the velocity of the 

helical shell was about equal to the particle fall velocity. 

A value of v/-!iD = 0.79 is the next lowest given on Fig. 18 .. 

In this case there existed a fairly thick shell having a low angular 

velocity -- hardly sufficient to carry material over a complete circuit 

from pipe bottom, over the top, and back again. Deposition was about 

to take place .. 

The plot for V/,!gD = 0.98 is'~nearly identical to the one 

immediately preceding.. The parameter V/~ had increased but the total 

load had increased so that deposition was about to begin. Note the nearly 

uniform concentration distribution characteristic of Hel...cor just before 

deposition began. 
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When V/,(gU = 1.08 was reached, material was carried over the 

top of the pipe before settling into the inner core, even for low concen~ 

trations such that the load did not materially slow the rotation of the 

shell. It is 1nteresting to refer to the horizontal profiles and observe 

that c/Ct at the wall was about 1.10 to 1020, and compare this to c/Ct 

of approxi~ately 1.10 at the top of the pipe. C9 is nearly equal to Ct 

for Hel-Cor c 

Data for V/~ = 1.30 are both numerous and informative. The 

sediment followed a complete path around the pipe for low concentrations. 

The concentration distribution became more and more uniform as Ct in~ 

creased, until deposition began. Those data marked with a flag indicate 

deposition (compare to Fig. 13); which 1 because of the short c/Ct scale 

are pa:rtial profiles. Comparison of these later data with those for 

V/vrgD :::; 0.36 shows a marked difference in profile form, for the de~ 

position regime. A change also occurred in the flow pattern. 

The change in the flow pattern with concentration took place 

in the following manner. For given V/~ versus Ct such that 

vL/=v'gi) was above the steep part of the VL/~ versus Ct curve, and 

at low Ct 9 the secondary helical flow along the boundary followed the 

physical spirals of the pipe walls quite closely. The secondary cir= 

culation tended more and more to follow the mean flow as the load increased? 

and deviated further from the physical boundary helix~ The secondary mot~~n 

was eliminated when the total load increased and deposition begane If 

Ct increased slightly the profiles somewhat resembled those found in a 

smooth pipe. 
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A short note on stability is adequate to explain the incipient 

deposition point Ct = 12.7 percent when deposition is reported as taking 

place for Ct less than this. If a bed was present in the pipe the true 

maximum carrying capacity of the pipe was not reached by gradually increas­

ing v/~ continuously upward to some point, because the effect of the 

helical motion did not have a chance to operate. The true maximum was 

found by increasing v/,!gD to a point where all the material was in sus­

pension, the secondary motion was established, and then V/,!gD and Ct 

were regulated until deposition started. 

Fig. 19 is a plot of certain profiles depicting the transition 

from incipient deposition to deposition. The same type of data for 

V/~ = 1.17 are also shown on this plot. Shown on Fig. 20 are some 

profiles in which the helical motion was not present. 

~ remarks ~ large eddies are appropriate. From the section 

on elementary profile considerations, the ReI-Cor, with the pronounced 

secondary motion, induced a much more uniform distribution of sediment 

than a smooth pipe. A similar phenomenon of comparatively constant con­

centration in the vertical has been observed as "boils", in rivers. 

These phenomenon are additional evidence to support the idea that second­

ary circulation and large-scale eddies are the mode by which sediment is 

transported upward. A smooth pipe, generating only small eddies and no 

secondary circulation, can not maintain much sediment in suspension. 

Furthermore, the ]-V and f-Re diagrams demonstrated that there is 

practically no additional energy expended until deposition takes place, 
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which deposition means a change in boundary form. Since the energy ex­

pended in supporting the sediment was only a small part of that being dissi= 

pated~ it is logical to postulate that the energy required to support the 

sediment is simply transferred to the particles from the large-scale 

eddies as fDrm drag energy, and not passed on down to the small scale 

eddies, or energy consumers~ thus an energy balance~ 

The above remarks have further implications 0 Because the rate 

of energy transfer to the small-scale turbulent eddies is only slightly 

reduced small scale turbulence is damped to only a negligible degree by 

the presence of the sediment; a very different idea than Vanoni (54), and 

Danel (13) and (14) seem to have had in mind c 

Another deduction is that deposition takes place for a given 

sediment, having a certain fall velocity, when the particle drag on the 

l~rge energy transfer eddies is equal to the total mean energy of the 

eddy 0 The nearly equivalent Ct at incipient deposition in Hel-Cor and 

corrugated pipes? for a given v/,)gD, may be explained from this remark e 

The Hel=Cor had small frequent corrugations which shed smaller eddies 

(closer to dissipation rather than energy transfer size) than a corrugated 0 

The Hel-Cor had an additional large=size secondary circulation due to the 

helical grooves c 

With V/,!gn ~ 1048 ? the top and bottom of the pipe had about 

equal high concentration regions. This means that the sediment was very 

rapidly circling the entire pheriphery of the pipe o The centrifugal force 

of the particles was so great compared to the tendency to settle due to 

gravity that the concentration profile was made up of annular rings. 
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Following the course of what happened when tct increased,the 

high concentration shell gradually disappeared because the energy necessary 

from the secondary motion was increasing with Ct and the boundary was 

capable of inducing less and less fluid acceleration as the mass of the 

shell increase. with Ct ~ 

When V/,!gD became as large as 1.48 and the flow behavior was 

as described above, the total load could change over quite large limits 

without significant deposition occurring. This was not true when V/,)gD 

was so small that sediment was not carried over the top of the pipe. 

Summary of the study of Hel-Cor vertical concentration profiles 

rests on the significant parameter V/,)gD. The concentration profile, 

ylD versus c/Ct , took on a given form for each V/,!gD, that depended 

somewhat on Ct. Deposition began, for low V/,!gD , when the fall vel­

ocity w was about eqpal to the vertical component of the angular vel­

ocity of the secondary helical motion. For larger V/,!gD 7 deposition 

began when the secondary circulation was reduced to negligible proportions. 

Vertical Concentration Profiles in ! Smooth Pipe 

Study and interpretation of the vertical concentration profiles 

in smooth pipe was slightly complicated by the fact that the median 

particle size varied considerably over the cross-section for a sediment 

with a large standard deviation of sediment diameter. Such a problem does 

not arise in a boundary inducing a nearly uniform concentration. The 

effect of the size distribution and Reynolds number will be discussed 

briefly, with the aid of Fig. 21. 
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The primary contribution to sediment transport mechanics stems 

from 

V" pc· _'VI7("l? ,1 ~gD '-'/ t -r' V.l =,;f 9, yID) 

Fig. 22 is a plot of the smooth pipe data in a manner similar to Figo 18 

for Hel=Cor pipes. The salient points to be considered a.re~ 1) form of 

the profiles~ 2) effect of V/,!gD 9 3) absolutetcriterion for incipient 

depositionJ 4) a practical determination of the total load? and 

5) Richardson number o 

Effect of size !!istribution was most pronounced where the slope 

of the concentration profile was rapidly changing 0 Figo 219 separated 

into intervals of Ct 9 shows that the slope was changing rapidly at 

Y,/D = 0 0 2 0 This elevation is chosen foT. subsequent remarks 0 

The -.)C C, t increased as Ct increased 0 This implies th~t if 

Ct was doubled for ex amp Ie J w~,th a given V.:"~!) the concentration 

would not d0uble over the full profile but would increase near the 

bottom of the pIpe, This occurs when o-d has it measurable inf luence, 

Careful stu.dy of Figo 21 with Reynolds nwnbel' as a fourth 

variable (Ct as the thi;['d variable) indicated that the scatter in the 

lower region:s of the conce~tration profile was not put in order 0 Another 

significant parameter had to be considered o The effect of Re and the 

reasons for dropping it for profile analysis were discussed earliero 

The form of the profiles depended to a marked degree on the 

total load~ unlike Hel=Cor and corrugated which vary only slightly with 
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A significant difference in the concentration profiles of the three pipes 

was that a considerable portion of the total load was transported through 

every small part of the pipe cross-section in Hel-Cor and corrugated, but 

the top quarter of a smooth pipe carries practically clear water. Con­

veying clear water is very uneconomical in sediment transport works -­

such as in dredging. 

The effect of v/,)gD was to increase the concentration near 

the top of the pipe and to decrease it toward the bottom, as v/,!gD 

increased. This is equivalent to saying that as V/,!gD increased, the 

value of c/Ct at the bed, corresponding to deposition, decreased. It 

is not implied, however, that the local concentration necessary for de­

position was less; Ct was much higher when agradation began# 

The possibility of developing an absolute criterion for incipient 

deposition can be seen by{~considering a plot (see Fig. 23) of Ct versus 

c/Ct at yjD = 0.06 for each V/,!gD. Data were insufficient for a 

complete study, but the trend is certainly evident and significant. 

The importance of the vL/,!gD versus Ct plot in comparative 

studies of various pipes for design problems involving horsepower, rate 

of sediment discharge and excessive water losses points out the need for 

an evaluation of incipient deposition other than that of visual observation 

-- which is not the same for any two observers -- to determine incipient 

deposition. It is proposed that the maximum c/Ct ' for a constant 

v/~ on a c/Ct versus Ct plot for a given y/D, be used in deter­

mining the Ct for incipient agradation o 
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The magnitude chosen for yIP is not important as long as it 

is consistent for a complete set of runs in a given pipe and picked some­

where near the bottom of the pipe so that appreciable differences in c/Ct 

are found. 

Sufficient evidence has been presented by earlier investigators 

to prove that the most economical point for opetllting a sediment transport 

line is associated with incipient deposition o Comparing the results of 

scientists from various parts of the world, in order to evaluate the 

effect of particle size, pipe diameter, sediment density, etc. on this 

economical operating point, was practically impossible because the obser­

vations of each person were based on personal judgment. The proposed 

method would eliminate the personal factor. 

Fig. 23 demonstrates clearly that, as V/~ increased, there 

was an increasingly large range of Ct over which an observer would say 

deposition was about to begin. The maximum becomes less and less distinct 

for increasing V/~. 

There are a number of pos~ible applications of an absolute 

criterion for .deposition in flume studies on stable channels, beyond the 

scope of the present work. 

A practical determination of total load Ct for, say dredge 

operators, is indicated in Fig. 22. A simple and rapid-technique is 

desirable in order that an operator can maintain maximum efficiency. A 

single sampling tube located at ylD = 0.3 will determine Ct with pro­

bably ~ 15 percent maximum error, within the range of velocities and con­

centrations of these data. Durand (16) presented a plot for 0.18 mm 
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sediment in a 150 mm. pipe which shows ess 2nti:.lJy the same results for 

velocities up to about 15 fps. 

The Richardson number 

Ri = )i ~!t( du )2 
f> dr7' dy 

Eq 6 

could be used for an analysis of the transition from suspended transport 

to bed load" The lower portion of the concentration profiles, such as 

used in the derivation of the incipient deposition criterion? show that 

d f> jdy will increase with ;0 until agradation sta! t ':' After a deposit 

begins to form~ d f /dy decreases even though ;0 continues to increase. 

Before deposition sets inj dv jdy will decrease with concentration~ but 
1 

vJhen a bed begins to form the small ripples will induce sufficient tur~ 

t"j 1.ence :.\.) increase dv 1/dy c 

The end product of the above variations of the individual terms 

in R1 is that as Ct increases. R, will probably increase slightly 
1 

until denosition begins. and then drop rather sharply . 

. ~:~~~. :-:.'~~ Concentration Profiles in !: Corrugated Pipe 

Concentration profiles in a corrugated pipe are somewhat easier 

1nterprete than those in ReI-Cor and smooth pipes. Fig. 24 has pro= 

f~les separated into groups of nearly equal Re? with Re? Ct and 

V/~ designated by a symbol for each profile. These plots were used 

to determine the behavior of the profiles as a function of Re. Fig~ 25 

is a plot similar to Fig. 24 but with constant V/~ and the symbols 
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denoting Ct ~ 

of V / =V'iD aId 

This latter figure was employed in evaluating the effect 

Ct. Fig o 26 is a composite of all the profiles for 

corrugated pipe, based on the equation 

Reynolds number, in Fig. 24, has been used as a third variable 

to illustrate that it did not seem to be an adequate parameter on which 

to base the profile analysis. Consideration of the individual Re in 

each Re interval, in conjunction with the associated Ct and J? did 

not lead to any consistent conclusions. But if V/,)gD is used on this 

same Fig~ 24, a consistent trend is present. 

Accordingly, the V/.ygD' parameter was used as a third 

variable in Fig. 25, with 5 to 10 fold changes in Ct as a fourth variable. 

The concentration profile depended to some extent on Ct at small values 

of V/,)gD. As V/~ increased, the dependency of c/Ct on Ct 

disappeared and became more and more a linear function of elevation o 

The main conclusion from the analyis was that the corrugated 

boundary induced sufficient large scale turbulence, even at quite low 

velocities, to distribute sediment over the entire cross-section to such 

an extent that size distribution played a negligible role. 

With Ct unimportant, the profiles may be represented by 

c/Ct = Y(y/D 1 V/~ 0 Fig. 26 is the result of drawing representative 

curves through each V/ylgD plot of Fig. 25. The concentration profile 

is nearly linear for V/,)gD = 1 0 40. This means that if Eq 34, 
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cw = - e s dc/dy , is applicable then t /w is a linear function of dis­s 

tance from the boundary near the crest of the corrugation. A plot of 

Cs/w versus yID for V/~ = 0.79 yields a straight line on semi-log 

paper. This implies that f s was a constant over the vertical diameter 

of the pipeo One may conclude that if a boundary is not available which 

causes pronounced secondary circulation, then the next best type would be 

a boundary characterized by f /w being a linear function of y/D. s 

Diffusion Coefficient e s and the Karman Constant I( 

The coefficients L' and /( c. s are terms which have been re-

ceiving considerable attention in recent years, particularly by engineers 

studying alluvial channels. An analogy exists of course to pipe flow, and 

the variables, particularly {' s ' are applicable in both cases, A de­

tailed study of £ s and X is beyond the scope of this dissertation; 

but have been computed and tabulated in an appendix to expedite future 

research along such lines. 

The parameter cs/w in Eq 34 was determined graphically 0-000 ____________ __ 

from plots of the concentration profiles. Data are available for both 

smooth and corrugated pipes o Since dc/dy was usually zero in the Hel-

Cor a tabulation was not possible. 

Cursory examination of these data indicated that in the smooth 

pipe the minimum ts/W occurred near the lower boundary, increased to 

a maximum at yID = 0.6 to 0.8 and decreased somewhat as the top of the 

pipe was approached. The corrugated boundary had a maximum near the top 

and bottom, and a minimum near the center of the pipe. 
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The Karman 1i was computed from ~1 = wi f( u = (wi K V)( -v'87f) 3 

* 
in Eq 5, The lower half of the concentration profiles were plotted on log= 

log paper, The approximate slope was Zl . The constant a was set equal 

to D/20 . Two values of X were tabulat@d for the corrugated, Jt and 

Xl The former was computed by starting calculations from the crest of 

the roughness 1 and the latter from the trough =- assuming an observer in= 

side the pipe o 

In the smooth pipe, fi ranged from 0.21 to 0.34. The corru­

gated boundary Had /( values going from 0.34 to 1033 and )(1 from 0.36 

to 1.43. 

The wide variation and seemingly absurd values are due to concen-

tration and the poor fit of the data to Eq 5. 

The internal mechanics vary , superficially, from pipe to pipe. 

Hel=Cor had a nearly uniform concentration because of the secondary cir-

culation induced by the helical corrugations. Smooth pipe had a profile 

comparable to the familiar open channel type. Corrugated pipe maintained 

a profile intermediate to that of Hel-Cor and smooth. This latter pipe 

had a fairly large concentration at the top of the pipe and increased in 

an almost linear manner to the pipe bottom. 

An absolute criterion for incipient deposition in pipes is pro-

posed" Very marked differences were apparent in the sediment exchange co= 

efficient and the Karman ~ between smooth and corrugated pipe. Near the 
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bottom of the pipe, c s was a minimum in smooth pipe and a maximum in 

corrugated. The Karman A' was less than 0.36 for smooth, and ranged to 

as high as 1.43 in corrugated. 
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Chapter VIII 

SUMMARY AND CONCLUSIONS 

Engineering problems involving sediment are many and varied. 

Pipeline conveyance of fine sediments in suspension was the narrow part 

of sediment engineering from which the research problem reported in this 

dissertation was drawn. Presented below are: I} problem, 2) theoretical 

considerations, 3) dimensional analysis, 4) equipment, 5) procedure, 

6) summary of analysis of data, 7) conclusions, and 8) future studies. 

Problem 

The problem was to investigate the effect of three artificially 

roughened boundaries on the energy requirements and mechanics of the 

horizontal transport of O.20-mm sand suspended in a water medium. The 

problem which was studied arose because, within comparatively recent 

years, pipe manufacturers have been able to economically install artific­

ial roughness in the boundary of pipes. The study took place during the 

period from September, 1952, to June, 1955. The pipes investigated were 

nominal l2-in. diameter Hel~or, corrugated and smooth, all available 

commercially. 

Theoretical Considerations 

Theoretical considerations involved derivation of a general 

continuity equation in differential form for the spatial distribution 

of the sediment concentration, and some stUdies of the rate of energy 

dissipation on a local and one-dimensional level. 
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Dimensional Analysis 

Dimensional analysis was used to derive functional equations for 

several special problems. Some of these problems were directed toward de­

termining the effect of boundary form on the parameters which enter the one­

dimensional analysis of pipeline resistance. The f-Re diagram, with 

boundary form and total load as additional variables, played a major role 

in studying frictional resistance. A function of horsepower, sediment dis-

charge and mixture discharge, as affected by boundary form, was derived for 

economic and design comparisons at the most efficient operating level of 

each pipe. 

Equations for analysis of the mechanics of the sediment transport 

process were developed, usually with the ratio of local concentration to 

total load as the dependent variable. An absolute criterion for in­

cipient dsposition was derived. 

Equipment 

Equipment consisted of the three boundary forms, a pump capable 

of delivering 10 efs, an orifice to measure mixture discharge, a sampler 

for total load determination and a bank of piezometers along the test pipe. 

Bquipment was also installed to measure the local velocity and to obtain 

samples of the sand-water mixture at any point in a cross-section of the 

boundary being investisated. 

Procedure 

The procedure, for each run, was to measure mixture discharge, 

hydraulic gradient, temperature, total sediment load, and to obtain three 
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samples of the t:uxture at e~ch of ten points along a diameter of the pipe o 

Each sample had a volume of one litre o The hydraulic gradient was measured 

in feet of clear water per foot of pipeline 0 

Summary of Analysis ~~ Dat~ 

Several important points were brought out by analysis of the 

da.ta obtained during this investigation on the suspended transport by 

water of O.20-mm sand in horizontal 12-ino Hel-CoI'? corrugated and smooth 

pipes 0 

10 A calibrated sediment cone was found sufficiently accurate 

for converting the apPakent volume of sediment, in one litre samples of 

the sand~water mixture~ to concentration of sediment in percent by volume 0 

20 A set of pie~omete~s located on the crests of the corrugations 

of standard corrugated pipe registered the same magnitude of the hydraulic 

gradient as a set located in the corrugation troughso 

3 0 An orifice pl~ced in a vertical section of the circulation 

system was a favorable location fer measuring total sediment load o 

40 The differential pie~ometl'ic head 9 between a. corrugation 

crest and trough on the c01E'rug~ted pipe 9 decreased for a given Reynolds 

number as total load increased o 

50 The Darcy=·Weisbach resistLUllce coefficient ~ for a given 

boundary~ was not significantly affected by the presence of fine sand 

until the total load of sediment increased to a magnitude which caused 

deposition to take place in the pipeo 
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6. The resistance coefficient was, in general, increased for 

Hel-Cor and smooth pipe as deposition began tQ-take place to a marked 

degree, because the boundary was changing due to the deposits forming 

on the bottom of the pipee 

70 The Darcy-Weisbach resistance coefficient decreased with 

increasing Reynolds number and seemed to follow the Kirmln-Prandtl 

resistance equation for turbulent flow in smooth pipes, as long as all 

the sediment was in suspension. 

8 0 Analysis of the corrugated pipe resistance data by the 

Morris concept of wake-interference flow, agreed favorably with measure­

ments" 

9 0 The mean velocity; at which deposition started, became less 

dependent on the magnitude of the total load as velocities were increased. 

This mean velocity was much higher in the smooth pipe than in the Hel-Cor 

or corrugated for a fixed total load. 

10. The horsepower input required to maintain a certain dis­

charge of sand-water mixture was not materially greater than that necessary 

to pump the same discharge of watery as long as all the sediment was in 

suspension. Horsepower was computed in terms of the discharge of mixture, 

with the unit weight and head loss expressed in feet of water. 

110 Defining the point of most efficient operation as the 

minimum point of a constant total load curve on a J=V diagram and 

assuming operation at this pOint? Hel-Cor transported more sediment per 

unit time for a given horsepower than corrugated, and more than smooth 

pipe provided the total load was fairly small. 
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12. Using the above operating point, Hel-Cor required n,essr-hDrse­

power for a fixed total sediment load than did corrugated, and usually 

less than smooth pipe. 

13. Hel=Cor and corrugated pipe delivered more sediment for a 

given mixture discharge than did smooth pipe. The smooth pipe required 

a higher mixture discharge than Hel=Cor and corrugated in order to 

maintain the same constant sediment discharge. 

14. The horizontal concentration profiles were constant over a 

horizontal diameter of the corrugated and smooth pipes. The concentration 

in Hel-Cor pioe deviated considerably from a constant in the vicinity of 

the wall. 

13. The Hel=Cor boundary, which caused pronounced secondary 

circulation, maintained a more nearly uniform sediment concentration over 

a cross-section normal to the direction of flow than the smooth and 

corrugated ~~pes. 

16. The standard deviation of the ~@diment sieve diameter had 

a negligible influence on the concentration profiles in Hel=Cor and 

corrugated pipes, but affected the lower portion of the profiles in the 

smooth pipes. 

11. An absolute criterion for determining incipient de­

position was presented. 

18. The sediment exchange coefficient £ s had a much different 

distribution, as a function of distance from the boundary, in a smooth 

pipe than in a corrugated pipe. The exchange coefficient had little or 

no meaning in a Hel Cor pipe because the concentration profiles were 

nearly constant. 
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19. The Karmln A in the Rouse number Zl was below 0.4 in 

smooth pipe and ranged frOM 0.3 to very large values in corrugated, based 

on an approximate analysis q The concentration profiles deviated consid­

erably from the Rouse equation. 

Conclusions 

The principal conclusions derived ~ ~ experimental data 

are given below. These conclusions are limited to the transport of a 

0.20-mm sand suspended in water, by l2-in. Hel~or, smooth,and corrugated 

pipes at velocities under 10 fps. 

1. HeI=Cor pipe can usually deliver more sediment per unit 

time with less horsepower than either corrugated or smooth pipe. 

2~ Secondary circulation induced by continuous helical corru­

gations is more effective in maintaining a nearly uniform concentration 

ove~ a pipe CX'(~s-section than corrugations placed normal to the direction 

of the mean flow. 

j. Fine sand? traveling in suspension? does not significantly 

increase the horsepower required to pump the sand-water mixture above that 

to pump the same discharge of clear water, in a given boundary_ 

Several conclusions of guite general applicability can be pre­

sented. These conclusions are based on theory and experimental evidence, 

and are valid regardless of boundary form. Assumed to be present is either 

a fine sand sediment or no sediment at all. 

An absolute criterion can be used to determine the total 

load at which deposition occurs for a given mean velocity_ The criterion 

for incipient deposition is the maximum or rapid decrease (whichever is 



applicable) of a c/Ct versus Ct plot for a given distance above the 

bottom of a ~ipe and for constant mean velocity. The local concentration 

at the fixed elevation is c, a.nd Ct is the total load under investiga­

tion. 

2. The Morris concept of wake-interference flow has merit in 

studying large, regularly-spaced, artificial rougVnesses. 

3. Boundary form plays ~ very import~nt role in determining the 

diffusion coefficient that will exist in the vicinity of the pipe wall. 

Theoretical considerations lead to the contlusions: 

1. The energy balance between the rate of energy dissipation 

required to maintain fine material in suspension and the decrease in the 

rate the fluid consumes energy seems to take place on the level of large 

scale energy transport eddies, and not to materially affect the s~all 

scale energy consuming turbulent eddies. 

2. The difference, if any, between the energy required to trans­

port a sediment laden fluid a.nd an equal discharge of the homogeneous con­

tinuous phase is a function of the amount the sediment causes the 

piezometric head to deviate from a constant over any cross-section normal 

to the direction of the mean velocity. 

Future Studies 

It is not difficult to make a long list of sediment transport 

problems which need to be investigated. Presented below are four of the 

more general and fundamental studies which the writer believes would 

yield significant results. 
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10 A dimensionless function of horsepower, boundary, total load 

and sediment size (an extension of F1g. 14 in the text)9 would Y1eld 

vd,luable design and economic data for sediment pumping installations 0 

2. Exwnination of the J-V diagram (see Fig. 8), with constant 

total load curves, indicates that with sufficient ingenuity in plotting 

Ct ~ J intercepts and Y1jD - V intercepts for various sediments and 

pipes 9 one could derive a single function involving hydraulic gradient, 

total load, m1xture discharge and boundary form. Such a function would 

make it possible to develop general sediment transport design criteria 

for pipes. 

3. A study to find an optimum helix angle, frequency of 

corrugation and amplitude? as a function of sediment size, power con­

sumption and dischaJrge, 'W'Olald lead toO a boundary, possible to fabricate 

c<oIlh"l'1ercit3.11y ~ which would transport a maximum amount of sediment per 

tmit time with a minimum. of enelrgy input per unit time. Other forms 

of art:i.ficia.l roughness could .also be investigated with the same 

ultimate objective. 

40 FUlt'ther investigation. of the !1absolute criterion for 

incipie!l\t d.eposi t:lonYV ~ proposed in this dl.ssertation, should make it 

possible fo'!: an observer to elimin.ate the amb:i.qui ty in deciding when 

deposition is occuxLing. It would also enable one to define more 

closely the most efficient operating conditions for a sediment transport 

plant. 
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NOMENCLATURE 

The following nomenclature were used in this dissertation. All 

the symbols were defined where they were first used, and only those used 

in more than one section are given below. The units are, in general, 

pound-foot-second (F-L-T)o However, the equations are applicable in any 

system of units if proper cognizance is taken of the appropriate con-

version factors" 

Symbols 

a 

Ca 

d 

f 

g 

oh 

8h o 

k 

P 

6p 

l' 
© 

Definition 

distance off the channel bed at which 
is measured 

local sediment concentration in percent by 
volume 

local concentration at elevation a in 
Rouse equation 

median sieve diameter of sediment in rom 

Darcy Weisbach resistance coefficient 

gravitational acceleration 

magnitude of velocity head parameter at 
position x/r

1 

arithmetic average velocity head parameter; 
IO~~in 0 orifice 

Nikuradse equivalent uniform sand diameter 

local pressure at some point in the fluid­
sediment medium 

difference in pressure between two points 

radius of pipe from axis to crest of 
corrugations 

-Al-

Unit 

L 

L 

L 

L 

L 

L 



Symbols 

r 
1 

t 

v. 
l. 

V 

W 

Z. 
l. 

Ai' Ai 

Ct 

C' 

D 

E 

Eh 

Et 

G 

HP 

J 

Je 

Q 

Re 

T 

NOMENCLATURE --Cont inued 

Definition 

radius of 10-in. diameter orifice 

time coordinate 

components of local mean velocity in v 

velocity vector 

tall velocity of particles with median sieve 
diameter d 

exponent in Rouse equation 

numerical constants 

total sediment load in percent by volume 
(CtQ = G) 

average concentration over horizontal 
diameter~ rercent by volume 

diameter of pipeline 

mechanical energy, defined by 
E = P + pv 2 /2 + Yy 

mechanical energy being dissipated per 
unit time 

total mechanical energy in a given region 

total sediment load 

horsepower 

hydraulic gradient along pipeline; sediment 
present or not 

hydraulic gradient along pipeline for clear 
water 

discharge of sediment-water mixture 

temperature in cCant:igrade degrees 
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Unit 

L 

T 

LIT 

LIT 

LIT 

L 

FL/L3 

FLIT 

FL 

FLjT 



Symbols 

rr· . :1.J 

v 

NOMENCLATURE --Continued 

Definition 

mean velocity over cross-section of 
pipeline 

velocity at which deposition begins for a given 
total load 

unit weight of air 

unit weight of sediment 

unit weight of water 

on differential head between corrugation crest 
and nearest trough 

€ 
Y 

C. 
1. 

exchange coefficient in vertical direction 

diffusion coefficient along e· 1. 

exchange coefficient for sediment 

exchange coefficient for momentum 

coordinate 

K Karman constant in Zl ' computed from 
corrugation cr.ests 

K' Karman constant in Zl , computed form 
corrugation troughs 

wave length of corrugations 

mass density of mixture 

Pa mass density of air 

mass density of water 

~d standard deviation of sediment sieve 
diameter 

.... A3-

Unit 

FL/L3 

LIT 

LIT 

L 

L 



Symbol 

NOMENCLATURE --Continued 

Definition 

standard deviation of sediment 
fall velocity 

a volume 

group of lengths describing pipe 
boundary 

1f any functfonal relation 

o incipient deposition 

8 two inch wide bed formed on bottom of pipe 

8 four inch wide bed formed on bottom of pipe 

5 six inch wide bed formed on bottom of pipe 

Mathematical Notation 

A rectangular Cartesian coordinate system is assumed. 

Kronecker delta -- 6ii :: 1; 0" ¢ :: 0 1J ' i ~ j 

e base of Naperian logarithm 

ei unit vectors along coordinate axes 

In denotes logarithm to base e 

log denotes logarithm to base 10 

n unit vector normal to differential area da 

r position vector 

A :: ~A.eo identity _ 1 1 

A.A dot product of two vectors 

\7 vector operator; by definition 
\7- ~O/oxiei 

\72 scalar operator; by definition 
\1:: I 02

/ a Xi 2 

1\l.~ d'r " f~.!!.~ identity 
tt s 
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L/f 

L 



NOMENCLATURE --Continued 

Abbreviations 

Symbol 

cfs 

fps 

ft 

in. 

m 

mm 

C 

BW 

Fig. 

H 

ID 

No. 

NS 

aD 

s 

Definition 

cubic feet per second 

feet per second 

foot or feet 

inch or inches 

meter 

millimeter 

corrugated pipe (Appendix) 

East-West direction 

Figure 

Hel-Cor pipe (Appendit) 

inside diameter of pipe 

number 

North-South direction 

outside diameter of pipe 

smooth pipe (Appendix) 



DEFINITIONS 

Those terms which occur frequently throughout the text are 

defined below for reference purposes. 

1. Load: The sediment being moved by the flow. 

2. Suspended load~ The material moving in suspension in the 

fluid medium. 

3.. Total~: The load of sed'iment as determined from 

sAl'Ilpling at an orifice located in a. vertical pipe. 

4& Incipient deposition: The transitionjfully suspended 

load transport to transport with a permanent bed in the 

plpeline .. 

5. Linlit deposit velocity~ The mean flow velocity at 

which deposition began for a fixed total load. 

6" Sediment~! The median sieve diameter as determined 

flOm a sieve analysis. 

7" Total mechanical energy~ The SUlI! of kinetic and potential 

energy. thermal energy neglected. 

8. ~ efficient operating peint~ The most efficient 

operating point corresponds to operation of a sediment 

transport installation with a minimum horsepower input 

for a fixed total load. 
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S~ of lAboratory Data 

Explanatory ~ 

1. The letter following a run nWllber denotes· the boundary type or fora: H for He1-
Cor, C for corrugated and S for smooth. In soae cases, a sywbol is appended to 
indicate the bed condit'ion in the pipe as observed through a plastic section at 
the end of the test pipe. See NOlllenelatuce. 

2. The total load Ct is in percent by volUllle. 

3. Bach "piezometer reading" is the average of four trials, the piezoaeter. were 
spaced at 10-ft intervals. 

4. Bach "piezometer reading for Ct data" is the average of four trials, taken 
while obtaining the total load saaple, during a l/2-hour interval after the 
concentration profile was cOllJ)leted. 

5. Bach "piezometer reading at check station" is the average of four trials taken 
on the corrugation trough (observer inside the pipe) of the corrugated pipe. 

6. "Saap1er station (yID)" is coaputed frOl1t the bottOlll of the test pipe. The 
magnitude of D being loft, hence yID • 0 &t the pipe wall for the s.ooth, 
and at the crest of corrugations for He1-Cor and the corrugated pipe (observer 
inside the pipe). 

7. "Average conc. c .. is the local sediaent concentration of solids to sand-water 
in percent by volUlle. 

8. "Velocity u" is approxilll&te, measured by the l/4-in. sU!pling tube and an 
ambient pressure tap on the wall of the plastic section. 

Boundary Type:Hel-Cor 
Prof i Ie Traverse: Vertical 

Piez. No. 
Piez. reacting 
Piez. reading 
for Ct data 
Pi ez·. r<'acting 
at check sta. 

g 
8.925 

Boundary Type: Hl!'l-Cor 
Profi)" Traver,,,:Vl!'rtical 

.. 
8.949 

')armler sta (vlD) 0.06 

~ 

Run No.1 H Q. 5.20 cfs 
Ct • 1.32 percent 

Averagl!' Pi",zom",ter Reacting 
!l ( II ~ 

V. 6.63 fps 
T .16.4 ·C 

8.714 8.425 8.180_1 7.945 7.709 7.'«>7 

" 

Concentration and Velocity Profile Oata 

Run No.2 H Q = 5.20 cfs 
Ct '" 1,35 percent 

Average Piezometer Reacting 

" " 7 

V" 6.62 fps 
T=15,6 ·C 

8.736 8.441 8.210 7.975 7.743 7.414 

Concentration and Velocity Profile Data 
0.16 0.26 0.36 0.46 0.56 0.66 f 0,76 f 0,86 f 0,06 I 

iAvg. Cone. (C 'Y. ) I l. 38 1 1.24 1 1 33 1 1 28 1 1 31 I 1 33 I 1 38 1 1 311 1 53 1 1 48 I 
.. l0citv (u fos)1 -- 1 7.32 1 8 38 1 8 97 1 I) <10 1 9 2S f 8 75 1 8 06 1 6 76 1 5 67 I 

Boundary Type: Hel-Cor 
Prof i Ie Traverse: Vertical 

-'L 

8.931 

Run No.3 H Q. S,JO cfs 

;) 

8,719 

o 16 

6 95 8,02 

Ct " 1.90 percl!'nt 
Averagl!' Piezometer Reacting 

8.415 8,190 7.9S5 

8 08 I) IS 

, 

v,. 6.75 fps 
T =1$,0 ·C 

7.715 7.419 

Boundary Typel Jlel.e.r 
Prof ile Traverset Terti_ 

RunNo.4H Q .',21cJs 
Ct • 1.85 percent 

Aver",e PiuOIHter Reading 

V • 6.63 Cps 
T -18,. ·C 

'.030 8.812 18.510 8,U,6 8.026 7780 7.476 

concentration anaVeloC1ty Prot He Data 
'loalftp er sta :v/D; .06 .16 ,26 .36 .46 0.56 0.66 .76 0.86 0,'16 

\Avg. Cone. (C 'Y.)I 2 1501 1 7701 1 8601 1 780( 1 85.511 8<f1~11...MQi 1 840 /1 845 fJ...:u. J 
Velocity (u fps) 6,21 7,62 

Boundary Type: Hel-Cor 
Prof iII!' Trav",rsetHori .. atal 

8~~'L '~1S ~L:!Q 9 32 1 9 1.5 I 6.90 I ?col> I Ln J 

Run No, 6 H Q .6.50 efs 
Ct .. 2.00 pl!'rcent 

AVl!'ragl! PbzOlftl!!ter Reacting 

v '" 8.28 fps 
T .. 18.9 ·C 

Ii 7 8 10 Piez. No. 
Piez. r",ading 
Piez. reading 
for Ct data 
Pie>:. reading 
at cheek sta. 

l-=-C' , .. o~ " •• » , ~"-I i''''1 
Concentration and Velocity Profile Data 

Boundary Type: H<!'l-Cor 
Profile Travers",: Horizontal 

Run No. 7 H Q .. 6.50 cfs 
Ct " 1.83 pl!'reent 

Average Piez01IIeter Reading 

V. 8.28 fps 
T .22.5 ·C 

Piez. No. 
P iez. reading 
Piez, reading 
for Ct data 

1..-__ ---l_9~I~>~S4 8,699 I'8';1~1 7.950 <:49 

P Iez. reading 
at check stll. 

Boundary Type: Hel-Cor 
Profile Traverse: Vertical 

Run No.8 H Q" 6.60 cfll 
Ct " 2.21 percent 

AVl!'ragl!' Piezometl!'r Reading 

V,. 8,40 fps 
T = 28.6 "C 

Piez. Ho, 
Piez. reading 
Piez. reading 
for Ct data 
Piez. reading 
at check "ta. 

6 7 8 10 

r~~L ".,-".,,' I "'~H'''~ 1'~1 
Boundary Type: Hel-Cor Run No.9 H Q. 6.50 efs 
Profile Traversel Horizontal Ct " 2.13 percent 

Averag'" Pll .E01IIet",r Rl!'ading 
Piez. No, 6 7 8 

9.322 8.'95 8546 8.115 7726 

v. 8.<10 Cps 
T .29.0 ·C 

10 
7.351 6 850 

Concentr&tion and Velocity Protile Data 
Samp: er sta [v,l[ 0.06 0.16 0 .... 0 .-'0 .40 0.56 .66 .70 .<>0 .'16 

(Avg. Cone. (C 'Y. )12 35 ( Z.lS I 2 12 1 203 I 206 I 2.05 I ~J..a.J..8..J--.a.ll..LL.ll J 
V"locity (IL!!"!)1 8.26 1 9.68Il0,/!() !l.<IO 112 00 1200 111.<10 110,<10 I 9..JO I LU J 



> 00 
I 

Boundary Type: Hel-Cer 
Prof i Ie Traverse: Horiltontal 

Run No. 10 H Q .. 6.45 cfs 
Ct .. 2.87 percent 

Average Piezometer' Reaclin~ 

V" 8.22 fps 
T .. 17.5 'C 

Piez. No. 
Piez. reading 
Piez. reading 
for Ct data 
l'i,.7,. reading 
at check sta. 

6 7 8 __ lll 

--- 9.288 8.854 8.437 8.041 7.665 7.202 

- .. 

Boundary Type: He1-Cor Run No. 11 H Q" 6 .45 cfs 
Prof ill' Traverse: Horizontal Ct " 2:.70 percent 

.. 

I I 

Boundary Type: Hel-Cor 
Prof i Ie Traverse: liorboat&! 

Piez, No. 
Piez. reacting 
Pin. reading 
fM C t data 
Piez. reading 
at check sta, 

Av('rage Piezometer Reading 
., 

9.310 

I 

8,898 8.466 8.070 

Run No, 12 H 

Boundary Type: He1-Cor Run No, 13 Ii Q .. 6.4.5 cfs 
Profile Traverse: Horizontal ' Ct .. 3.17 percent 

Average Piezometer Reading 
Pie%. No. 6 7 8 

9 264 8 914 8 496 8064 7660 

V.. 8.47 fps 
T "20.0 'C 

7,691 

V" 8.22 fps 
T "21.' ·C 

V" 8.22 fps 
T .. 21,3 'C 

10 

7 283 6 8U 

Concentration and Veloc1ty profile Data 
.'a"'-"'-lcer sta~ ,00 6 ,26 ,36 ,46 O,S6 ,66 ,76 I 0,86 0.96 J 
IAv~. Cone. (CY. l13.49 13.20 I 3,121 3,14 13,10 1305 I 312 1310 13.1413.28 J 
IVelocity (u fps) I 8 2 9 21 110 0.5 110 70 111 . .50 112.00 111.60 110.7.5 J~72iJL2ll. J 
Boundary Type: He1-Cor 
Prof I Ie Traverse: Hoebont&! 

Run No. 14 H Q .. 6.45 e(lI 
Ct .. 3,01 percent 

Average Piezometer Reading 

y .. 8.22 fps 
T .. 22.8 ·C 

Piez, No. 
Plez. reading 
Piez, reading 
for Ct data 
Piez, reacting 
at check sta. 

~ 6 7 8 __ m r1"U 1 ':fM 1'~1 1 ""I ' aT '1' I 
~~r~~~;~;:(~:£;1 i:jt I ~:9i I j·n I 3'0: I j'oo I Z'S; I z·:g I i'I: I j': I i'i: I 

Boundary Type: Hd-Cor Run No. 15 H 6 Q" 1.64 cfs 
ProfiJ!' Travers .. : Horizontal Ct '" 0.151percent 

~ 

I I 

Boundary Type: Hd-Cor 
Profile Traverse, Horizontal 

Piez. No • 
Piez. reading 
Pie2:. reading 
for Ct data 
Piez. reading 
at check sta. 

Boundary Type: Hel-Cor 
Prof ile Traverse: Vertical 

Piez. No 

Average Piezometer Reading 
J 

0,714 

I 
0,691 0,6S9 0;621 

Run No. 16 H 0 

Run No, 17 H 0 Q "' 1.61 cfs 
Ct "' 0.16.5 percent 

Average Pitz.ometer Reading 
678 

--- 7 990 7 CM,2 7 931 7 892 

V. 2,09 Epa 
T • 19.8 ·C 

II!.!!: 
0,593 0.554 

V.. 1.97 fps 
T=24.7 ·C 

V,. 2.06 (ps 
T "2.5.6 'C 

10 

7 86.5 7 832 

_!;oncentrl.tlon and Veloel ty Prot ill' Data 
.>amp 1'1." sta l Y/t) Q.06 .16 I 0.;>6 0,.,0 .46 0.56 C .66 .76 ,IS(; .96 
IAvg. Conc. (C Y.)I 0.12SJ 0 lQM 0 1711 0 2001 0 1481 0 1951 0.18110.20010.18510.139 I 
IVe10citv (u feslll.85 J_ 2.33~ 2.61i 2,8S 2.96 I 3,02 I 2.85 I 2 '6 I 2 201 1 68 J 
Boundary Type:Hel-Cor 
Prof i Ie Traverse: Vertical 

Run No. 18 H l) Q '" 1,63 cfs 
Ct ,. 0.141 percent 

Average Piezometer Reading 

V. 2.08 Eps 
T.26.1 ·C 

Piez, No. 
Piez. reading 
Pie2:. reading 
for C t data 
Piez, reading 
at check sta, 

I 1';- I··~" 1 , .• " 1 ,.:.. ,.". ,.;~ 

Boundary TypeIHe1-Cor 
Profil(' Traverse: Vertical 

Piez. No. 
Piez, reading 
Piez, reading 
for Ct data 
Piez. reading 
at check sta, 



, 
> 
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Boundary Type: Hel-Cor 
Prof ilf' Traverse: Vertical 

Ptez. No. 
Pi~z. reading 
Pi ez. reading 
fM C t data 
P iez. rea<\i"R 
at check ~ta. 

Roundary Type: He1-Cor 
Profile Traverse: Vertical 

P' 

--

Run No. 20 H Q" 4.70 cfs 

8.727 

Ct = 1.52 percf'nt 
Average Piezometer Reading 

8.534 8.282 8.061 

Run No. 21 H Q" 3,53 cfs 

-
8,196 

Ct .. 0, 840percent 
Average Pit zometer Reading 

6 7 8 

8,065 7,928 7,799 

V" 5.98 fps 
T"22.5 ·C 

7.871 7 632 

v = 4,SO fps 
T " 27.1 ·C 

10 ,~ 

7,680 7.540 

'Concentrahon and Velocity Profile Data 
.'ampler sta (y/D 0,06 .16 .<'6 .36 .46 0,56 0,66 0,76 0.86 0,96 
IAvg. Cone. (C Y.)I 0,7851 0.76010,82510,84010,87010.84010840 1087210.8991 0 .8701 
LVeloeitv (u fns)1 5 98 I 4 81 I 5.46 I 5 93 16 18 " 1 ~ T~ 8.4 I ~ ::!4 I 4 ~7 I 3.72 I 

Boundary Type: He1-Cor 
Prof ill! Traverse: Vertical 

Run No.22H Q ,.3,53 cfs 
Ct ,,0,837 pl!rcent 

Average Piezomf'ter Reading 

V '" 4.50 fps 
T =27.7 ·C 

Piez, No. 
Piez. reading 
Piez, reading 
for Ct data 
Piez. reading 
at check sta, 

I -- 1 8 ,:41 1 8 ,;10 1 7 ,;72 1 7 ,7°41 1 7.:21 1 7,456 I 

Boundary Type: He1-Cor Run No. 23 H Q = 4.80 efs V " 6,11 fps 
Profill' Traverse: Horizontal Ct = 1,30 percent 

Average Piezometer Reading 
T =26.5 ·C 

.. :> 0 I <> " --- 8 764 8,537 8.314 8,086 7 887 7640 

Concentration and Velocity Profile Data 
._,'. ____ . ,., ,v/D) 0.06 0,16 0,26 0,36 0,46 0.56 0.66 T 0,76 I 0,86 I 0,96 I 

IAvl!. Cone. (C 'Y. ) 1,41 I 1.2801 1 2801 1 24 I 1 29 I 1.27 I 1 31 11 31 11 31 11,28 I 
IVelC'city (u fps)1 5.33 I 6 3~ 7 17 7 83 8 10 809 7,751705-r6,19 15,25 I 

Boundary Type: He1-Cor Run No, 24 H Q = 4,80 cfs v = 6.11 fps 
Profile Traverse: Horizontal Ct = 1,28 perc"nt 

Average Piezometer Reading 
T = 27.6 ·C 

Piez, No, 
Pi~z. reading 
Pi ez. reacling 
fM Ct data 
Pi~z. reading 
at check ~ta. 

I -- I 8 ~9 I 8 ~85 I 8,;49 I 8,t29_1 7 9~1 I 7 685 

Boundary Type: He1-Cor Run No. 25 H Q '" 3,45 efs 
Profile Traverse: Horizoata1 Ct .. 6,756 percent 

Average Pit zometer Reading 
Piez, No. 6 7 8 

-- 8 I ~~ 8.041 7 885 7.754· 

V = 4,«l fps 
T "31.,8 ·C 

10 

7 632 7.491 

Concentration and VelOCity Profile Oat. 
Sampler sta :y/D: 0.06 .16 0,<'6 .36 .46 0.56 0,66 0,76 I 0.86 0,96 

IAvg, Cone, (C Y.)I 0,7751 0,7391 O,7«l1 0,73910,7701 0.741T 0.741r 0,7411071910 86 I 
IVelocitv (ufns)1 4011 47~1 5311.~8315981590 15.51150814.571401 I 

Boundary Type: He1~or 
Prof i Ie Travers'e:Horizontal 

Run No. 26 H 6 Q ,,3,45 cfs 
Ct ,. 0,711 percE'nt 

Average Piezometer Reading 

V" 4,40 fps 
T=32,3 ·C 

Piez, No, 
Piez. reading 
Piez. reading 
for Ct data 
Piez, reading 
at check st •• 

I ,~, I '.~M I ,.~, I ,.;" I '.'~ I ,.:, 
Cnnct'ntration and Velocity Profile Data 

Boundary Type:He1-Cor Run No, 27 H Q = 4,80 cfs 
Profill'Traverse: Horizontal Ct '" 2,06 percent 

Average Piezometer Reading 

V" 6,12 fps 
T " 21.1 ·C 

Piez, No, 
P iez. reading 
Piez. reading 
for Ct data 

I -= I 8;11 I 8,:85 I 8,~57 I 8,~'2O I 7 ;29 I 7 5';6 

P iez, reading 
at check sta. 

Boundary Type: He1-Cor Run No, 28 H Q = 4,75 cfs 
Profile Traverse: Horizontal Ct = 1,93 percent 

Average Piezometer Reading 

8 709 8 485 8,255 8,012 

Boundary Type: HI!l-Cor Run No. 29 H Q" 3.53 c f s 
Profile Traverse: Horizontal Ct " 1,08 percent 

Average Ph zometer Reading 
Piez. No. 6 7 8 

-- 8 241 8 108 7971 7 834 

V = 6,05 fps 
T = 22.9 ·C 

7,826 7.581 

V = 4,50 fps 
T " 26,S ·C 

10 -~ 

7 716 7.'137 

Concentration and VelOCity Profile Data 
,')amp: er sta (yID) ,06 0.16 o;u- .36 ,46 0.56 0.66 0,76 0.S6 0,96 

IAvJ(, Conc, (C Y. ) I 1 22 1 1 05 1 1 02 1 1 05 1 1 07 IllS I 1 09 I 1 13 I 1 07 I 0.920 I 
elocitv (u f!>s)l 1 1 1 1 I I I I I I 
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Boundary Type: Hel-Cor 
Profile Traverse: Horiaolltal 

Rurl No. 30 H Q • 3.53 cfl! 
Ct • 1.08 percent 

Average Piezometer Reading 

V. ".50 fps 
T.a..7 ·C 

Plez. No. 
Piez. reading 
Pfez. reading 
for Ct data 
Plez. reading 
at check st'a. 

I I"" 1 ,~, I'·"' I'·~' '.111 ,.~ 
Cnnc"ntration and Velocity ProfUe Data 

Boundary Type: Hel-Cor Run No. 31 H Q '" ".82 cfs 
Profil~ Traverse, Horiaoatal Ct " O • .5U percent 

V" 6.08 fps 
T .. 1'.1 ·C 

Average PiezOIIIeter Reading .. , n .. .. 
• 18. 897 • 8 771 8S.e7 8322 8 130 7 8805 

Concentration and Veloci tv Profile Data 
Sampler sta (v/D 0.06 .16 0.26 0.36 0.46 0 . .56 0.661 0.76 I 0.1l6 I 0.96 1 

IAvg. Conc (C '!I.)I 0,.5101 o.eool 0.4601 0.5201 0.'1021 0.53310.'10210:5251 0 . .51.10 . .58 I 
lVel0citv (u fps)! ~ OR 1 1\", I 7 2~ I 7 00 lI27 822 7 siT 70816 16 I ..... I 

Boundary Type: Hel-Cor 
Profile Traversel Vertical 

Run No. 32 H Q s 4.81 cfs 
Ct '" 0.S2Opercent 

Average Piezometer Reading 

v,. 6.12 fpl! 
T s 20.6 ·C 

2 ~!i7 !!~72 
.u 

87~ 8 .52~ 8301 8 10.5 7 86 .. 

Boundary Type: Hel-Cor 
Prof ile Traverse: Vertical 

(a_ air) 
Piez. No. 
Piez. reading 
Pfez. rl'ading 
for Ct data 
Pfez. reading 
• i.t check sU. 

Boundary Type: Hel-Cor 
Prof I Ie Traverse: Horuolltal 

Run No. 33 H Q" 3 • .57 efs 
Ct " O.29.5pereent 

Average Plll:ollleter Reading 
678 

Run No.3" H Q ,,".78 cfs 
Ct .. 0 • .56"percent 

V,. 4.sS Cps 
T ,,;Z".I ·C 

V" •• 10 fps 
T_221l OC 

Piez. Na. 
Piez. reading 
Pfez. rea~Hng 
for Ct data 
Piez. reading 
at check sta. 

! m 1 '·:-1 :?::~ I':::"j ':::',, u, 1 7
.; 

Concentration and VelocUy Profile Data 

Boundary Type: Hel-Cor 
Profib Traverse: Huuontal 

Pfez. No. 
Pfez. reading 
Pfez. reading 
fer Ct data 
Piez. reading 
at check sta, 

v. 6.10 fp. 
T • ;Z;Z.' OC 

Boundary Type: He1-Cor Run No. 36 H Q. 3."3 cfs V = ..... 37 fps 
Profile Traversei RodaoDtal Ct .. 0.402pereent T a 2".8 OC 

f (a_ air) Average PiezOIIIeter Reading 

~l~i};~!:: I' ;"1':"'1 .~" I'·;" I ,:.. , '" '~1! 1 
P1ez. reading 
at ch .. ck ,t.; _ 

Boundary Type: He1-Cor Run No. 37 H Q" 4.73 dill 
Profile Traversel Horuoatal Ct " 2.3' percent 

Average Piu:ameter Reading 
Piez. No. 6 7 8 

9 22.5 9032 8 1K>6 8.566 8 33.5 
7 

V" 6 .03 Cps 
T .. 28.0 ·C 

10 A~ 

8 127 7 877 

Concentration and Ve10c1ty Pro'ileOata 
SalllP. er sta . v. lJ() U,lO .26 .36 .46 0.56 .66 0.76 0,86 0.961 
IAvg. Cone. (C Y.)I 2671 22712 35 1 225 1 2.37 1 2.43 1 2 .. 1 I 2 .. ~ 1 2.Ml T 23~ 1 

'I I .. 1 [velocity (u fpsH 5.14.1 6.38]'7.18 .1 7~!l1.l.!I~1' I 8 16 I 771 17M "22 

Boundary Type: Hel-Cor Run No, 38 H 
Prof i Ie Traverse: lIoruoatal 

Q a4.73cfs 
Ct .. 2.36 percent 

Va 6.03 fps 
T =28.8 ·C 

Piez, Na. 
Pfez. reading 
Pfez. reading 
for Ct data 
Pfez. reading 
at check sta • 

1 ':"j'~" 1 :~:'r::r:'r:t:'1 '.'" r.'~ 

Boundary Type: Hel-Cor 
Profile Travers .. : lIoriaoatal 

Piez, No, 
Plez. readillg 
Piez, reading 
f9 r Ct data 
Plea; readins 
at check IIta. 

CnncentraUon and Velocity ProfUe Data 



&> .... .... 
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Boundary Type: Hel-Cor Run No. 40 H Q" 3.82 cfll 
P~ofil(' Traverse: Horizontal Ct = 1.81 percent 

Average Piezometer Reading 

I 

.. 

I 

.l 

I 
8.896 8,735 8.561 8371 8 184 

Roundary Type: Hel-Cor Run No. 41 H Q" 4.73 cfs 
Profile Traverse: Vertical Ct ,,3,48 percent 

Average Piu:ometer Reading 
~ J 6 7 8 

9.504 9 265 8 996 8 716 8 •• 36 

V,. 4.87 fps 
.T =31.5 ·C 

8024 z ~a 

V = 6.03 fps 
T .. 24,3 ·C 

10 --
8 198 7.89. 

Concentn.tion and Velocity Protile Data 
;ampler sta v/U .06 0,16 0.26 .36 .46 0.56 0.66 0.76 .86 0.96 
I\v~. Cone. (C 'Y. )' 3 35' 3 35 , 3 26 , 3 45 , 3 31 , 3 53 , 3 53 J 3 45 1 3 461 3 92 J 
IVdocity (u fps)' I 
B(,lIndary Type: Hel-Cor 
Pr"f; Ie Traverse: Vertical 

I , 1 , 
Run No, .2 H Q" 4,73 cfs 

Ct .. 3,27 percent 
Average Piezometer Reading 

Piez. No .. 
p, "', r<"ading 
Pipz, reading 
(M C t data 
Pi,,;!,. reacting 
,t check sta, 

9 ~30 I 9 :n 9 021 8 739 8 4S9 

Bnllndary Type: Hel-Cor 
Profi II' Trav('r~": Vertical 

~ 

9 225 

Run No, 43 H Q = 4.36 cfs 

J 

9029 

Ct = 2,27 percent 
Average Piezometer Reading 

" ( " 8,788 8.550 8,330 

I I , 
V.. 5,93 fps 
T .. 25,9 ·C 

JI] 

8 219 7920 

'I 

V,. S.SS fps 
T=:l9.2 ·C 

8,125 7 884 

Concentration and Velocity Profile Data 
'''ampler ,;fo (v/D) 006 0,16 0,26 0,36 0.46 0.56 0.66 0,76 , O,86L 0,96 J 
Ii\v~. Cone, (C 'Y. )' 2 «) 2 12 , 2 2S 2 16 2 29 I 2,18 , 2 29 I 2 28 I 2 3S 12 40 J 
LVPl0City (u fus) I 

Boundary Type: Hel-Cor 
Prof i 1 .. Traverse: Vertical 

Piez 
Picz 
Piez 
(<'r C 
Piez, 
"t ch 

9.226 

f'a-"!P. ler sta (v/ 0.06 
"vP'l...!.......­

'"'·'Joc I _~~ 

Cone (C'Y.)I 2,24 
'u fps), , 

J I , 
Run No, 4. H Q '" 4,35 cfs 

9,016 

Ct = 2.21 percent 
Average Piezometer Reading 

II " 
8,791 8.566 8,329 

, 

'J 

I , 
V '" 5.S. fps 
T=29,6 ·C 

.. .J.!.< 

8,132 7,8H 

1 

Concentration and Velocity Profile Data 
0,16 o 26.J 0 36 0,46 I 0,56 066 o 76 o 56 I 0 <16 l 
2,27 I 2.16.1 2,20 I 2.20 2,20 2.18 12,24 , 2 21 J 221 J , , , , , , 

, 

Boundary Type: Hel-Cor 
Profile Traverse: 

~ 

Piez, reading 9 3SS 
Piez, ruding 

',300 for Ct data 
Piez, reading 
at check sta, 

"amp: er sta (V/O: ,06 
IAvg, Conc. (C 'Y.)I 
IVelocity (u fps)1 

Boundary Type: He1-Cor 
Prof i Ie Traverse: 

Piez, No, 
Piez. reading 
Piez, read,ing 
for Ct data 
Piez, reacting 
at check sta, 

9,06. 

I 
I 

Boundary Type: Hel-Cer 
Profil e Traverse: Vertical 

Piez. No. 
Piez, reading 
Piez. reading 
for Ct data 
Piez. reading 
at check sta, 

9070 

Boundary Type: Hel-Cor 
Prof ile Traverse: 

Piez, No, 
Piez. reading 
Piez, reading 
for Ct data 
P iez. reading 
at check sta. 

Boundary Type: Hel-Cor 
Profile Traverse: Vertical 

Run No •• 5 H Q .... 90 cfa 

~ 

9098 

9,070 

Ct •• ,.5 percent 
Average Pil.lOtlleter Reading 
678 

8,838 8570 8.287 

8,818 8.SSO 8,27' 

V.. 6.1. Cps 
T .22,0 ·C 

7 10 --
8062 7.767 

8,O<t9 7.76' 

Concentration and Veloc ty Profile Data 
• 6 0.26 ,36 ,46 0.56 I .66 

I I I I I 
I I I I I 
Run No. 46 H {) Q .. 3,80 cfs 

8.806 

Ct ,. 3,.8 percent 
Average Piezometer Readinj: 

8,S22 8.221 7,91.5 

1 
I 

0,76 0.86 0.96 

J I 
I I 

V .. 6,60 fps 
T=26,9 ·C 

7.635 7,312 

Concentration and Velocity Profile Data 
:4 

Run ;;0, 47 H 0 Q" 5.10 cfs 

8,811 

Ct ,. 3,73 percent 
Average Piezometer Reading 

8,Sao 8,230 7.91S 

Run No. 48 H Q .. 5.80 efs 
Ct ,. 5,87 percent 

Average Piezometer Reading 

Run No •• 9 H Q .. 5.80 cfs 
Ct " S.6S percent 

Average Ph .l:ometer Reading 

V .. 6,60 fps 
T .. 28,3 ·C 

7.652 7,327 

V" 7 .39 fps 
T = 21.1 ·C 

7 :lOS 

7,232 

V = 7,39 fps 
T .22,3 ·C 

J 
J 

Piez. No. 6 7 8 
Piez, reading 
Piez, Hading 
for Ct data 
Piez, reading 
at check sta, 

Concentration arid-VelocIty-ProfIle Data 
Samplersh (y/D)/ 0,06 ,16 I 0.26 1 0,3610,46 1 0.56 I 0,66 I 0.76 I 0.86 I 0,96 
IAvg, coiiC,(~Y.)f 5. 8S ,5.38J~,~ I sL4.Lls,hl~49T-is-'jii~i..on.i.D..l 
IVel()~Hi(u fps~ 1 1- I ~~-.---r---r--- . l 
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Boundary Type: Hel-Cor 
Prof ile Traverse: Vertical 

Piez, No, 
i'iez. reading 
Piez. readIng 
for Ct data 
Pfez, reading 
at check sta, 

Boundary Type: Hel-Cor 
ProHl to Traverse: Vertical 

~ --
--

Samoler sta ,v, D) 0,06 
llivg. Conc (C~.)16,78 
IVel<'city (u {os 

Boundary Type:He1-Cor 
Profile Traverse: 

Piez. No, 
Plez, reading 
Pin. reading 
for Ct data 
Piez. reading 
at check JIlta. 

'.OlS9 

Boundary TypelHel-Cor 
ProfUe Traversel Vertical 

Piez. No 
Piez. reading 
Piez. reading 
for Ct data 
Piez, reading 
at cheek sta, 

.,amp, er 5,;a . Y/U lJO 

Run No, .50 H Q .. 6,60 cfs 
Ct • 6,03 percent 

Average Ple20111der Reading 

V,. 8,41 fps 
T .24,8 ·C 

Cnncentration and Velocity Profile Data 

Run No, n H Q .. 6.60 cfs 

J 

9,371 

9.366 

Ct .. 6.00 percent 
Average Piezometer Reading 

" 
8,91S 8.469 8.022 

8,92' 8.470 8,033 

V -_ 8,41, ~p'8 
r. as.S ·c' 

7 

7635 7 138 

7.636 7,148 

Concentration and Velocity ProfUe Data 
0,16 0,26 0,36 0,46 0,56 0,66 0,76 I 0,86 I 0,1)6 I 
6,15 5, 7~ 5,79 I '.8' I 5,79 IS. 72 1',82 IS. 79 I 5. !I' I 

I I I I 

Run No. SOl H Q" 5.78 cfs 

8.945 

Ct ..10,3 percent 
Average Piezometer Reading 

8.608 JJ!.~46 I 7.877 

Run No. 53 H Q .. 6,.50 cfs 

9 1.6 

9.194 

Ct aU. 1 percent 
Average Pit J:ometer Reading 

6 7 8 

8 802 8 384 7 9.56 

8.799 8.385 7.'" 

I 1 I 

V" 7.37 fps 
T ,,20,0 ·C 

7,566 7,191 

V = 8.32 (ps 
T .. 23.2 ·C 

10 
7590 7144 

7.9H 7.147 

Concentration and Ve10c ty Prottle Data 
16 ,26 ,36 I 0.46 I ,56 0.66 0,76 O,lj()" 0.96 

1 

LAvg, Cone. (C ~.lJll.«>11l.3O 110 • .50 111 10 1'1060 1110 90 111 .50 111.«> 111,30 111.60 I 
IVeloeity{u f.\tsU J 
Boundary Type: He1-Cor 
Profi Ie Traverse: Vertical 

Pie> 
Pi" :..,,. 
Piez. reacHn" 
for Ct data 
P iez, rl!ading 
at check sta. 

L --
i --
l 

I I I I I 
Run No. '4 H ¢ Q" 5,80 cfs 

,"" 
'.261 

9.264 

Ct -12,2 percent 
Average PiezOllteter Reading 

C _D_ 

8 767 8 at4 7 818 

8.976 8,307 7.820 

I _,i i 
V. 7.27 fps 
T .19.0 'C 

.. ...Il.L 

7,391 • 887 

7.3,67 ',820 

-~------

Concentration and Velocity Profile Data 

J 

Boundary Type: He1-Cor 
Profill" Traverse: Vertical 

.. 
--
--

Run No, 55 H Q" 6,'5 efs 

J 

9 233 

9.241 

Ct -12.7 percent 
Average Piezometer Reading 

" Q 

8 809 8,400 7954 

8.834 8.«>5 7,934 

V .. 8.20 fps 
T ,. 22.6 ·C 

7 '76 7 114 

7.574 7,110 

Concentration and Velocity Profile Data 
SamDler sta (v/DJ 0.06 I 0,16 0,26 0,36 0,46 0,56 0,66 0.76 I O,R6 I 0,1)6 I 

IAvg. Conc. (C~. )112 30 112 .85 111 70 112 30113 00 113 10 113,00 112.80 11300 112.80 I 
IVe10citv (u fDS' 

Boundary Type: Hei-Cor 
Prof ile Traverse: Vertical 

.. 
--
--

Run No, 56 H & Q" '.75 cfs 

;) 

o 283 

9251 

Ct .. 12.3 percent 
Average Piezometer Reading 

8776 8308 7806 

8 7«> 8330 7,805 

I 

V" 7.52 fps 
T ,,21.5 'C 

7348 6 792 

7.368 6 837 

Concentration and Velocity Profile Data 

I 

Samp. er sta v,fD' 006 0,16 o 26 1 0 36 I 0,46 0,56 o 66 I 0 76 I 0,86 I 0 <)6 I 
IAvg. Conc, (C Y. )115 30 11490 116 10 113 30 11300 110 80 10 80 
!y~loci!.L (u fos)1 I 

Boundary Type: He1-Cor 
Prof ile Traverse: Horizontal 

Piez. No 

--
--

I T T I I 

Run No. 57 H Q" 6.35 cfs 

Q ''''11 

9.236 

Ct ,,13.2 percent 
Average PilJ:ometer Reading 
678 

II 11.011.011 8 ..... < 7 .19 

8.826 8,406 7.967 

11 60 9 80 I 7 7'1 I 

V:o 8.09 fps 
T " 17.2 ·C 

10 

7'!'S! 7071 

7.571 7,110 

Concentration and Velocity Protile Data 
Sampler stay/D) 0,06 0,16 0,26 I 0,36 0,46 0.56 ,66 .76 0,86 0,96 I 
JAvg, Conc. (CY. >114_«>114.00 \13 80 113 60113 70 113 10 112.«> 11330 111 65 111 65 I 
jye!QcitJ' (u fDS)1 I I I I I I 

Boundary Type: Hel-Cor Run No, !l8 H Q" 7.10 cfs 
Profile Traverse: Hor!Jloata1 Ct ,,12,2 percent 

Piez. No, 
Pfez. reading 
Pfez, reading 
for Ct data 
P'iez. reading 
at check sta. 

Average Piezometer Reading 

I 

Cnncentration and Velocity Profile Data 

Boundary Type: Hel-Cor 
Profile Traverse: 

Piez. No. 
Piez, reading 
Piez. reading 
for Ct data 
Piez. reading 
at check sta. 

Run No. 59 H 

V .. 9.05 fps 
T ,,21.2 ·C 

V .10.77 fps 
T .. 17,8 "C 

I 



1 

> ..... 
~ 

Boundary Type: Hel-Cor 
Profill! Traverse: 

Piez, No. 
Pic:!:, reading 
Pi.ez. reading 
fM Ct data 
Piez. reading 
at check ~ta. 

Roundaty Type: Hel-Cor 
Profile Traver!e: 

--

Run No. 60 H Q .. 8.00 cfs 
Ct .. 6.25 perct'nt 

Average Piezometer Reading 

V 10.20fpS 
T 17.0·C 

" Q 9 L ~~:26 + 

9,285 8,679 8,071 7.481 6.267 

Run No. 61 H Q" 6.93 cfs 

-
9,409 

Ct .. 6.25 percent 
Average Pit zometer Reading 

6 7 8 

8.96.5 8.506 8.046 

V .. 8,82 fps 
T" 18.9 ·C 

10 --
7.627 7.125 

Concentration and Velocity Profile Data 
,amp er sta ~vf[ .06 .16 .<'6 .30 .46 0.56 0.66 0.76 0.86 0.Q6 I 

1/\VI:, Conc, (C". 11 I 
I.Velocit v (u fl>s) I I 

Boundary Type: Hel-Cor 
Prof i Ie Traverse: Vertical 

Pi ez. No, 
Pi('?. reading 
Pi I!Z, reading 
for Ct data 
Pi~z, rl!'ading 
lit check sta, 

I I I I I 
1 1 I 

Run No. 62 H Q" 7.00 efs 

9,425 

Ct " 6.48 percent 
Average Piezometer Reading 

t! 
8:041 

8.96:J 
8,499 

I I 1 
I I 

V. 8.92 fps 
T .. 19,5 OC 

7 616 7.117 

Concentration and Velocity Profile Data 

Boundary Type: He1-Cor Run No. 63 H Q = 6,20cfs 
Profill' Travers .. : Horizontal Ct = 6.74 percent 

Piez, No, 
Pi .. z, reading 
Piez, reading 
for Ct data 
Piez, reading 
at check sta, 

-;iimDler sh (vID)1 0,06 0,16 
/Iva. Conc, (C ".)1 7.40 16,75 
Ve1"city (u fos 

Av('rage Piezometer Reading 

Boundary Type: Hel-Cor Run No, 64 H Q" 6 ,10 cfs 
Profile Traverse: Horizontal Ct .. 5,37 percent 

Average Piezometer Reading 
4 6 II 

-- 9.204 8,812 8.414 8.005 

-- 9,200 8.807 8.416 8.021 

V" 7 .89 fps 
T = 19,8 ·C 

V 7.70 fps 
T = 16.1 ·C 

7 653 7,232 

7,663 7,241 

1 
1 

Concentration and Velocitv Profile Data 
%mn: er sta ·v. 0.06 0,16 o 26 o 36 0,46 0.56 o 66 1 0 76 086 o Q6 1 
/Iv". Conc, (C ./.) ~ 9~ 1 5 34 5 22 5.22 .~ 28 .~21 ~ ?oR ~ ...... < .... 530 
!'yelocity (u fp~lL I 

Boundary Type: He1-Cor 
Profile Traverse: Horizontal 

Run No. 65 H Q" S,oocfs 
Ct " 4.44percent 

Average Piu:ometer Reading 
6 7 8 Piez, No, 

Pi~z. reading 
P lez, reading 
for Ct data 
Piez. reading 
at check sta. 

9.349 9,751 8,160 7,587 

Boundary Type: He1-Cor 
Prof ite Traverse: 

Run No. 66H Q .. 6.93cf.g 
Ct .. 4.44 percent 

Average Piezometer Reading 

V : 10,20 fps 
T "23,5 ·C 

10 
7,035 6,411 

V .. 8,82 fps 
T .. 18,5 ·C 

Piez. No. 
Piez. reading 
Piez, reading 
(or Ct data 
Piez, reading 
at check sta, 

I -- I 9"563 I 9,:76 I 8'~94 I 8.0112 I 7.:71 I 7,170 

Concentration and Ve10ci tv Profile !lata 

Boundary Type: Hel-Cor Run No, 67 H Q .. 6.90 cfs 
Profile Travers .. ~ Horizontal Ct = 4.55 percent 

Average Piezometer Reading 

I 

~ 

I 

,.,,, I ,.~., 8.600 8.107 

Boundary Type: He1-Cor Run No, 68 H Q = 5,95 cfs 
Profile Traverse: Horizontal Ct .. 4.40 percent 

Average Piezometer Reading 

-- 9,102 8,722 8,344 7,964 

-- 9,092 8,715 8.335 7,9.57 

l 

V" 8,80 fps 
T .. 19,1 ·C 

7,681 7.172 

V " 7.64 fps 
T 22.0 ·C 

, 

7,611 7 :208 

7,608 7,203 

Concentration and Velocity Profile Data 
Samp er sta (y/O) 0,06 0,16 o 26 o 36 0,46 1 0,56 1 066 o 76 o 86 o Q6 I 

IAvR. Cone, (c".)1 5 15 1 420 432 415 4· 31 4 31 4.29 1 4.411 4.45 J 4.40J 
~_ (u fos) 6.81 815 9,3.5 10,50 10.63 10 63 10 28 II 9,30 I 8.03 1 '6, 8~ 

Boundary Type: He1-Cor Run No. 69 H Q" 8,80 cfs 
Profile Traverse: Horizontal Ct .. 1,98 percent 

Average Ph .:ometer Reading 
Piez. No. 6 7 8 

V " 10.05 fps 
T " 18,7 ·C 

10 

Concentration and Velocity Pro ile Data 
ilampl er sta ('I/O)! (J ,06 0.16 (J :26 ,36 (J ~46 0,56 0,66 0,76 0.116 0,96 
IAv!:, Conc. (C".ll I 1 1 1 I I I I I 
IVelocitv (u fos) 1 I 1 I 1 1 1 

I 
1 
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Boundary Type: He1-Cor Run No, 70 H Q" 5,85 efg 
Proff Ie Traverse: Hori.onta1 

Piez, No. 
I'iez. reading 
Piez, reading 
for Ct data 
Pi ez, reading 
at check sta, 

Ct " 2.13 percent 
Average PiezO/IIeter Reading 

Boundary Type: He1-Cor Run No, 71 H Q" .5,90ds 
Prof HI' Traverse: Horiaontal Ct = 2.09 percent 

Average Piezometer Reading 
~ v " -- 9."&) 9.118 8.763 8."21 

-- 9.S02 '.137 8,781 8,435 

v. 7."5 fps 
T ,,:oKl.' 'C 

7.705 

7.719 

v " 7.52 fps 
T = 21.5 'C 

8,08" 7,711 

8,099 7.719 

Concentration and Velocity Profile Data 
Sampler sta (vII)) 0,06 1 0,16 0,26 0.36 0.46 0.56J 0.66 I 0.761 0.861 0.Q6_ 

lAvs, Conc (C"')I 2 37 I 20 .. I 1 9 .. I 20"J 1,97 I 1,97 i 2.161 2 10-.1 2 15 -.1 216. 
lVel"ci ty (u fps) 6 0.5 700 8.121 8.81 I 9.32 19,32l 8.811 7.8917,08 I 6--

Boundary Type: He1-Cor Run No, 72 H Q" 6,73 cf s v "8,58 fps 
T "21.4 'C Profile Traverse: Horiaontal Ct '" 1.&) percent 

Average Piez.ometer Reading 
-'L -"'-- 9,218 8,7.54 8,301 7 .862 7."30 6 ,' .. 9 

-- 9,229 8.767 8.310 7.871 7,442 6,"" 

Concentration and Velocity Profile Data 
l~af!l~ er sta (v 006 o 16 o 26 o 36 0,46 0,56 066 o 761 0 86 I 0 Q6 J 
IAvg Conc. {C Y.)I 1.96 I 1 71 
IVelocity (u fps 6.'1.'1 

Roundary Type: He1-Cor 
Profile Traverse: Vertical 

Piez, No 

894 
1.69 1 &)_1 1 7ilL7'1 1.75 1.76 .86 .000J 

10 1011l..<IQ.11l.mhl &)··...ll...ao.lIOl0 800 
- _. 

Run No. 73 H Q" 6.7.5 cfs 
Ct " 2.09 percent 

Average Piezometer Reading 
678 

v " 8,48 fps 
T" 23,3 'C 

10 -- 9,177 8.709 8,249 7,&)7 7,373 6,88" 

Concentration and VdOCl ty Prot 1le Data 
.>.",p. er sta ,y,' U,UO ",.16 ,26 ,J6 0.46 0,56 66 ,76 i u.86 0,96 
[!\vg. Conc, (CY.l.12.35-.1 
(Velocity (u U!.sU -- i 
Boundary Type: Hel-Cor 
Profi I~ Traverse: Vertical 

2,0711.98 12.07 I 1.941 1,981.1,97.,1 205 I 2 19( 2 :la.1 
-- I -- I _. I 11 . .'13 I 11 :n I 10 90 I , 7U 8..tQ.i i.J.a.J 

Run No. 74H Q ,,5.90 cfg 
Ct " 2,21 percent 

Average PiezO/IIeter Reading 

V s 7.S2 fps 
T "24,2 ·C 

Plt,y ,!". 
l'i· 

Pi"",. " 
tllP: 

for Ct data 
Piez, reading 
at check sta. 

r--' I'·~' I'·\~ 1 ,.100 1 ,.!,. I /'" I··~ 

Boundary Type: Hel.Cor 
ProCil .. Traverse, Vertical 

Piez. No. 
Piez. reading 
Piez. reading 
for Ct data 
Piez. reading 
at check sta, 

Run No, 76 H Q" 6.60 cfs 
Ct " 0.919percent 

Average Piezometer Reading 
678 

9.151 I 8,710 I 8,270 I 7,854 

V" 8,«) fps 
T = 21,2 ·C 

-----.1Q. 

7,436 I 6,981 

Concentration and Veloci!y Profile Data 

Boundary Type: Hel-Cor 
Prof i Ie Traverse: Vertical 

Run No, 77 H Q" .'I,&) cfs 
Ct "0.854percE'nt 

Average Piezometer Reading 
Piez, No. 
Piez. reading 
Piez. reading 
for Ct datil­
Piez. reading 
at check sta. 

~L __ 8.~.~,~2 L7 .. ~69 
2 

7,661 

Boundary Type: He1-Cor Run No. 78 H Q" 6,63cfs 
Profile Traverse: Horiaontal Ct 0,758 t;>ercent 

Average Piu:ometer Reading 
Piez. No, 6 7 8 

8,8"9 8,400 7.970 

Boundary Type: Hel-Cor Run No, 79 H Q "6,63 efg 
Prof i Ie Traverse: Horiaolltal Ct :0,.,48 p .. rcent 

Average PiezO/IIeter Reading 

V" 7 .25 fps 
T 22.3·C 

7,358 L.~,~2S_ 

v " 8.405 (ps 

T" 21.8 'C 

10 

'·'~I~ 

V "8.405 fps 
T 22.3 ·C 

Piez, No. 
Pi,,%. reading 
Piez, reading 
for Ct data 
Piez. reading 
at check sta, 

I'.:" ".l" ".i90 1 ,',,, I ,'" /~, 

Boundary Type: Hel-Cer 
Proffl .. Travers,,: Horiaontal 

Concentration and Velocity Profile nata 

Run No. &)H Q '" 5,8S cfs 
Ct '" 0.870pl'rcl'nt 

Average Pil'zometer Reading 
6 7 8 

v = 7.4.5 fps 
T = 2S,3 'C 

JQ.. Piez. No, 
Piez, reading 
Piez. rl'adin~ 
for Ct data 
Piez, ~eading 
at check sta. 

8.610 8.312 I 7.993 I 7,681 7,375 7.037 

Concentration and Veloci!r Prof ile Data 
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B<lundary Type: He1-Cor 
\lrof i J e Tra"erse: Horizontal 

Run No, 81 H Q" 5.85 cfs 
Ct " 0.872percent 

A"erage Piezometer Reading 

V" 7.45 fps 
T" 25.8 ·C 

I'iez, No. 6 7 8 'L- __ ~lQ 
P i<.~. reading 
Pi ''''. r!'ading 
fe" Ct data 
I' )('7. reafling 
at check ~ta, 

1 -- I"~I"'U 1."941 '_·~~.r·i~-r:o« 1 

Houndary Type, He1-Cor Run No, 82 H Q" 7 ,63 cfs 
Profile Tra"erse: Horizontal Ct " percent 

Average Pitzometer Reading 
Pi ez, No, 6 7' 8 

9,557 9,069 8.499 7,943 7,<108 

V" 9,72 fps 
T"17,O·C 

10 .~ 

6,880 6,295 

Concentration and Velocity Proh1e Data 
,am!> er sta :y/O, 0,06 0 6 I 0,16 0,36 ,46 n,S6 0,66 0,76 ,86 0,961 

!AvE:. Conc. (C~.ll ! I I I I I I T I 
!Velocity (II fps) 1 -- - .. 111,24,1 12251 12 sol 12781 12 1:1 11 nn Q.., .. R1n 

Boundary Type: He1-Cor Rlln No, 83 H Q - 7.70 cfs V- 9,80 fps 
Prof ile Tra"erse: Horizontal Ct .. 0,0 percent T " 20,7 ·C 

l'iez, No, 
Pi~2. reading 
I';ez, reading 
fM Ct data 
p i ~Z. reading 
Itt check sta, 

! 
9,451 

~ 
8,996 

A"erage Piezometer Reading 
II 7,8sL1 8.418 7,319 6,795 6,202 

Concentration and Velocity Profile Data 

BOllnclary Ty!>e: He1-Cor Rlln No. 84 H Q" 6,60 cfs 
ProH J(' Traverse: Horbonta1 Ct "0.0 percent 

Average Piezometer Reacling .. J V " 
9.512 9,143 8,698 8,264 7,837 

V .. 8.<10 fps 
T "21,3 ·C 

~ 

7.430 6971 

Concentration and Vdocity Profile Data 
SalllPler sta (y/O) 0 6 0.16 0.26 0,36 0,46 0.56~ 0.66 0.76 0.86 0.96 

1 

IAvg, Conc, (C ".) trace trace trace I trace trace trace \ trace I trace I trace I trace I 
\Vd"city (II fns,1 7,27 8 83 

Boundary Type: He1-Cor 
Prof i Ie Traverse: KorboRtal 

Piez, No, 
Piez. reading 
Pi ez. reading 
fM Ct data 
Piez. reading 
at check /Ita, 

.,ampler s ta 
AvlZ. Conc, (C·· 

06 I 0,16 
trace 

986 

Velocity (u fDS) .~3 18,22 

10 8a.lll 3a 11 «U 10 8Sl2.. ~L18~7 ~ ~ 

V" 7.39 fps 
T.. 22.S·C 

Boundary Type: Hel-Cor 
Profile Traverse: Horizontal 

Run No, 86 H Q" 5,80 cfs 
Ct = 0.0 percent 

Average PhJ!ometer Reading 

V " 7.23 fps 
T " 26.2 'C 

Piez, No, 
Pi<!z, reading 
P iez, r~ading 
for Ct data 
Piez. reading 
at check sta, 

I ,;" , ,"m,,:~ , .'1~ 1"1: ,Z ~1 1 :~ 
Concentrahon and Ve1oc1ty Profile Data 

BOllndary Type: Hel-Cor Run No, 87 H Q" 6,60cfs 
Prof i Ie Traverse: Horizontal Ct" 0.0 percent 

Piez, No, 
Piez. reading 
Piez, reading 
for Ct data 
I'iez, reacling 
at check sta, 

:I 
9,575 

Boundary Type, He1-Cor 
Profij~ Traverse: Horizontal 

Average Piezometer Reading 
~ \I £ c 

9,219 8.774 8.331 7,910 

Run No, 88 H Q .. 6,70 cfs 
Ct .. 0,0 percent 

Average Piezometer Reading 

V" 8.21 fps 
T'" 27,0 ·C 

7.io~1 7 ,O'~~ 

V" 8.<10 fps 
T = 28.5 ·C 

Flez. No, 4 5 6 7 8 9 10 
P~ez, reading 9.596 9,232 8.772 I 8.320 I 7,896 7,469 6.991 
P1ez, reading 
for Ct data 
Piez, reading 
at check sta, 

Boundary Type: Hel-Cor 
Prof ill' Traverse: Horizontal 

.. 
8.357 

;} 

Concentration and Velocity Profile Data 

Run No, 89 H Q" 3,5:3 cfs 
Ct " 0.0 percE-nt 

Average Piezometer Reading 
Q " C/ 

V ,,4.45 fps 
T ,,27.0 'C 

II 

8.242 8,112 7,985 7,658 7,730 7.597 

Concentration and Velocity Profile Data 
Samp ler s ta [v. 0,06 0,16 o 26 J () 36 0.46 10,56 1066 I 076 1086 I 0 Q6J 

IAv!!, Conc, (C ". " I I 
IVelocity (II fps)1 3,93 I 4,!>U 5,39 6,00 0:3: 0,32 6,00 

Boundary Type: Hel-Cor 
Profile Traverse: Horizontal 

Run No, 90 H Q. ",78 cfs 

Piez, No 
Pi",z, reading 8,976 8,789 
Piez, rPading 
for Ct data 
Piez, reading 
at check sta, 

Ct - 0,0 percent 
Average Pilzolfteter Reading 

6 7 8 
8,566 8.347 8,137 

I J 
.5,39 4.68 3.85.J 

v = 6,00 fps 
T_27.l·C 

10 
7 ,931 7.702 

Concentration and Veloc ty Pr~le Data 
"amp er sta \ y/IJ: ,UO 0,111 0,26 0,36 ,46 n,56 ,110 ,76 I 0,86 0.96 

!Avg. Conc. (C ". II I 1 I I I I I I I I 
IVelocitv (II fns)14 68 1 5671667 I 731 I 7701 7 ~.LL«> I 6.671 S 64 I 468J 
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Boundary Type: He1-Col' Run No. 91 H Q. 1,63 cfs 
Profile Traverse: HorillOlltal Ct. 0.0 percent 

Average Piezometer Reading 
l'lC'Z. 110. .. , n , x 

Piez. reading 7.983 7.'60 7.932 7.903 7,870 
Piez. reading 
for Ct data 
Pi!!:!:. reading 
at check sta. 

V. 2,08 fps 
T. 36.4·C 

7.842 7.812 

Cnncentration and Ve10c ty Profile Data 
SatT1p. er sta (v/T 6 HI .Z() 0.36 0.46 .56 .6f .86 

IAv,;. Conc. (C 'Y.' I I I I I I I I I 1 
96 

J 
VelnClty u tps) -- -- :11.41 I 2.78 I 2.901 2.901 2.78 I 2.41 I 2 271 1 601 
Boundary Type: Smooth 
Prof ile Traverse: 

Run No.1 S Q .1.83 cfs 
Ct .0.0 percent 

Average Piezometer Reading 

V. 2.36 fps 
T .16.0 ·C 

Piez. No. 
Ptez, reading 
Piez. rUding 
for Ct data 

L 0 :8~ ~7~ 0,;51 0,234 0.21' 0.191 0,185 

P if!z. reading 
at check sta. 

Boundary Type: Smooth 
Prof i 1 ~ Travers .. : Vertical 

Piez, No. 
Piez. reading 
Piez. reading 
for Ct data 
Piez. reading 
at check sta. 

samtilersta rv7DH 0,06 
flv!!. Cone. (C 'Y. ) 
Vel"citv (u fps)1 6.82 

Boundary Type: Saooth 
Prof ile Traverse: Vertical 

Plez. No. 
Picz. reading 
PI ez. reading 
f<:>r Ct data 
Piez, reading 
at check sta, 

floundary Type: Saooth 
Prof ile Traversel Vertical 

No 
,:.'&("og 0.367 

Piez. r~a(hng 
for Ct data 
Pie'!:. reading 
at check sta, 

Cnncentration and Velocity Profile Data 

Run No.2 S Q '" 5.83 cfs 
Ct .. 0.0 percent 

Average Piezometer Reading 
7 8 

8.775 I 8.696 

Run No.4 S Q .. 3,65 cfs 

0.28" 

Ct .. 0.0 percent 
Average Pltz,?lIeter Reading 

6 7 8 
0242 o,aoo 01$1 

V .. 7,30 fps 
T .. 18.0 ·C 

8,568 8,471 

V" 4.52 fps 
T .18.8 ·C 

10 
o 110 0059 

Concenh:ation and Veloc ty Profile Data 
[.,amp er sta (vI 06 .16 ;16 .36 ,46 0,56 I ,66 0, 6 0,86 0.96.J 
IAvlI:. Conc. (C 'Y. 'I I 1 I I 1 I I I I 1 
lvelocity ~fp!lJ1 ..... 7~().2]!I,()2J 5.33 I 5,63 15.39 I 5,27 15.08 " 6914.02 '1 

Boundary Type: SIIooth 
Profile Traverses Vertical 

Run !fo. , Sq. 6,62 cfs 
Ct ",0,0 percent 

Average Piezometer Reading 

v. 8.30 fps 
T .18,1 ·C 

Pin, No. 
P.lez. reading 
Piez, l'eading 
for Ct data 
Pie:;. readir18 
at check sta. 

11.869 8.,8" 8,5.14 I ~;1}1 1 8.;9'=1_.8.:62 8,008 

"'i~-::-: __ --:"_""'-:-__ ::-::_-'-~_-::-7--';<'<T"-=-.,..,.......--cK"'-'i~.-,?;..;o~~~;;;tfa~i~~ ian~ ~lfcAt~/fol;i!! ?a~a 

Boundary Type: Saooth 
Profile Traverse: Vertic,,1 

.. 
8995 

Run No, 6 S Q = 7.32 cfs 

8664 

Ct .. 0.0 percent 
Average Plf!zometer Reading 

v 

8,591 8.«7 8,347 

V .. 9,17 fps 
T=18.9 ·C 

8.194 8.019 

Concentution and Velocity Profile Data 
SatT1pler sta (vI! ) 0.06 0.16 0,26 0.36 0.46 0,5610.66 I 0,76 I 0.86 I 0.96 I 
IAvl:. Conc. (C 'Y. ) I I I I I I I I I I 
LVel"cit~ (u fps)1 7 «l I 9 67 110 32 110 58 110 70110 60 110,31 19 85 19,05 18.00 I 

Boundary Type: Saooth 
Prof ite Traverse: Vertical 

.. 
7 76 .. 

7,761 

Run No.7 S Q .. 7.4OOcf5 

" 
7 .. 72 

7,469 

Ct = 0.261percent 
Average Piezometer Reading 

" 
7 346 7 199 7 100 

7.3"7 7,205 7.106 

V" 9 ,17 fps 
T=21.7 ·C 

6 942 6 767 

6.949 6,772 

Concentration and Ve10citv Profile Data 
L!jamp, er sta tv/IJ' 006 o 16 0261036 0.46 0.56 o 66 I 0 76 I 0 86 I 0 <16 1 
IAvg, Conc, (C 'Y.)I 1.39 I 0.63Or 0.3791 0,28610.210 10,165 o 13.. 0 106 I 0 078 I 0 059 I 
lVelocity (u fps) I 8,07 I 9.aS 110,00 110,50 UO 80 t10 110 10.5C '.86 I!J£J: n --

Boundary Type: Smooth 
Profile Traversel Vertical 

Run No.8 S Q .. 6,60 cfs 
C t .. 0.195 percent 

Average Pitzometer Reading 

v .. 8.«> fps 
T .22.7 'C 

Pin, No. 5 6 7 8 10 
P~ez, reading 7,568 7,333 7,214 I 7.096 I 7,010 6.871 6.725 
Ptez, reading 
for Ct data 
Piez, reading 

at check st •. - I A __ !_ ........... 1 __ ' __ .. 11_. __ 1 ...... .,. __ /.111 n_ ... 

Boundary Type: Smooth 
Prof i Ie Traverse: Vertical 

Piez. No. 
Piez. reading 
Piez, reading 
for Ct data 
Piez. reading 
at check st •• 

Run No.9 S Q .. 5,80 cfs 
Ct .0 .12S percent 

Average Piezometer Reading 

Concentration and Velocity Profile Data 

V. 7,39 fps 
T,,23.5 ·C 

6.534 

6,.541 



e 
~ 
I 

Boundary Type: Smooth Run No. 10 S Q" 7 .50 cfs 
Profile Traversp.:Horizontal Ct ,,0.332 percent 

Av~rage Piezometer Reading 
~ J U " 

7 641 7 365 7 243 7,117 6 995 

7.649 7.375 7.240 7,114 7.001 

V" 9.55 fps 
T .. 24.5 ·C 

7 

6 854 6 683 

6.855 6.679 

Concentration and Velocity Profile Data 
L~a~ler sta (y/O) 0.06 0.16 0.26 0.36 0.46 0.56 0.66 0.76 0.~6 0.96 
I·~v". Conc. (C 'Y.)I (] :lui 0 210 (] lQ~1 0 1951 0 18210182101761018610190 10190 I 
IVel<'citv (u fps) --- I 9.90 110 40 110 70' 11 00 11.00 LI0.90 110.40 19.64 18.71 I 

Boundary Type: Smooth Run No. 11 S Q = 6.60 cfs 
Profile Traverse: Horizontal Ct = 0.175percent 

Average Piezometer Reading 

7.529 7.254 7.186 7.070 6.984 

7.521 7.248 7.182 7.068 6.985 

v = 8.40 fps 
T = 21.7 ·C 

. 
6.855 6 706 

6.858 6.708 

Concentration and Velocitv Profile Data 
Sam ler sta . V/O 0.06 0.16 o 26 o 36 0.46 0.56 o 66 o 76 I 0 86 I 0 Q6 I 

[{lVjL. Cone. (C~)JO.ll.'l 10.106 o 110 0 1011 0 110 I 0 IOU 0 106~ 0 110~ 0 110 0 115 
\Velocity (u fpsl 8 17 II Q~ 9 55 9_ .. 87 10 10 10 25 .J. 9 94 ~ 9 55 ~ 8 88 1. 7 84 J 

Roundary Type: Sm.ooth Run No. 12 S Q _ 5.80 cfs 
Profile Traverse: Horizontal C

t 
.. 0.151percent 

Average Pi< zONeter Reading 
Piez. No. 6 7 8 

7 424 7 305 7 152 7.065 6.987 

7 425 7 307 7 155 7069 6.990 

V" 7.37 fps 
T .. 24.2 ·C 

10 
6.879 6.761 

6.885 6.763 

concentration and Ve10c1ty Profile Data 
L;alllJ:l.!.er sta .y/u; 0.06 0.16 0.26 0.36 G.46 .56 .66 0.76 .86 0.96 
[Av!!. Conc. (C 'Y. 11 0 0731 0.0681 -- I 0.0681 -- I 0.068[ 0.0681 0068100681 O.073J 
IVelocity (u fps)1 6.90 18.0801850,1885 I 8.94 1890 I 879.18 SO 17.95 16.76 I 

Boundary Type: Smooth 
Prof i I e Traverse: 

Run No. 13 S Q .. 8.75 cfa 
Ct ,,0.386 percent 

Average Piezometer Reading 

V.. 11.1 fps 
T .. 23.5 ·C 

Piez. No. 
Pi~z. [f-ading 
Piez. reading 
for Ct data 
Pi pz. reading 
at check sta. 

I '.'~ I ,.~. I · I u~ I ,.: '.OM ,.:, 

Cnnct'ntration and Velocity Prot He Ilata 

Boundary Type: S.ooth 
Prof i I .. Traversp.:Horiaontal 

~ 

8.532 

8.519 

Run No. 14 S 8 Q - 4.80 cfs 

8 445 

8.437 

Ct - 0.383 percent 
Average Piezometer Reading 

I> , 
" 8.330 8.289 8.202 

8.331 8.284 8.198 

V - 6.11 fps 
T .20.8 ·C 

'u 
8 139 8056 

8.126 8.045 

Concentration and Velocitv Profile Data 
'ampler sta (v/O) 0.06 0.16 0.26 0.36 0.46 0.56 0.66 0.76 0.S6.l. 0.96J 

I"v!!. Cone. (C'Y.)I 0 1671 0 1531 0.1441 0134 0.12510.12010.11510.11010.11510.110 [ 
IVel"city (u fps)1 5 85 I 6 52 I 7 26 7 SO 7 65 I 7.65 7.SO 7.26 l6.52 l5.85 J 

Boundary Type: Saooth 
Prof ile Traverse: Vertical 

8.532 

8.519 

Sampler sta :vlD 006 
[Av.&. Cone. (C Y. II 7 60 

Run No. IS S g Q ,,4.85 cfs 

8.4* 

8.432 

Ct = 0,374 percent 
Average Piezometer Reacting 

8.335 8.277 8.201 

8 324 8 278 8.196 

v " 6.18 fps 
T =23.8 ·C 

8.12S 8.042 

8 116 8036 

Concentration and Velocity Profile Data 
0.16 a 26 o 36 0.46 0.56 I 0 66 I 0 76 I 0 86 I 0 <16 J 
o 960 I 0 349.1 0.200 J 0 115 o 077 0 OS9 II trace trace I trace I 

IVelocity (u fps)1 439 1602 1680 1718 17 SO 17 S2 17 2S 1682 6.32 S 

Boundary Type: Saootll 
Profile Traverse: Vertical 

Piez. No 
8.47.5 

8.484 

-'amp.er sta :yfUJ .06 

Run No. 16 S Q" 4.86 cfs 

8.396 

8.401 

Ct ,,0.116 percent 
Average Pilzometer Reading 

6 7 8 

8.286 8.25S 8.181 

8.290 8.226 8.184 

v " 6.18 fps 
T -25.7 ·C 

10 

8.106 8.035 

8.104 8.020 

l;oncentration and Ve10c1ty Profile Data 
.If> 0.2f> 0.31> .411 0.56 .66 .76 I .86 0.96 

I!\v~. Conc. (CY.11 16510 41S1 018710127[00801005910.0451 tracel trace 1 h·&aJ 
IVelocity (u fnsll 5.21 I 6.02 I 6.87 I 7.10 1737 1733 17 OS 6_68 16.43 15.45 J 

Boundary Type: S.ooth 
Prof ile Traverse: Vertical 

Piez. No. 
Piez. reading 
"iez. reading 
for Ct data 
Piez. reading 
at check sta. 

Boundary Type: Saooth 
Profil e Travers,,, Vertical 

~ 

o 789 

Sampler sta (v/ ) 0.06 

J 

Run No. 17 S Q .. 3.40 cfs V. 4.33 fps 
Ct ,,0.081 percent T .20.5 ·C 

Average Piezometer Reading 

Concentration and Velocity Profile Data 

Run No. 18 S 8 Q ,,2.20 cfs 
Ct ,,0.040 percent 

Average Piezometer Reading 
U " 

7.874 

7.858 

V. 2.80 fps 
T _21.4 ·C 

o 769 o 745 o 732 o 714 o 698 o 679 

Concentration and Velocity Profile Data 
0.16 0.26 0.36 0.46 0.56 I 0.66 0.76 0.S6 0.96 

IAvg. Conc. (C 'Y. ) I 0 _ 465 I tracel tra.cel trace I --I -. I -- I -- I -- I I 
IVel0city (u fps)1 --
Boundary Type: S.ooth 
Profile Traverse: Vertical 

.. 
8 472 

o 466 

Samp. er sta (y/ 006 

2 27 2 66 2.90 3.11 13.22 13.11 13.01 12.54 12.41 I 

Run No. 19 S Q" 4.80 cfs V " 6.11 fps 
T .. 23.0 ·C 

" 
8.391 

0386 

Ct - 0.010 perc!'nt 
Average Piezometer Reacting 

" ~ 

8.293 8.243 8.170 

0.285 0.238 0.170 

8.094 8.013 

0.093 0.014 

Concentration and Ve10citv Profile Data 
0.16 o 26 o 36 0.46 o 56 I 0 66 I 0 76 I 0 86 096 

IAv~ Conc. (C 'Y.)I 0 163 0 0591 trat:e -- -- I -- I __ "1 __ 1 
IVelocity (u fos 5 32 630 651 690 7 12 7 12 690 657 61OTI20 



I 

> 
~ 

'-0 

Boundary Type: Saooth 
Prof i J ~ Traverse; Hort-oatal 

.. 
8 263 

8271 

Run No, 30 s"O Q" S.82 efs 

:> 

8 ISS 

8.161 

Ct "0,609 percent 
Average Piezometer Reading 

" I 0 

8026 7.959 7.854 

8,028 7.960 7,856 

V., 7.41 ifps 
T ,,26.4 ·C 

7.753 7,641 

7,7S6 7,640 

Concentration and Velocity Profile Data 
SamD er sU lv/ 006 0.16 .26 ,36 I 0,46 I 0.56 0.66 0.76 0.~6 0.96 

\,\vg, Cone (C Y.)I 0.2101 o.:aool--- I 02051 -- 10.1861017710.17710.17110.1671 
IVel"citY (u fDS) ,. on 7 ~7 l\ 2,. l! .&~ 8 60 I 8.69 I 8.40 I 7 98 I 7 S2 I 6 51 I 

Boundary Type; Saooth 
Profile Traverse; Vertical 

8.224 

8 247 

Run No, 31 So Q ,,5.80 cfs 

8.117 

8 135 

Ct ,. 0.613percent 
Average Piezometer Reacting 

7.983 7,915 7.809 

7.999 7.935 7,829 

V" 7,38 fps 
T ,,22.0 ·C 

7.70S 7.586 

7.727 7.610 

Concentration and Velocitv Profile Data 
am er sta lv/I)' 006 o 16 o 26 o 36 0.46 056 o 66 T 0 76 1 0 86 I 0 06 I 

Avl/., Cone (C 'Y. 9.SO I 1.63 I 0 7301 0 4301 0 2671 0 1721 0 129 009::1 068 --
ttelocitv (u fDS)1 5,26 I 7,26 I 7.95 I 8,27 18.82 18.82 18.27 17.90 17.25 .-. 6 37 

Boundary Type; SlIOOth 
Profile Traversel Vertical 

Pie ~ 

8514 

8,514 

"amp: er sa, Y/V: uo 

Run No, 32 SQ. 6,70 cfs 

~ 

8355 

8,362 

Ct .. O,624percent 
Average Piezometer Reading 
678 

8,166 8,054 7,937 

8.168 8.086 7,940 

V" 8.53 fps 
T.23,7 ·C 

10 .-
7,800 7.642 

7,796 7,642 

Concentration and Velocity Prohle Data 
to 0,<'0 ,30 ,46 0,56 .66 0.76 0,86 0,96 

I,~vl:. Cone, (C y. ) 1 5,79 I 1,58 1 0.8501 0.5571 0,3781 0,2521 0.1721 0.1341 0.100 I -- I 
IV~locitY (u flls)1 7,13 I 8.42 I 9.31 10,00 10,20 10.20 19,81 19.31 I 8.69 17,70 1 

Boundary Type; Smooth 
Profile Traverse; Vertical 

Plez, No, 
Piez. reading 
Pieil!, reading 
for Ct data 
Pi~z. reading 
at check sta, 

.. 
8.700 

8 737 

-

Boundary Type; Saooth 
Prof i J ~ Traverse: Vertical 

.. 
8 11.& 

8.327 

Run No, 33 S Q" 7 ,SO cfs 

S 

8.576 

8 548 

-~ 

Ct .. 0.731 percent 
Average Piezometer Reading 

6 8 

8 328 8221 8.035 

8.323 8.232 8.057 

V .. 9,55 fps 
T ,,21,7 ·C 

'7.861 7,664 

7.893 7.707 

Concentration and Velocity Profile nata 

:> " 
8.216 8072 7,990 

8.210 8,063 7,987 

" 
7 866 

7,866 

V .. 7.43 fps 
T .. 20,0 ·C 

7 

7 747 7 616 

7.751 7.624 

Concentration and Velocity Profile Data 
" .. miller sta ,vII) 006 0,16 u,26 0.36 0,46 0.56 0.66 0.76 0.~61 0,96 I 
I;\v(!. Conc (C "O/:-)T 1ft "" T 7(\ 1170 loo()QI(\~ .... 103'11102'1610.1onln ;;Qlnnul 
VpJ.-.citv (u fDs 4 34 6 72 7 96 I 8 62 9 1.5 9 15 I 8 86 I 8 34 T 7 65 I 6 57 I 

Boundary Type: Smooth 
Profile Traverse; Vertical 

.. 
8,558 

8.568 

Run No. 36 S Q" 6,60 cfs 

.. 
8,«>4 

8.411 

Ct "1.16 percent 
Average Piezometer Reading 

6 R 

8,221 8,135 7.989 

8.226 8.141 7,994 

V " 8.41 fps 
T = 22.2 '·C 

7 847 7690 

7.854 7.696 

Concentration and Velocity Profile Data 
o 86 1 0 ()6 1 Sallicler sta : y/D: 006 0.16 o 26 I 0 36 1 0,46 0.56 o 66 1 0 76 

rAvl(. Conc, (C 'Y. )113.20 I 3,48 I 1.14 I 0.990 10.64410,41.5 I --
10 45 110,3S1 9 35 IVelocity (u fDs 7 611 8 42 I I) .42 1000 

Boundary Type; Saooth 
ProfUe Traverse: Vertical 

Run No, 37 S Q" 7.60 cfs 

r.l..~z.. ['!IV. ~ 

P i<!z, reading 88n 8,634 
'Pin, reading 
for Ct data 8.799 8,608 
Piez. reading 
at check sta, 

C
t 

,,1,19 percent 
Average Piu:otlleter Reading 

v 7 8 

8386 8280 8.096 

8.384 8,289 8.111 

I 0.234 0.162 0.1201 
l:l, n 17.65.'. ~-. ~ 

V = I) ,68 fps 
T ,,20,S 'C 

7 '10 .~ 

7.919 7.n5 

7.945 7.756 

Concentration and Velocity Profile Data 
36 ,46 0,56 ,66 .76 0,86 0.96 I t'ampl.er sta : y/I ,06 0,10 ,<'0 

IAvg, Conc. (C Y.)I 9.40 I 3.23 1 1,71 11.20 11.12 11.03 10.920 10.7631' 0.53010.<4051 
IVelocity (u fDs)1 7,821 9.35 I 9.86 110,60 110,70 110,70 10.60 110.00 19.34 8,19 I 

Boundary Type: Saooth Run No. 38 S Q" 5.84 cfs 
Profile Traverse: Hort-oatal Ct .. 1,16 percent 

Piez. No, 
Piez, retding 
Piez, reading 
for Ct data 
P iez. read ing 
at check sta, 

Average Piezometer Reading 

Boundary Type; Saooth Run No, 39 S Q 6.63 cf s 
Profil!' Traverse: Horizontal Ct " l,IS percent 

Average Piezometer Reacting 
~ J V v 

8,494 8.334 8.155 I 8.0?-. 7.927 

8.479 8.323 8.141 8,065 7.920 

V.. 7.44 fps 
T ,,24.6 ·C 

7,607 

7,594 

V. 8.45 fps 
T ,. 27.0 ·C 

7.792 7.636 

7,789 7.634 

Concentration and Velocity Profile Data 
Samoler sta (v/O) 0,06 0.16 J 0,26 I 0.36 I 0.46 I 0.56 I 0.66 0.76 0.86 0.96 

IAvg, Cone. (C Y.)I 0430 o 4391 -- 10.4391 -- 10.46510.43910.45910.459 10.498 I 
IVel1'city (u fDS)1 802 I 9 30 990 1030 10.40 10,40 110.2019.74 L8.97 17,78 J 

Boundary. Type: Saooth Run No, 40 S Q" 7 • 70 c f s v" 9.80 fps 
T =24,0 ·C Profile Travenr: Horizontal Ct ,,1.29 percent 

Average Piezometer Reading .. :> 0 0 

8,699 8,S07 8,285 8.196 8,026 7.865 7,680 

8.698 8.S04 8,281 8.195 8,023 7.861 7.676 

Concentration and Velocity Profile Data 
Samp: er sta :v/D 006 0.16 o <'6 o 36 0.46 I 0,56 I 0 66 I 0 76 01:16 o ()6 I 
[Avg. Cone. {C 'Y.)J 0 6651 -- 106491 -- 1063010610 10665 I 0.685 10640 ! 0 7l.'! 
jVelocity (u fDS)1 912110.30 11090 11.40 11.60 11,60 '11.30 110 80 LI0 10 18,82 



>­
~ 

Boundary Type: Smooth 
Prof ile Traverse: Hed.ental 

Piez. No. 
Pi"z, reading 
Pi"z, reading 
for Ct data 
Piez. reading 
at check sta, 

8,486 

8.448 

V" 11.2 fps 
T. 22.4 ·C 

5 10 

8 236 7212 

8.198 7.177 

€oncentriUon-iii!dVeIOclty Prof He Data 

Boundary Type: SMooth Run No. 42 SQ. 8,81 cfs 
Prof ile Traverse: Hori.ontal Ct .. 2.51 percent 

1';ez. No. 
Pi<,z. reading 
Piez. reading 
fnr Ct data 
1'ip.z. reading 
at check sta. 

Average Piezometer Reading 

V. 11,25 fps 
T" 26,0 ·C 

.7.136 

7.143 

CnncentraUon and Velocity Profile Data 

Boundary Type: SMooth 
Prof u .. Traverse: Vertical 

'ltun No, 43 S Q" 7.58 efs 
Ct .. 1.93 percent 

Average Piezometer Reading 
Pi"z. No. 7 8 
Pi"z. reading 8.261 
Pi"z. reading 
(or Ct data 
Piez. reading 
at check sta. 

Bnundary Type: SMooth 
Profile Traverse: Vertical 

~~ 

8.632 

8.611 

Run No, 44 S 0 Q ,,6.65 cfs 

~ 

8.472 

8.45.5 

Ct .. 2.08 percent 
Average Piezometer Reading 

" 0 

8.294 8.209 8,062 

8.273 8.194 8.044 

v " 9,66 fps 
T .. 28.2 ·C 

V: 8.46 fps 
T :23.7 ·C 

7.921 7.760 

7.901 7.742 

Concentration and VelocitY Profile Data 
Samp. er sta [vID: 006 o 16 • 0 26 o 36 046 0.56 I 0 66 1 0 76 I 0 86 I 0 96 1 
IAvg. Conc. (C Y. 21.70 1l!.l!90 I 3, S J 1.67 I 1,00 10.60 0.43510.300 0.224 0.144 
IVelocitv (u fDSI' 5,5.5 

Boundary Type: SMOoth 
Profile Traversel Vertical 

p' 
l' i.:z. reading 8.SOZ 
Piez, r .. ading 
for Ct data 8.SOS 
pi"z, reading 
at check sta, 

7.95 I 9.30 110.20 110.60 110.60 110 al 

Run No, 4.5 S 9 Q. 5.8.5 cls 

-
8.3.52 

8,35.5 

Ct ,. Z,3S percent 
Average Piu01IIeter Reading 

6 7 8 
8.187 8.098 7.954 

8,186 8.097 7.9.56 

9561871 7.70 

Va 7.45 fps 
T .. ZZ.O ·C 

'" 10 .~ 

7,827 7,687 

7.827 7.686 

Concentration and Veloc ty Protile Data 
:,amp er sta . y, ,00 U 10 ... 0 .-'0 .«> ,:16 ,DO ,70 I ,oolJ.96 
I:\vg. Conc. (C Y. )121.00 113.00 ~ 4.19 11,60 I 0.844J 0 • .50(U 0.3OOJ 0.214 10.14810.110 J 
IVelocitv (u (ns) I 4.74 6 • .57 1 .0:1 0."" '1.:>U '1.56 19.15 18.S318.04 .1 7 ,04 J 

Boundary Type: Saooth 
Prof ile Traverse: Vertic .. l 

1'iez. No. 
Piez. reading 
P1ez. reading 
for Ct data 
Piez. reading 
at cheek sta. 

.. 
8667 

8667 

Boundary Type: Saooth 
Profile Traverse: Vertical 

.. 
7,909 

7.909 

Run No, 46 S 8 Q.6,70 cls 

, 
8.500 

8.499 

, Ct" 3.00 percent 
Average PiezOllleter Reading 

n " 
8,307 8.216 8054 

8.30.5 8.213 8,049 

Run No. '17 S Q" 7 ,60 efs 

;) 

7 .719 

7.726 

Ct '" 3 .01 percent 
Average Piezometer Reading 

0 0 

7.500 7.408 7.231 

7.S02 7,406 7.230 

V. 8.53 fpa 
T .24.2 ·C 

.. 
'790Z 7 733 

7,896 7724 

V .. 9,67 fps 
T-22.Z ·C 

.. ." 
7061 7 876 

7.066 7.879 

Concentration and Velocity Profile Data 
Sampler sta (v/O) 0.06 0.16 0.26 0.36 0.46 0.56 0,66 I 0.76 I 0.1<6 I 0.96 J 

IAvg. Conc. (C Yo )122_BO 11 BO 5_20 I 2 70 I 1.65 I 1 090 10 770 t O • .5SS 10.410 I O.aBO I 
Vel('citv (u (ns) 60.. 9.08 110.40 111.20 111 '/3 111 70 111 ~ 110.50 19 72 18.52 ~_) 

Boundary Type: Saooth 
Profile Traversel /lortzontal 

Run No. 48 S ~ Q ,. 6.65 efs 

.. :J 

7.764 7.600 

7.7.59 7.S9S 

Ct = 3 .19 p~rcent 
Average Piezometer Reading 

0 " 
7.411 7.316 7.156 

7.406 7.311 7.149 

V" 8.46 fps 
T = 21.0 ·C 

~ 

7,000 6.830 

6,997 6.827 

Concentration and Velocitv Profile Data 
SamDler sta . V,rv) 0,06 0.16 o 26 o 36 0,46 0.56 066 o 76 1 0 86 I 0 116 I 

IAvg. Cone. (C".)I 1 3401 1 2701 __ .1 1 360 I -- I 1 3BO I 1 3'10 1 :11>'1 1:1.tO 1 "160 

IVelocity (u fps)1 8.30 1 9.20 110.10 110 56 111.00 111.00 110.50 11008 10 20 8 --

Boundary Type: SMooth 
Profile Traverse: Horiaenta1 

Run No, 49 S 8- Q .. 5.BO efs 

Piez. No. 
pi(:z, reading 
Piez, reading 
for Ct data 
Piez. reading 
at check sta, 

Ct ,. a.6S percent 
Average Pit zometer Reading 
678 

Boundary Type: SMooth 
Profile Traverse: Horizontal 

Run No. 50 S Q .. 7.70 C£s 

Piez. No. 
Pfez. reading 
Piez, reading 
for Ct data 
Piez, reading 
at check sta. 

4 

7978 

7,090 

') 

77~ 

7799 

Ct .. 3.04 percent 
Average Piezometer Reading 

tJ ., '" 
7.S61 7 462 7 286 

7.S70 7474 7299 

v .. 7.38 fps 
T w2O.1 ·C 

u 

7 11.5 

7 130 

10 
6.786 

6,766 

fps 
·C 

6927 

6 936 

Cnncel1traUon lnd Velocity Profile Data 
Sllrnoler-stiiTVJD) 
Avg. Conc. (C Y.) 
VeloCitv-TufDs) 



~ .... 
I 

Il"'llldary Type: Corrugated 
Pno,i Ie Traverse: Vertical 

r~e!. ~o .. 
l'i."". reading 
Plf'z. reading 
'". Ct data 
~\if'_,~~ reacting 
~; check sta, 

.. 
9,017 

9.224 

Run No, 2 C Q '" 3.54 cfs 

., 
8.581 

8,845 

Ct ,,0.0 percent 
Average Piezometer Reading 

c " 8.142 7,815 7,447 

8.434 -- --

v '" 4,45 fps 
T .. 22,1 ·C 

7,058 6,670 ' 

7,280 6.893 

Cnnc .. "tration and Ve10ei ty Profile flata 
r~'af1riTel" sta (y/Dll 0.06 I 0.16 I 0,26 I 0,36 I 0.46 I 0,56 I 0,66 I 0.76 ~ 1 ".'V 1 
r~,··". Cone. (C 'Y. ) 
i".rlocity (u fps) 

Iloundary Tyoe: Corrugated 
Profi Ie Traver~": Vertical 

1'; £>7. ~ No .. 
Pirz, rearling 
PiE'z~ reactin~ 

f "r Ct data 
I' i(>z. reading 
a"":: check sta. 

l;',undary Type:Corrugated 
Prn( il e Traverse: Vertical 

Piez, No. 
Pic'z. reading 
Pi ez. reacting 
fo" Ct data 
P icz. reading 
at check .• ta, 

noundary Type.: Corrugated 
Profile Traverse: Vertical 

P;ez, No, 
'" Pi..:z" reading 8.094 

Piez, readinr, 
for Ct data 
Piez. reading 8,126 
at check sta, 

Ilo.mdary Tvpe: Corrugated 
Pn.( i I e Traverse: Vertical 

p'cr.. No. 
Pi,'%. r ..... ding 
Piez. uading 
(pr Ct data 
Pi"',~. ('t'ading 
"t ch~ck sta. 

4 

8.991 

9 • .206 

Run No. 3 C Q = 4,78 cfs 
Ct ,,0.0 percent 

Average Piezometer Reading 
6 7 8 

9,101 I 8.395 I 7,840 I 7,249 

9.640 I 8.944 

Run No. 4 C Q = 5.82 cfs 

9,800 

Ct .. 0.0 percent 
Average Piezometer Reading 

8.845 8.079 7.249 

9.601 

Run No. 5 C Q .. 1,84 cfs 
Ct .. 0.0 percent 

Average Pill:ometer Reading 
5 6 7 8 

7 .985 7 .873 7.785 7 .686 

8,030 7.924 

v '" 5,98 fps 
T = 23.3 ·C 

10 
6.569 I 5,935 

6.988 I 6,341 

V" 7,23 fps 
T '" 25.3 ·C 

6,295 5.380 

6,914 6.025 

V " 2.38 fps 
T " 27.1 ·C 

10 
7.581 7,483 

7,622 7,524 

Concentriiticinand'YeToc ity-Prof He 'Oa ta 

Run No, 6 C Q s 3~50 cfs 

5 
8,501 

8.8.20 

Ct ,. O,.183pf!rcent 
Average Piezometer Reading 

(, 7 R 

8,060 7.736 7,376 

8.412 -- --
l.... 

V" 4,52 fps 
T = 31.9 ·C 

7,011 6,594 I 
i 

7,241 6.857 

Boundary Type: Corrusated 
ProH11!' Traverse: Vertlcai 

~ 

--

--
Sampler sta (v/D) 

Run No. 7 CeQ ,,4.80 ch 

~ 

9,064 

9.640 

Ct ,. 0.334percent 
Average Piezometer Reading 

u 

8.354 7.796 7.214 

8,962 -- --

v. 6.12 fps 
T -30.7 ·C 

6.626 5.SO 

7.021 6.376 

Concentration and Velocity Profile Data 
0,56 0.66 0,76 0,86 0,96 0.06..1 0,16..1 0,26..1 0,361 0,46 

IAvr., Cone,· (C 'Y. li 0.6801 0.6051 0,4731 0,4.20 I 0.3641 0,300 1 0.234 I 0.195 1 0 181 II 0,1581 
IVel<,city (u fps)1 509 5 56 6 37 ..1 7.10..l 7.78 I 7 86 I 7 45 6.~ j s.5f j 4.68J 

Boundary Type: Corrulated 
Profile Traverse: Vertical 

Run No, 8 C Q" 5.80 cfs 

9.950 

Ct "0.448pereent 
Average Piezometer Reading 

8.960 8.179 7,317 

9.83 

V s 7.33 Cps 
T = 25.7 ·C 

6.442 5.450 

7.030 6,112 

Concentration and Velocity Profile Data 
[:iampler stav,'UlI 006 0,16 026..10361046 o 56 I 0 66 I a 76 I 0 86 1 0 96 1 
IAvg, Cone, (C 'Y. ) 1 0 7351 0 6701 0 565.1 0 5351 0 460 o 42C 0.315 0.2901 0.2761 0.2481 
IVelocitv (u fp~ 6.QL 7 ... 05 !! • .20 VB 9.15 9.11 B.9 

Boundary Type: Corrugated 
Profile Traverse: Vertical 

Run No. 9C 9- Q" 1.63 cfs 

Piez, No 
Picz. reading 8,031 
Piez. r.-ading 
for Ct data 
Piez, reading 8,101 
at cheek sta. 

7,940 

7.996 

Ct "0.046 percent 
Average Pit l:ometer Reading 
678 

7.848 7.754 7.687 

7.885 

8....20.. . 7..12. 6 

v ... 2.08 fps 
T .26.' ·C 

10 
7.606 7,521 

7.639 7.556 

Concentration and Veloc ty Prottle Data 
"amp:.er sta (yj[ 0,06 O. 6 0.26 0,36 .4() O,So C .66 0.76 I .86 .96 

IAvg. Conc. (C 'Y. U. 0.3OCll 0.1441 0,0931 -~ 1 -- 1 .1 ~- I 
__ I __ I 

J 
IVeJocity (u fpsll 1,80.1 2.g_L2.?7 1 2~~M..JJ...B4 12_66 

Boundary Type: Corrugated Run No, 10 C Q. 3.5' cfs 
Profile Traverse: Horizontal Ct " 0.250percent 

Piez. No, 
Piez. reading 
Piez. reading 
for Ct data 
Piez. reading 
at check sta, 

.. 
9.078 

9,270 

;> 

8,608 

8.887 

Average Piezometer Reading 
0 -"-

8,169 7.843 7.459 

8.481 -- --

Boundary Type: Corrugated Run No. 11 C Q .. 4.70 cfs 
ProfilE' Traverse: Horizontal Ct .. 0.3.20percent 

Average Pi<'!zometer Reading .. J " " -- 9.114 8,367 7.851 7,275 

-- 9.650 8.976 -- --

22712121 --

V. 4.52 fps 
T • 24.7 ·C 

7 .101 6.683 

7.310 6.930 

V· 5,98 fps 
T .26.1 ·C 

6 704 6 010 

7.065 6.438 

Concentration and Ve10ci ty Profile Data 
Sampler sta (v/D) O.\'l() 0.16 i 0,26 0.36 0,46 0.56 0,66 0,76 o 1'16 0,96 
JAvr.. Cone. (C 'Y. ) 0.281 0290..l 0 29~1 029510.315103051033510330103401 033a 
Vel<'citv (u fpsli 5 45 6 22 6,67 7.22.1 7~1 7~j 6~5 1 6.42 i 5.85 i 5.09J 

1 



~ 
N 
I 

, 'tmc\,ny Type: Corrugated 
'-~f! 1 e Traverse: Horizontal 

Pil?'z. No .. 
Pi<'z. readin~ 
Po '·z. reacting 
f-·~ Ct data 
PI P'Z. reacting 
at check sta. 

Run No. 12 C Q" 5.80cfs 
Ct 0.340percE'nt 

Average Piezometer Reading 
6 7 8 

9.730 1 8.769 1 8.017 1 7.211 

9.556 

v ~ 7.38 fps 
T "28.5 ·C 

10 
6.396 1 5.420 

6.915 1 6.041 

Concentration tl.nd Velocity Profile Datil. 

,,',undary Type: Corrugtl.ted 
:'rofile Traverse: Horizontal 

Run No. 13 C Q. 3.58 cfs 

?l,:~Z .. No 

8.936 8.458 

9.169 8.767 

Ct " 0.38S percent 
Average Ph z:ometer Reading 

6 7 8 
8.019 7.669 7.292 

8.364 -- --

V" 4.56 fps 
T " 31.5 ·C 

10 
6.931 6.509 

-- --
Concentration and Velocity Profile Data 

"pler sta lJrfv. u.06 0.16' 0.<'6 O,jb 0,46 0,56 0,66 O,76.,L 0.86 0,96 J 
\v>!. Cone. (C 'Y.)I 0.3151 0.30510.34010.32010,369103451036510 330Jo 33510335 I 

r.locitv (u fps11 4 25 1 4 54 1 5 33 1 5.68 1 6,07 1 6.cl.aL.i.1!!l.1 5 08 i 4,61 402 

ll"'lndary Type: Corrugated 
Pn', i i e Traverse: Horizontal 

Run No. 14 C Q "4.80 efg 

l"ez. So. 
P;:'? r .. ading 
p i ~Z. reading 
Cnr C t data 
P'; (">.1,. rf'a(1.ing 
"t. check sta. 

'S_a.!"I'.lersta <y;ml 
liivg. Conc. (C 'Y. ) 
Iv~ loe ity (u fps) 

~ _5 
9.007 

9.556 

Ct ,. 0.72Opereent 
Average Piezometer Reading 

6 7 ,_,~, J3 
8.284 I 7.729 1 7.114 

8.892 

Boundary Type: Corrugated 
Prof i 1 e Travf'rsf>: Horizontal 

Run No. 15 C Q" 5.78 efs 

Pi ez. No. 
Pif'z~ reacting 
Pi~z. reaclinl': 
for Ct data 
Piez. reaclinJl: 
at check sta, 

3amplers1:i (ylDl I 0,06 
Iv!!. Cone. (C 'Y.) 0.859 
~(~10cjn (uJps)1 6.16 

9.800 

Ct " 1,06 percent 
Average Piezometer Reading 

6 7 8 

8,761 1 8.000 1 7.132 

9.621 

Boundary Type: Corrugated 
Profil~ Traverse: Vertical 

Run No. 16 C Q" 3.58 cfs 

8.974 8.471 

9.187 8.782 

Ct " 0.455percE'nt 
Average Piezometer Reading 

8.043 7.594 7.312 

8.331 -- --

V" 6.11 fps 
T "30.4 ·C 

10 
6.558 5.920 

6.926 6.313 

V" 7.37 fps 
T = 29.2 ·C 

10 
6.249 5.380 

6.865 5.999 

V" 4.56 fps 
T "29.6 'C 

~ 

6.959 6.538 

7.185 6.790 

Concentration and Velocitr Profile Data 
5a11\11 er s ttl. lYL 0.06 0.16 0_26 o 36 1 0.46 1 0.56 1 0 66 I 0 76 i 0 86.1. 0 96 J 

IAv#! Cone, (C 'Y. ) 1050 0 8991 07201 05701 04251 0.3<401 Ll.248 O.I90~44(L.l2(J 
lVelocitt (II fusli 3 84 4 17 1 4 88 5 62 6 21 6 32 5.62 4.88 4.56 417 J 

Roundary Type: Corrugated 
Profile Traverse: Vertical 

Piez. No 

--

--

Run No. 17 C Q" 4.80 crs 

9,011 

9,575 

Ct = O.688percent 
Average Piuometer Reading 
678 

8.249 7.714 7.101 

8.904 -- --

V 6.11 fps 
T .. 30.6 ·C 

10 
6.536 5.870 

6.936 6.301 

Concentrahon and Velocity Pro~ ile Data 
.>ampler sta .v.,v) u.06 I 0.16 0.<'6 0.36 .46 0.56 0.66 0.76 0.86 0.96 

1!\vl:. Conc. (C 'Y. ) I I I / 1 .1 1 / J .1 J 
IVelocitv (u fns1/5_oo 1 '1,38 1 6-41 1 7.05 1 7_76 1 7.82 1 7,3/\ 1 6.12 1 5 841 5 .. 13.1 

Boundary, Type: Corrugated Run No. 18 C Q" 5.80 efs V .. 7.25 fps 
Profile Traverse: Vertical Ct " 0.881pereent T "32.3 'C 

Average Piezometer Reading 
1';ez. No. 6 7 R 10 
Pi~z. reading 8.612 I 7.902 I 7.018 6.263 
Piez. reading 
for C t data 
Piez. reading 
at check sta. 

Boundary Type: Corrugated 
Prof iJ (' Traver~f" Vertical 

Piez. No. 
Piez. reacting 
Piez. readinJ; 
for Ct data 
Piez. reading 
at check sta. 

Boundary Type: Corrugated 
Prof ile Traverse: Vertical 

Piez. No. 
Picz. reading 
Piez. retl.ding 
for C t data 
Piez. reading 
at check ,;ta, 

Boundary Type: Corrugated 
Profile Traverse. Vertical 

9.592 

Run No. 19 C Q" 6.30 cfs 
Ct " 0.868percent 

Average Piezometer Reading 
6 7 8 

8.906 I 7.940 6.809 

Run No. 20 C Q 2 6.30 cfs 
Ct " 1.20 percent 

Average Piezometer Reading 

11,905 

Run No. 21 C Q" 4.78 cfs 

9.162 

9.658 

Ct = 1.09 percent 
Average Phz:ometer Reading 
678 

8.441 7.898 7.271 

9.032 

6.818 5.950 

V" 8.02 fps 
T "28.3 ·C 

10 
5.812 4.550 

6.468 5.350 

V" 8.02 fps 
T" :J2.7 ·C 

5.400 

V" 6.09 Cps 
T .. 28.6 ·C 

10 

6.667 6.002 

7.089 6.445 

concentration and Veloc1ty Prot. Ie Data 
SamDler sta :v/ll .06 0.16 0,<'6 .36 .46 ( .56 .66 .76 .l>6 .96 

IAvg. Cone. <C'Y.)! 2.2601 1.900T 1.66011.36011.17010.95010,77010.68'11 0'16'11 O,'1~1 
Velocitv (u fos) 4.47 5.26 6 .. l6 7.09 1 7.65 1 7.78 I 7 35 6.72 I 6_00 1 !I_07 1 



, 
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h,,':tld,uy Tvpe: Corrugated 
n, ' " i 1 r Travers!': Vertical 

Run No. 22 C _ Q = 5.78 cf~ 

Ct = 1,32 percent 
Av!!'uge Piezometer Reading 

v '" 7.37 fps 
T :30.2 'C 

'10 6 7 1'- 10 

, rt'~t1inl; L 8.968 8.168 I 7.241 I 6.391 
!'7. r!'ading 
, C. data 

, rf"ading 
,~ ,:lt~!i:'k st •. 

r",,"wlary TYT>,,:Corrugated 
,',."ri ,,, Travpr<p, Vertical 

!) .'7.. 

"""clary Type:Corrugated 
'·"r j Ie Traverse: Horizontal 

9,839 

Run No. 23 C Q" 3,55 cfs 
Ct : 0.845 percent 

Avera!,:e Piezometer Reading 
6 7 8 

8.148 I 7.832 7.436 

8.469 

Run No. 24 C Q '" 5.80 cfs 
Ct ,,0.46 percent 

Average Piezometer Reading 

7.004 1 6.147 

V " 4.43 fps 
T ,,27,0 'C 

10 
7.091 I 6.596 

7.315 6.932 

v " 7.38 fps 
T =27.8 'C 

ni n. No. 6 7 8 Q---1.ll..-., 
Pit:';. reading 8.985 8.189 7.245 I 6.350 I 5.492 
Pi (' z, reading 
for Ct data 
1', <'Z. reading 
at. check ~ta. 9.882 7.002 I 6.048 

Concentration and Velocity Profile Data 

noundary Type: Corrugated 
Profile Traverse: Horbonta1 

Run No. 25 C Q" 4.78 cfs 

p;,~z. No 
p 

P 
---- 9078 

--- 9.640 

Ct ,,1.16 percent 
Average Pilzometer Reading 

6 7 8 
8 363 7 835 7 189 

8,960 -- --

V 6.09 (ps 
T ,,28.9 ·C 

10 

6.596 5940 

7.014 6,365 

.~ 
concentration and Velncity Protile Data 

"mp er sta ,yr 6 v 10 .~6 0.36 0.46 0.56 0.66 0.76 0.06 0.96 
.v~. Cnnc. (C~.)~ 0 9~ 0 9201 09601 09451 1040 1 1040 1 10601103010.9901 0..2.2Q.j 
docity (u f!!''')~ 5 38~ 6 36 I 6 95 I 7 57 1 7 61 1 7 61 1 7 40 I 6 71 IS. 781 S" 21 J 

n".ttldllry Type: Corrugated 
Pr"r i I" Traverse, Horizontal 

riez. No. 
l';,';, I'cll<iinl; 
p ~ (.:z ;, ,\ 1 np, 

(pf (' t Jata 
Pi (oj,. ff'acting 
"t check sta. 

...S....a86 

9,122 

Run No, 26 C Q" 3,50 cfs 

8.429 

8.719 

Ct ,. 0.610p"tcent 
Average Piezom~ter Reading 

8_002 7 704 7 319 

8.341 

V.. 4.45 fps 
T = 31.0 ·C 

6980 6.620 

_-"1..421 __ -~ 

Bounrlary Type: Corrugated 
Prof iI e Traver.e: Horizontal 

Run No. 27 cis Q = 3.43 efs 
Ct = 1.00 perc('nt 

Average Piezometer Readinp, 
6 7 8 

v = 4.36 fps 
T=29.l ·C 

Piez. No. 
Piez. reading 
Piez. reactin!; 
for Ct data 
Piez. reading 
at check sta. 

8949 8501 8090 7760 ~ 7389 I 7 060 

Jr.". :.:::1 9.148 8,775 8.390 -- --

Boundary Type: Corrugated 
p~or i Ie Travel'se: Horizontal 

Run No. 28 C Q" 4.76 efs 

9 096 

9 612 

Ct = 1.82 perc<'nt 
AveraFle Piezometer Reading 

8 390 7 855 7 226 

8.959 

V= 6.0<:> 'r; 
T 29.8 DC 

6 641 5 951 

7.056 6.424 
Concentration and Velocitv Pl'ofile Data 

Sampler sta : v/l 006 0.16 o 26 J 0 36 J 0.46 1 0.56 o 66 o 76 I 0.86 I O. Q6 I 
IAvg. Cone. (C~.)I 1.560\ 1.5901 1.5701 1.5601 1.6301 1 6601 1.6601 1.5601 1 580 ) 1 530J 
.. locity (u fDS 5. 62_U ... 37 705 7 70 7 98 1 7.98 1 7 61 1 6 80 1 6 06 

Roundary Type: Corrugated 
Profile Traverse: Horizontal 

Run No. 29 C Q .. 5.78 cfs 

Piez, No. 
P i~z. reading 
Piez, rl'adinr, 
for Ct data 
Piez. reading 
at cheek sta. 

B"undary Type: Corrugated 
Prot i Ie Traverse: Vertical 

Piez. No. 
Piez. reading 
Pi<,z. reading 
f('lr Ct data 
Pip?. reading 
~t check sta. 

11010 

9.158 

Boundary Type: Corrugated, 
ProfilE' Traver~": Vertical 

Piez. No. 
P,i ez. reading 
Piez. reactinl': 
for Ct data 
1';ez. reading 
at check sta. 

, 

--

--

Ct ,. 2.47 percent 
Average Piueometer Reading 

6 7 8 

Run No. 30 Co Q = 3.53 cf~ 

5 
8.480 

8.769 

Ct = 0.972percent 
Average Piezoml'ter Rl'adin~ 

6 

8058 7 737 7 339 

8.382 

Run No. 31 C Q = 4,80 cfs 

J 

9 117 

9.648 

Ct " 1.56 percent 
Average Piezometer Reading 

6 7 B 

8 395 7 873 7 220 

8.988 -- --
0.16 

v = 7.37 (ns 
T ,,31.3 ·C 

10 

v = 4.50 fDS 
T = 30.5 ·c 

6 999 6 607 

7.238 6.854 

V" 6.05 fps 
T "31.6 'C 

~ '" 
6 638 5 991 

7.053 6.414 



~ • I 

n<>undary Type: Corrugated 
"cof i 1 .. Traverse: Vertical 

Piez. No, 

Run No. 32 C Q 5,70 cf s 

5 

9.852 

Ct " 2,17 perc .. nt 
Average Piezometer Reading 

6 7 8 

8.836 1 8.072 I 7.161 

v = 7.25 fps 
T 32,2 ·C 

10 

6.325 5.422 Pi ('z. reading 
Pi r:z. reading 
f0r Ct data 
PIPZ. reading 
at check ~ta. 9,647 I I 6.929 6.016 

Concentration and VelocitY Profile Data 

lioumlary Type: Corrugated 
Profile Traverse: Vertical 

~ 

--

--

J 

--
--

Run No, 33 C Q" 6.28 cfs 
Ct .. 2.47 percent 

Average Piu;ollleter Reading 
678 

90.58 8_060 6 936 

-- -- --

V" 7.85 Cps 
T .. 28.4 ·C 

10 .-
5 802 4598 

6,SS4 5 395 
Concentratlon and Velocity Profile Data 

-;amoler sta-(VJ'Ul ,(){) 1 0,16 1 0.26 0,36 ,~ 0,56 .66 0,76 I 0,86 0.96 

I\ve, Cone. (C 'Y.)I 3 46013 290 13 01012770 1 2_4801 22001 L9501 L7001 , ",ni, AM\ I 
8 42 I 7_48 I !V:loCit~ (u fns)16,71 17,40 1851 19 S6 .10 40 1060 110 20 

Bp'mdary Type:Corrugated Run No, 34 C Q" 6,32 efs 
fr"ril .. Traverse: Vertical Ct 3,86 percent 

0_40 

V.. 8,04 fps 
T ,,31,6 'C 

T';ez. No. 
PL'z. reading 
Pi~z, reading 
frr Ct data 
!' j,.. I;. reading 
,t check sta, 

I I I ::::'y::i:T::::' I ::~ I ::~ I 
Boundary Type: Corrugated 
Prof; , .. Traverse: Vertical 

Piez. No. 
Piez. re-adinf! 
Pi~z. readinj:l 
for Ct data 
Piez. reac1inp: 
at cheek sta. 

B<>undary Type: Corrugated 
Pror i 1 .. Traverse: Vertical 

.. 

--
l"a~!er sta lyE 006 

Concf'ntration and Velocity Profile Data 

Run No, 3S C 9 Q 3.58 efs 
Ct " 2.09 percent 

Average Piezollleter Reading 
6 7 8 

8.206 1 1.89.5 I 7.501 

Run No, 36 C Q" 4,15 cfs 

J 

9.164 

9,632 

Ct " 2.91 percent 
Average Piezometer Reading 
-" I --" 

8.626 1.'11 7.361 

8,990 _. .. 

-Z.. 

V .. 4,56 fps 
Too29.7 ·C 

V '" 6.03 fps 
T "JO.6 ·C 

-""" 
6190 6.115 

1.164 6,!lS4 
Concentration and Velocity ProfUe Data 

0.16 026 o 36 046 0,56 066 o 76 1 0 EI6-1 0 96 J 
I~!p" Cone, (C Y.)I 6.750 1 S.800 14 700 3 81QL 3 oooj 2.3601 1 880 .600 1.480 I 1.280.. 
Velocity (u fDS) 4 10 S 08 6 06 7.26j 185 802 I 7_.52 6.86 5.19 5.28 

Boundary Type: Corrugated 
Profile Traverse: Vertical 

Piez, No. 
I' i~z, reading 
Pfez, readinj:l 
for Ct data 
Piez. reading 
at check sta, 

Boundary Type: Corrugated Run No, 38 C& Q .. 3,54 cfs 
Profile Traverse: Horizontal Ct " 2,30 percent 

Pfez. No, 
Piez. reading 
Piez, reading 
for C t data 
Piez. reading 
at check sta. 

Of 

8.990 

9.195 

" 
8_557 

8.835 

Average Piezometer Reading 
0 " 

8.147 7 816 7 .• ~:! 

8,454 -- .-

V'" 1.21 (P5 
T .. 30.8 "C 

V" 4.51 fps 
T" 28,3 ·C 

7 _111 6711 

7,356 6 982 
Concentration and Velocity Profile Data 

Boundary Type: Corrugated Run No, 39 C Q" 4,70 efs 
Profile Traverse: lIorizontal Ct " 3,10 percent 

Average Piezometer Reading 
Piez. No. 
Piez. reading 
Piez, readin" 
for Ct data 
P iez. readinF; 
at check sta, 

9097 

9.562 

8 418 7 882 7 266 

8,910 

Boundary Type: Corrugated Run No, 40 C Q" 5.75 cfs 
Profile Traverse: Horizontal Ct " 4,07 percent 

I 

, 

I 

Boundary Type: Corrugated 
Profile Traversel HoruOlital 

J 

Average Piezometer Reading 

I 
9.212 8.374 7,401 

Run No, 41 Co Q" 4.75 cfs 
Ct .. 5.05 percent 

Average Phzometer Reading 

V .. 6.08 fps 
T ,,29,4 ·C 

6 664 6.002 

7,058 .~~ 

V = 7.32 fps 
T = 30.3 ·C 

6395 ~3JO 

5.992 

V" 6.10 fps 
T .24.8 ·C 

Piez. No. 
Pieit. reading 
Piez, reading 
for Ct data 
Piez. reading 
at check st., 

6 7 8 10 

I I cl" .. J~ , .. ,1.,,1.. I 



~ 
""" I 

Boundary Type: Corrueated 
Profile Traverse: Horbontal 

Itun No. 42,C Q ,. 5;15 cfs 
Ct • '.55 percent 

v. 1.33 fps 
1'.27.0 'C 

Piez. No. 
Pi~z. read.ing 
Piez. reading 
for Ct data 
Piez. reading 
at check sta. 

I I I ~:::~ l'::~'r'S'1 ::: ! ::: I 
Concentration and Velocity Profile Data 

Boundary Type: Corl'lllated 
p'rofilt> Traverse: vertif:a1 

1'iez. No. 
Piez. reading 
Piez. reading 
for Ct data 
Piez. reading 
at check sU, 

Boundary Type: Corrupt4!4 
Profile Traverse: Vertical 

Piez. No. 
Piez. reading 
Piez. reading 
for Ct data 
Piez, reading 
at check sta, 

Boundary Type: Corrll,at4!4 
Prof ile Traverset Vertical 

Piez, No 
P h:z. reading .-
Piez. rf'ading 
for Ct data 
Piez. reading 
at check sta. -

--

--

Run No, 45 C Q .. 5.95 cfs 
Ct .. 6.87 percent 

Averall! PiuOIIIeter Reading 
6 7 8 

9 412 a 016 7507 

-- - --

v = 7.58 fps 
T = 26.5 "C 

9 10 
6.504 • 5.'''5 

6.976 5.'60 
\;oncentration and Veloc ty Prot1le oata 

"amI' et sta \ VI\}: \J ua. 1).10 I IJ.~ I \J .30 IJ ,W I ,)0 I u,60 I 1l,76 ,lSt> 1.l,).'It>_ 
IAvg. Conc. (C Y. '110.60 1 9.50 1 '.10 I 7.80 I 7.25 I. lO 15,30 I .. 65 14 JO 1.10 1 
l~elocitY (u fps)! ::I.u1 -I.J.U _.n '1.111 IW.to IIO.to 110.lO I '.05 17.90 1 •• 61 

Boundary Typel ~tell 
'Profile Tnverlset ,uUcal 

Run No. 046 ,C 0 Q. o4.ta cfs 
'Ct • '.71 pl!tcent 

V .... ~ fps 
T .2',7 ·C 

Piez. No, 
Pi-ez. reading 
Piez, re .. di:ng 
fo: Ct dati. 
Piez, re .. ding 
at check sb. 

I' ~ I:.: I :~:~ li;~"i .::~ I :.: I ~ I 
Bound .. ry Type: COrrupted 
Profile Traverse: Vertical 

~ 

9 800 

--

Run No, 41 C c5 Q" 4.75 cfs 

J 

9,10t 

'.458 

Ct .10.' percent 
Aver .. ge Piezometer Re .. ding 

U 

8438 7902 1286 

8,809 -- -. 

V,. 5.95 fps 
T ,,32.5 ·C 

, 708 6.021 

7.016 6 31~ 
Concentra.tion md Velocity Profile Data 

,leI' sta ~ y/D: 006 0.16 0,26 I 0.36 I 0,46 0,56 0.66 0.76 I 0 B6 I 0.96 J 
Conc, (C'Y.) 17.30 15.02,12 30 10 Q2 I 825 ".80 153. 1445 13'83 1295 J 

"",citv (u fDS J 

Boundary Type: Corruca.ted 
Profile Ti .. verse: Vertical 

.. 
--
--

;) 

--
--

I I I I I 

Run No. 48 C Q" 6.00 efs 
Ct ,. 8,16 percent 

Average Piezometer Re .. ding 
Q 

9.282 8,3'6 7.376 

9.875 -- --

I I I 

V" 7,50 fps 
l' .. 34.0 ·C 

6368 5300 

6,840 5.1130 
Coneentntion md Velocitv Profile Oat .. 

I 

l:samD.er sta lV11 006 0.16 10261. 03610·46 J 056 066 o 76 I 0 86 I 0 96 I 
IAvg, Cone. (C Y. >113.70 112.30 111 20 J '.$0 18.30 1700 I 6.20 I !L"I2 
rVelocity (u fDS)! I I I I I 

Boundary Type: Run No. Q. cfs 
Profile Traverse; Ct • percent 

Avenge Pill:OIIIeter Reading 
,Piez. No 678 

Pi ... ,,~~ I I I I I I :::'c:::~!"' . 
Piez. re .. ding 
.. t check st .. , 

C_ ... "d~ .... ,,~ i , •• fh ..... 

r 
V· 
1'-

"1.00 

10 

.... 46 

fps 
·C 



SUMMARY OF SEDIMENT SIEVE ANALYSIS 

Date of Station Mean Sieve Std. Dev. 
Run Taking Traverse No. Sample Diameter of Sieve 
No Sampl~ Direct. (yID) Number (mm) Diameter 

(mm) 

1954 (Avg= 0.20) (Avg :: 0.051) 

Jan. 23 integrated 0.115 0.0493 
Feb. 5 integrated 0.175 0.0472 
Feb. 13 integrated 0.195 0.0470 
Mar. 2 integrated 0.155 0.0563 
Mar. 25 integrated 0.215 0.0512 
Mar. 23 integrated 0.198 0.0478 

40H Mar. 24 horz. 0.06 8,10 0.195 0.0564 
5lH Mar. 26 vert. 0.16 13,15 0.193 0.0455 
52H Mar. 27 integrated 18,20 0.202 0.0521 
56H Mar. 29 vert. 0.06 25 0.205 0.0564 
58H Mar. 30 horz. 0.06 27 0.205 0.0564 
67H Apr. 3 horz. 0.06 34,35 0.205 0.0498 
68H Apr. 3 borz. 0.06 37 0.205 0.0498 
71H l\pr. 16 horz. 0.06 40 0.251 0.075 
76H Apr. 19 vert. 0.06 48 0.250 0.065 
77H Apr. 19 vert. 0.06 50 0.250 0.065 
84H Apr. 21 horz. 0.96 55,56 0.183 0.058 
8SH Apr" 21 horz. 0.06 57,59 0.183 0.105': 

225 May 11 integrated 61,62 0.215 0.060 
32S May 14 vert. 0.06 70 0.195 0.031 
33S May 15 vert. 0.66 76,18 0.195 0.073 
33S May 15 vert. 0.26 80 0.195 0.052 

integrated 0.182 0.042 
34S May 17 vert. 0.16 84 0.183 0.030 
44S May 22 vert. 0.96 86 0 .. 143 0.041 
44S May 22 vert" 0 .. 86 103 0.i43 0.041 
44S May 22 vertb 0.76 104 0.143 0.041 
44S May 22 vert. 0.26 109 0.174 0.031 
'45S May 24 vert .. 0.56 124 0.157 0.041 
45S May 24 vert. 0.46 125 0.157 0.041 
45S May 24 vert. 0.26 127 0.178 0.029 
47S May 26 vert. 0.06 1.41 0.198 0.027 
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DIFFERENTIAL HEAD BETWEEN 
CORRUGATION CRESTS AND TROUGHS 

Run 07C Run o1C Run ~1C Run B1t Run c51L Run Of( 
No. ( ft) No. ( ft) No. ( ft) No. ( ft) No. ( ft) No. ( ft) 

1C 0.34 9C 0.06 17C 0.54 27C 0.26 35C 0.28 44C 0.40 
2C 0.23 10C 0.26 18C 0.60 28C 0.49 36C 0.40 45C 0.40 
3C 0.48 11C 0.47 liC 0.50 29C 0.62 37C 0.70 46C 0.38 
4C 0.66 12C 0.63 22C 0.69 30C 0.25 . 38C 0.23 47C 0.30 
5C 0.05 13C 0.30 23C 0.25 31C 0.44 39C 0 0 44 48C 0.48 
6C 0.26 14C 0 .. 50 24C 0,,60 32C 0.60 40C 0.61 
7C 0.43 15C 0.60 25C 0.46 33C 0.74 42C 0.54 
8C 0,,53 16C 0.28 26C 0.26 34C 0.80 43C 0.54 

HP AND Q AS FUNCTIONS OF G 
(Fig. 14) 

JX102 V Ct Q Gx10 2 HPxl0 3. 

( fps) 4:fs) (cfs) 
He1-Cor 

0.157 1.60 0.10 1.25 0.125 0.222 
0.245 2.00 0.14 1.57 0.220 0 .. 436 
0.550 3.00 0.32 2.35 0 .. 752 1.46 
0.98 4.00 0,,73 3.14 2.29 3.48 
1.52 5.00 1 .. 70 3.92 6.66 6.75 
2.17 6.00 3.90 4.71 18.4 11.6 
2.95 7.00 !D.50 5.48 57.5 18.4 
3.84 8.00 20,,0 6.27 125.4 26.3 

Corrugated 
1045 2.85 0.100 2.24 0.224 3.68 
1.60 3.00 0.124 2.35 0.291 4.15 
2.85 4.00 0.42 3.14 1.32 10.2 
4.50 5.00 1.40 3.92 5.48 20.0 
6.40 6.00 4.90 4.71 23.1 33.5 
8.70 7.00 16.5 5.48 90.5 54.1 

Smooth 
0.56 5.02 0.10 3.93 0.393 2.50 
0.76 6 .. 00 0.21 4.71 0.990 4.06 
0.98 7.00 0.48 5.48 2.63 6.11 
1.25 8 .. 00 1.02 6.27 6 .. 40 8.89 
1 . .52 9.00 2.27 7.06 16.0 12.1 
1.82 10.00 5.00 7.85 39.2 16.2 
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CONCENTRATION AT 10-IN. ORIFICE 
(FIG. 6) 

Run 
No. 

cIC', NS Traverse, 
at xjrl 

-0,,96 -0.72 -0.24 +0.24 0.48 

SOH 0.968 1.084 1.018 0.913 0.855 
54H 0.967 1~073 1.000 1.041 0.993 
55H 1.033 1.025 1.081 0.896 0.904 
56M 0.985 1.050 1.018 1.000 0.908 
57H 1.037 1.086 1.008 0.997 0.890 
58H 0.942 1.067 1.067 0 .. 943 0.976 

61H 0.792 0.993 1.008 1.000 0.975 
63H 0.845 1.051 0.986 1.005 1.068 
64H 0.923 1.115 1.066 0.959 0.877 
66H 0.873 1.035 1.284 1.051 1.058 
6SH 1.204 1 .. 146 1.014 0.903 0.760 

c/Cf, EW Traverse 
at x/rl 

-0.96 -0. 72 -0.24 +0.24 0 .48 

Total 
Load 

C
t 

1.200 0.960 1.042 0.960 1.000 6.04 
1.247 1.024 1.068 0.836 0.673 12.2 
1.147 0.952 1.010 0.961 0.961 12.4 
1.173 1.082 1.075 0.917 0.769 12.1 
1.086 1.000 1.023 1.000 0.897 12.1 
1.067 0.853 0.943 1.017 1.131 12,2 

1.192 0.916 0.975 1.041 1.047 6.25 
1.051 0.931 1.005 1.051 1.068 6.56 
1.115 0.928 1.004 0.977 1.042 5.47 
1.149 0.907 0.985 1.051 1.051 4.44 
1.205 0.976 0.983 1.041 1.022 4.30 

72H 0.777 1.031 1.005 1.052 1.085 1.196 0.889 0.947 0.941 1.052 1.88 

lIS 0.926 0.978 1.005 1.063 1.040 1.230 0.926 0.973 1.115 1.005 0.175 

20S 1.005 1.311 1.050 0.728 0.728 
215 0.829 1.010 1.010 0.963 1.022 
22S 0.684 1.010 1.042 1.010 0.994 
235 0.613 1.128 1.010 0.976 0.961 
245 0.795 0.990 1.057 1.040 1.040 
28S 1.054 0.985 0.948 0.948 0.948 
29S 0.790 0.995 1.010 1.045 1.024 

32S 0.803 1.010 1.035 1.019 1.025 
33S 0.943 1.047 0.943 0.695 0.950 
36S 0.863 0.975 1.020 1.008 1.020 
37S 0.705 1.050 0.992 1.009 1.033 
39S 0.87 1.027 1.027 0.975 0.956 

40S 0.783 0.993 1.009 1.009 0.971 
41S 1.123 1.070 0.934 0.942 0.953 
44S 0.933 1.009 1.033 0.933 0.962 
48S 0.877 1.056 0.971 0.965 0.960 
49S 0.823 0.970 1.087 0.935 0.930 

1.433 1.101 1.008 0.773 0.813 0.360 
1.262 0.883 0.940 1.021 1.055 0.374 
1.351 1.025 0.994 0.944 0.920 0.307 
1.281 1.010 0.991 0.991 0.957 0.312 
1.126 0.860 0.990 1.057 1.040 0.293 
1.285 0.984 0.957 0.970 0.920 0.778 
1.256 0.871 0.965 1.024 1.031 0.684 

1.2g3 0.833 0.930 1.035 1.035 0.624 
1.205 1.018 0.979 0.985 0.979 0.731 
1.209 0.870 0.975 1.033 1.033 1.16 
1.183 1.033 0.975 0.992 1.009 1.19 
1.278 0.87 0.947 0.983 1.061 1.15 

1.296 1.102 0.932 0.977 0.932 1.29 
1.181 0.925 0.927 0.987 0.973 1.54 
1.134 0.890 0.994 1.050 1.050 2.08 
1.256 0.877 0.940 1.033 1.060 3.19 
10408 0.930 0.981 0.955 0.981 2.65 
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I.ARMAN K IN z = wi/< U 
1 * 

Sm.ooth Pipe Corrugated Pipe 
Ibm 

Ct 
Run 

No. k No. A- /(/ Ct 

7 0.332 0.261 6 0.440 0.473 0.183 
8 0.339 0.195 8 1.33 1.43 0.449 
9 0.292 0.125 9 0.436 0.468 0.046 

15 0.230 0.374 16 0.824 0.885 0.455 
16 0.353 0.166 17 0.767 0.825 0.689 

17 0 .. 305 0 .. 081 18 0.530 0.570 0.881 
18 0.298 0.040 19 0.950 1.022 0.768 
19 0.309 0.010 20 0.807 0 .. 753 1.20 
20 0.224 0.360 21 0.645 0.600 1.09 
21 0.252 0.374 22 0.537 0.577 1.32 

22 0.303 0.307 30 0.625 0.673 0.972 
31 0.217 0.613 31 0.560 0.603 1,,56 
32 0.247 0.624 32 0.725 0.778 2.17 
33 0 0 236 0.731 33 1.05 1.13 2.47 
34 0.209 1.17 34 0.960 1.035 3.56 

36 0.229 1 .. 16 35 0.338 0.363 2.09 
37 0.247 1.19 36 0.525 0.565 2.97 
43 0.221 1.,93 37 0.646 0.694 3.69 
44 0.253 2.08 43 0.605 0.649 4072 
45 0 .. 313 2.35 44 0.554 0.595 4.53 

46 0.287 3.00 45 0.804 0.865 60 87 
47 0.279 3 .. 01 46 0.555 0.596 8.72 

47 0.643 0.674 10.9 
48 0.603 0.648 8.16 



DIMENSIONLESS CONCENTRATION PROFILES --HORIZONTAL 
(Fig. 16) 

Run c/C' at station z/D 
No. 0.06 0.16 0.26 0.36 0.46 0.56 0,,66 0.76 0.86 0.96 

lOS 10 160 1.088 1.010 1.010 0.943 0.943 0.912 0.963 0 .. 985 0.985 
lIS 1.065 0.981 1.020 0.935 1.020 0.925 0.981 1.020 1 .. 020 1.065 
12S 1.059 0.985 0.985 --= 0.985 0.985 0.985 0.985 1.059 
14S 1.294 1.185 1.115 1.038 0.970 0.930 0.,891 0.852 0.891 0.852 
23S 0.995 0.941 0.974 0.974 0.995 1.042 0.995 1.070 
24S 1.018 0.987 0.987 1.018 1.018 1 .. 043 0.957 0.957 
25S 1.140 1.049 0.993 0.993 0~950 0.950 0.950 0.993 
28S 1.159 1.077 1.031 0,,969 0,,957 0,,957 0.923 0.923 
29S 1.125 1.138 1.021 0,,946 0.915 0 .. 976 0 .. 946 0,,930 
30S 1,,123 1.070 1.097 0.994 0.947 0.947 0.914 0.893 
38S 0.975 0.934 0.986 1.000 0.865 1.035 1 .. 089 1.102 
39S 0.947 0.967 0.967 1.022 0.967 1.010 1 0 010 1.100 
40S 1.010 0.985 0.957 0.926 0.926 1.010 1.040 1.086 
48S 1.181 1.119 1.200 1.217 1.189 1.202 1.181 1.200 
49S 0.954 0.879 0.937 0.930 0.930 0 .. 905 0.871 0.,913 
50S 0.973 0.973 1.001 1.013 1,,029 1 .. 013 1.008 0,,993 

lOC 0.905 0.905 0.942 0.963 0.963 1.,000 1.100 1.020 1 .. 100 1.090 
11C 0.901 0.930 0.945 0.945 1.010 0.978 1.072 1.058 1.089 1.058 
12C 0.,946 0.930 0.946 0.930 0.990 0.990 0.990 1.079 1.052 1.109 
13C 0.937 0.907 1.01,y) 0.952 1.098 1.027 1.085 0.983 0 .. 995 0.995 
14C 0.,945 0.945 0 .. 945 1.002 1.042 1.040 1.027 1.042 1.002 1.010 
15C 0.920 0 .. 925 0.921 0.947 1.001 1.039 1.065 1.059 1,,071 1 .. 048 
24C 0,,955 0.925 0 .. 947 0.955 '0 .• 985 1.031 1.0~ 1.031 1.047 1.047 
25C 0.957 0.967 C;~952 1.048 1.048 1. .D67 1.067 1.038 0.997 0.997 
26C 0.897 0.850 1.001 1.020 1.012 1,,097 1.078 1.078 0.917 1 .. 040 
27C 0.843 1.014 0 .. 843 1.019 1.019 1.010 1.024 1 .. 022 0.993 1.010 
28C 0.980 1.000 0.987 0$980 1.023 100 42 1.042 0.980 0.993 0.963 
29C 0.915 0 .. 965 0.965 0.975 1.015 1 .. 051 1.033 1.03-9 1.011 1.023 
38C 0.954 1.009 1.057 1.062 1.057 1.069 1.002 0 .. 972 0.914 0.910 
39C 0.998 0.990 1.010 1.019 1.055 1.032 1.048 0.973 0 0 959 0.922 
40C 0.938 0.950 1.001 1,,023 1.000 1.028 1.056 1.039 0.994 0.968 
41C 0.920 0.982 1.018 1.014 1.061 1.061 1.040 1.013 0.951 0.920 
42C 0 .. 925 0,,931 1.022 1.025 1.024 1.041 1.042 1.022 0.972 0.972 
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VElOCITY PARAMHfBR AT 10-IN. ORIFICE 
(Fig. 6) 

Run Direct Magnitude of Sh/ Sh' at Position x/r1 Mean 
No. Trav. -0.84 -0.72 -0.48 -0.24 0.00 0.24 0.48 Value 

( Gh f ) 

IS" NS 0.887 0.999 1.064 1.056 0.999 1.008 0.997 1.241 
IS' ~W 0.980 0.987 0.963 0.972 1.0ae 1.069 1.078 1.237 

2S' NS 0.980 1.031 0.990 0.990 0.980 1.000 1.031 0.990 
2S' EW 1.028 1.047 1.038 1.009 0 0 977 0.947 0.947 0.983 

3S" NS 1.055 1.113 1.113 1.040 0.967 0.893 0.820 0.683 
3S' EW 1.124 1.150 1.110 0.987 0.918 0.835 0.863 0.730 

4S' NS 0.743 0.876 1.040 1.081 1.081 1.081 1.104 1.416 
4S" EW 0.915 0.962 0.975 0.995 1.001 1.070 1.082 1.488 

5S/ NS 0.963 1.005 1.021 1.030 1.030 0.963 0.980 1.193 
5S/ EW- 0.875 0.978 0.987 0.987 1.048 1.064 1.073 1.167 

6S" NS 1.000 1.050 1.010 0.980 0.980 0.990 1.910 1.000 
6S' BW 0.720 0.780 0.770 0.750 0.670 0.620 0.560 1.000 

7S" NS 1.033 1.121 1.106 1.077 0.963 0.890 0.804 0.696 
7S~ EW 1.120 1.148 1.092 1.012 0.904 0.877 0.850 0.741 

8~ NS 0.875 1.005 1.043 1.043 1.043 1.018 0.966 0.766 
8S" EN 1.049 1.072 1.072 1.010 0.953 0.940 0.892 0.830 

9Si' NS 0.995 1.005 1.005 1.005 1.005 1.015 0.975 1.016 
9S' EN 1.030 1.040 1.040 1.000 0.950 0.940 0.940 1.000 

lOS" NS 6.743 0.895 1.039 1.0BO 1.080 1.080 1.080 1.453 
lOS" EW 

lIS .... NS 0.914 0.972 0.977 1.001 1.022 1.060 1.060 1.567 
lIS" EW 0.689 0.923 1.032 1.079 1.085 1.092 1.100 1.464 

lag" NS 0.886 1.090 1.098 1.048 0.979 0.946 0.9"54 1.187 
12S" EW 0.911 0.929 0.973 0.998 1.033 1.070 1.087 1.131 

13S'" NS 0.954 1.075 1.013 0.954 0.954 1.013 1.035 0.986 
13S .... EW 1.040 1.071 1.040 1.020 0.969 0.937 0.937 0.971 

-A31-



SUPPLEMENTARY DATA =- 12-IN. HEL-COR 
(without sediment) 

Q V 
Run No. efs fps T °C f X 102 Re x 10-5 

1 4.10 5.17 17.0 3.91 4.45 
2 4.30 5.41 17.0 3.82 4.70 
3 4.32 5.45 17.0 4.12 4.72 
4 3.80 4.80 17.1 4.19 4.20 
5 3.60 4.52 17.2 4.04 3.95 

6 3.40 4.29 17.3 3 .. 85 3.75 
7 3.25 4~10 17 0 3 3.60 3.58 
8 2.70 3.43 17.4 3.84 2.98 
9 1.70 2.16 17.4 3.97 1.90 

10 1.40 1.77 17.4 3.90 1.55 

11 6.80 8.46 17.4 3.96 7.40 
12 6 .. 30 7.95 17.5 4.33 7.00 
13 5.82 7.24 17.5 3.97 6.35 
14 5.23 6.61 17.5 3.91 5.80 
15 4.60 5.80 17.5 3.83 5.10 

16 7.63 9.51 13.0 3.92 7.35 
17 7.35 9.20 13.1 3.96 7.20 
18 6.95 8.68 13.3 4.09 6.75 
19 6.42 8.10 13.4 4.22 6.40 
20 5.90 7.40 13 .. 6 3.76 5.80 

21 5.43 6.80 13.8 3.90 5.48 
22 4.95 6.23 14.0 3.97 5.00 
23 1.92 2.45 14.0 4.00 1.97 
24 1.73 2.22 14.2 4.12 1.77 
25 1.47 1.88 14.4 3.75 1.53 

26 1.27 1.63 14.6 4.01 1.32 
27 1.13 1.46 14.8 3.68 1.02 
28 0.84 1.10 15.0 3.94 0.910 
29 0.75 0.98 15.2 4.13 0.820 
30 0.80 1.05 15.4 3.96 0.890 
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VALUES OF C /W !If cdy/dc 
s 

Run Cg/W at Location y/D 
No. 0.96 0.86 0.76 O. 6 0.56 0.46 0.36 0.26 0.16 O.Oq 

6C 0.355 0.700 0.667 0.385 0.350 0.386 0.400 0.390 0.365 0.260 
7C 0.960 0.840 0.700 0.510 0.520 0.544 0.580 0.582 0.682 0.755 
BC 1.385 0.780 0.700 0.690 0.724 0.690 0.710 0.810 0.910 1.010 
9C 0.050 0.150 0.225 0.154 0.110 

16C 0.645 0.410 0.378 0.340 0.343 0.362 0.350 0.450 0.550 0.650 

17C 0.800 0.910 0.400 0.476 0.525 0.530 0.585 0.685 0.785 0.885 
18C 0.840 0.910 0.690 0.655 0.620 0.610 0.710 Oe638 0.580 0.446 
19C 1.650 1.320 1.245 1.050 0.890 0.990 1.090 1.190 1.290 1 .. 390 
20C 1.350 1.200 1.190 0.810 0.765 0.865 0.965 1.065 1.165 1.265 
21C 1.650 0.912 0.710 0.500 0.500 0.510 0.550 0.585 0.620 0.615 

22C 1.955 1.090 0.986 0.790 0.672 0.500 0.600 0.700 0.800 0.900 
23C 0.470 0.468 0.435 0.400 0.400 0.395 0.420 0.455 0.520 0.615 
30C 0.500 0.545 0.480 0.350 0.305 0.336 0.355 0.430 0.515 0.580 
31C 0.900 0.875 0.660 0.515 0.475 0.434 0.460 0.532 0.590 0.675 
32C 1.650 0.800 0.690 0.635 0.620 0.620 0.620 0.720 0.820 0.920 

33C 1.350 0.985 0.005 0.71R 0.785 0.915 1.015 1.115 1.650 3.410 
34C 3.960 1.075 0.895 0.565 0.605 0.7b5 ~.865 1.200 1.275 1.980 
35C 0.707 0.585 0.480 0.327 0.300 0.328 0.340 0.280 0.245 0.295 
36C 0.743 0.825 0.680 0.520 0.390 0.415 0.425 0.460 0.560 0.660 
37C 2.500 1.390 1.080 0.600 o .500 0.570 0.670 0.770 0.870 0.970 

43C 1.850 1.065 0.456 0.710 0.720 0.755 0.780 0.880 0.920 0.880 
44C 0.770 0.540 0.500 0.510 0.500 0.455 0.420 0.440 1.000 
45C 2.195 1.555 0.985 0.780 0.700 0.800 0.900 1 .. 000 1.100 1.200 
48C 1.158 1.000 0.985 0.710 0.710 0.710 0.650 0.750 0.850 1.220 
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VALUES OF f'S/W 111 cdy Ide 

Run ts/w at Location y/D 
No. 0.96 0.86 0.76 0.66 0.56 0.46 0.36 0.26 0.16 0.06 

7S 0.420 0.450 0.360 0.324 0.390 0.341 0.360 0.272 0.230 0.060 
8S 0.180 0.280 0.340 0.380 0.380 0.375 0.337 0 .. 248 0.160 0.088 
9S 0.120 0.220 0.300 0.240 0.295 0.280 0.240 0.232 0.105 0.100 

ISS 0.050 0.100 0.110 0.210 0.2BO 0.134 0.154 0.140 0.092 0.078 
16S 0.140 0.194 0.294 0.296 0.300 0.260 0.210 0.156 0.131 0.104 

17S 0.100 0.025 o .1~5 0.J20 0.220 0.200 0.240 0.183 0.040 0.010 
18S 0.100 O.OBO 0.074 0.010 
19S 0.030 0.130 0.118 0.154 0.100 0.070 
20S 0.220 0.320 0.420 0.280 0.210 0.190 0 .. 205 0.140 0.072 0.066 
21S 0.300 0.360 0.340 0.255 0.280 0.245 0.210 0.170 0.094 0.142 

22S 0.410 0.510 0.525 0.540 0,440 0.456 0.230 0.184 0.155 0.130 
31S 0.140 0.240 0.340 0.190 0,292 0.218 0.200 0.190 0.092 0.060 
32S 0.300 0.206 0.230 0.245 0.250 0.262 0.240 0.208 0.115 0.060 
33S 0.160 0.194 0.230 0.265 0.300 0.295 0.280 0.230 0.145 0.085 
345 O.OBO 0.120 0,120 0.155 0.190 0.090 0.088 O.OBO 

36S 0.057 O.oro 0.250 0.278 0.245 0.220 0.210 O. t68 0.111 0.132 
37S 0.200 0.245 0.340 0.230 0.200 0.000 0.76 0.18C 0.124- 0.076 
43S 0.100 0.200 0.200 0.205 0.250 0.236 0.200 0.140 0.085 0.150 
44S 0.100 0.100 0.084 0.e58 0.190 0.272 0.165 :) .120 0.105 0.138 
45S o.oro 0.120 0.146 0.170 0.2Z5 0."260 0.158 0.086 0.090 O.IBO 

46S 0.050 0.100 0.100 0.195 0.230 0.236 0.145 0.124 0.120 0.220 
47S 0.100 0.125 0.200 0.210 0.235 0.245 0.150 C .. 132 0.110 0.208 
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TOfAL LOAD DATA AT 10-IN. ORIFICE 

Nomenclatmre: Note: Orifice is located in a ver-

r - radius of orifice tical section of the cir-
1 - distance along diameter culation system. x 

from centerline 

Mixture Avg. Local mean concentration c at 
Run Discharge Temp Trav. station location x/rl 
No. Q cfs T °c Direct. -0.96 -0.72 -0.24 0.24 0.48 

50H 6.60 24.0 NS 55.85 6.55 6.15 5.52 5.17 
50H 6.60 24.0 EW 7.25 5.80 6.30 5.80 6.05 
54H 5.80 18.4 NS 11.8 13.1 12.2 12.7 12.1 
54H 5.80 18.4 EW 15.2 12.5 13.0 10.2 9.50 
55H 6.50 22.1 NS. 12.8 12.7 13.4 11.1 11.2 
55H 6.50 22.1 EW 14.2 11.8 12.5 11.9 11.9 
56H 5.85 21.0 NS 11.9 12.7 13.3 12.1 11.0 
56H 5.85 21.0 EW 14.2 13.1 13.0 11.1 9.3 
57H 6.35 16.2 NS 13.2 13.8 12.8 12.4 11.3 
57H 6.35 16.2 EW 13.8 12.7 13.0 12.7 11.4 
58H 7.02 20.3 NS 11.5 13.0 13.0 11.5 11.9 
58H 7.02 20.3 EW 13.0 10.4 11.5 12.4 13.8 
61H 6.93 18.9 NS 4.95 6.20 6.30 6 .. 25 6.08 
61H 6.93 18.9 EW 7.45 6.10 6.08 6.50 6.55 
63H 6.20 18.6 NS 5.55 6.90 6.35 6.60 7.00 
63H 6.20 18.6 EW 6.90 6.10 6.35 6.90 7.00 
64H 6.05 15.0 NS 5.05 6.10 5.80 5.25 ·4.80 
64H 6.05 15.0 EW 6.10 5.08 5.50 5.35 5.70 
66H 6.93 18.5 NS 3.88 4.60 3.70 4.67 4.70 
66H 6.93 18.5 EW 5.10 4.03 4.37 4.67 4116~ 

68H 5.95 21.6 NS 4.03 4.93 4.36 3.88 3.27 
68H 5.95 21.6 EW 5.18 4.20 4.23 4.48 4.40 
7aI 6.73 21.4 NS 1.46 1.94 1.89 1.98 2.04 
72H 6.73 21.4 EW 2.25 1~B7 1.78 1.77 1.,98 

lIS 6.60 21.7 NS 0.162 0.172 0.176 0.186 0.182 
lIS 6.60 21.7 EW ~.215 0.162 0.172 0.195 0.176 
20S 5.80 21.5 NS 0.362 0.472 0.378 0.262 0.262 
20S 5.80 21.5 EW 0.520 0.400 0.366 0.280 0.295 
21S 6.60 22.7 NS 0.310 0.378 0.378 0.360 0.382 
21S 6.60 22.7 EW 0.472 0.330 0.352 0.382 0 .. 395 
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TOTAL LOAD DATA AT 10-IN. ORIFICE --Continued 

Nomenclature: Note: Orifice is locate in a ver-
r! - radius of orifice tical section of the cir-
x - distance along diameter cuI at ion system. 

from centerline 

Mixture Avg. Trav. Local ~ean concentration c at 
Run Discharge Temp Direct. station location x/r1 
No. Q cfs T °C -0.96 -0.72 -0.24 0.24 0.48 

228 7.50 19.2 NS 0.210 0.310 0~320 0.310 0.305 
228 7.50 19.2 BW 0.415 0.315 0.305 0.290 0.288 
238 7.80 22.7 NS 0.210 0.353 0.315 0.305 0.300 
238 7.80 22.7 EW 0.400 0.315 0.310 0.310 0.300 
24S 6.64 24.0 N8 0.233 0.290 0.310 0.305 0.305 
248 6.64 24.0 BW 0.330 0.252 0.290 0.310 0.305 
2~S 7.62 22.9 NS 0.820 0.765 0.737 0.737 0.737 
288 7.62 22.9 EW 1.00 0.765 0.745 0.755 0.715 
298 6.75 25.2 NS 0.540 0.680 0.715 0.690 0.700 
298 6.75 25.2 EW 0.860 0.595 0.660 0.700 0.705 
325 6.70 24.4 NS 0.500 0.630 0.645 0.635 0.640 
325 6.70 24.4 EW O.roo 0.520 0.580 0.645 0.645 
338 7.63 22.7 NS 0.690 0.765 0.690 0.695 0.695 
338 7.63 22.7 EW 0.8a1 0.743 0.715 0.720 0.715 
368 6.65 23.2 NS 1.00 1.13 1.18 1.17 1.18 
368 6.65 23.2 EW 1.40 1.01 1.13 1.20 1.20 
37S 7.62 21.5 NS 0.84 1.25 1.18 1.20 1.23 
37S 7.62 21.5 EW 1.41 1';,)23 1.16 1.18 1.20 
39S 6.63 27.6 N5 1.00 1.18 1.18 1.12 1.10 
39S 6.63 27.6 EW 1.47 1.00 1.09 1.13 1.22 
40S 7.70 24.5 NS 1.01 1.28 1.30 1.30 1.25 
40S 7.70 24.5 BW 1.67 1.42 1.20 1.26 1.20 
41S 8.78 23.5 NS 1.73 1.65 1.44 1045 1.47 
41S 8.78 23 05 BW 1.82 1.41 1.43 1.52 1.50 
445 6.62 25.1 NS 1.94 2.10 2.15 1.94 2.00 
44S 6.62 25.1 BW 2.36 10 85 2.07 2.18 2.18 
48S 6.65 21.0 NS 2.80 3.37 3 0 10 3.08 3.06 
48S 6.65 21.0 BW 4.02 2.80 3.00 3.30 3.38 
49S 5.80 21.7 NS 2.18 2.57 2.88 2.48 2,,47 
49S 5.80 21.7 BW 3 0 73 2.46 2.60 2.58 2.60 
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DIMENSIONLESS CONCENTRATION PROFILE 
COMPUTATIONS 

c/Ct at station ylD 
Run 0.96 0.86 0.76 0.66 0.56 0.46 0.36 0.26 0.16 0.06 
No. 

1H 1.099 1.099 0.947 1.023 1.00 0.985 0.970 0.932 0.932 1.023 
4H 0.934 0.997 0.994 1.005 0.997 1.000 0.963 1.005 0.957 1.162 
17 H6 0.843 1.121 1.213 1.098 1.181 0.897 1.213 1.034 0.636 0.757 
18Ho 0.987 1.213 1.147 0.853 1.213 1.147 1.021 0.987 0.987 0.454 
19H 1.075 1.019 1.000 1.025 0.983 0.968 0.975 0.975 0.987 0.996 
20H 1.093 1.006 0.989 ' 0.981 0.948 0.967 0.987 0.981 0.993 1.040 
21H 1.035 1.070 1.038 1.000 1.000 1.035 1.000 0.983 0.905 0.934 
22H 1.010 1.057 1.032 1.010 0.991 1.003 0.980 0.944 0.944 1.032 
31H 1.127 1.008 1.019 0.973 1.034 0.973 1.010 0.893 0.953 1.008 
32H 1.103 0.998 1.017 0.961 0.923 0.998 0.961 0.922 0.926 0.998 
41H 1.127 0.995 0.993 1.015 1.015 0.952 0.993 0.937 0.963 1.020 
42H 1.101 1.034 1.002 1.009 0.992 0.917 1.053 0.889 1.009 0.987 
43H 1.058 1.036 1.004 1.009 0.961 1.009 0.952 0.993 0.934 1.058 
44H 1.000 1.000 1.023 0.986 0.995 0.995 0.995 0.977 1.027 1.013 
47Ho 0.477 0.493 0.503 0.630 0.801 1.158 1.241 1.797 1.931 
48H 1.073 0.988 0.980 0.990 1.029 1.02.1 1.010 0.973 0.988 
49H 1.120 1.066 0.992 0.974 0.972 0.995 0.956 0.955 0.953 1.034 
50H 1.143 1.020 0.962 0.970 0.970 1.002 0.953 0.965 0.953 1.053 
51H 1.098 0.965 0.970 0.953 0.965 0.975 0.965 0.953 1.025 1.130 
531-1 1.046 1.019 1.028 1.005 0.983 0.955 1.000 0.947 1.019 1.028 
64H6 0.573 0.553 0.787 0.757 0.800 0.942 0 .. 942 1.190 1.176 1.140 
551-1 1.009 1.023 1.009 1.023 1.031 1.023 0.968 0.921 1.011 0.968 
56HS 0.630 0.797 0.743 0.877 0.877 1.058 1.080 1.309 1.210 1.243 
62H 1.056 0.986 0.964 1.056 0 0 985 0.971 0.952 0.940 0.971 1.109 
73H 1.110 1.048 0.982 0.943 0.947 0.928 0 • .990 0.947 0.990 1.124 
74H 1.100 1.000 1.014 0.959 0.964 0.964 1.000 0.960 0.977 1.059 
76H 1.129 1.043 0.983 0.947 0.947 0.978 0.947 0.923 0.941 1.153 
77H 1.159 0.973 0.973 0 0 961 1.013 0.961 0.990 0.949 0.967 1.035 
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DIMENSIONLESS CONCENTRATION PROFILE 
COMPUTATIONS --

€ontinued 

Run c/Ct at station ylD or z/D 
No. 0.96 0.86 0.76 0.66 0.56 0.46 0.36 0.26 0.16 0.06 

6H 1.015 1.060 0.985 0.930 1.000 0.965 0.970 0.930 0.970 1.100 
7H 0.967 0.978 0.978 0.973 0.978 0.989 0.962 0.978 0.978 1.218 
8H 1.041 1.008 1.016 0.992 0.992 0.987 0.987 0.973 0 .. 975 1.150 
9H 1.039 1.023 1.023 0.948 0.962 0.967 0.953 0.995 1.009 1.103 

10H 1.049 0.943 1.023 0.954 0.941 0.954 0.941 0.943 0.978 1.160 
13H 1.034 0.991 0.9(11 0.984 0.963 0.977 0.991 0.984 1.010 1.101 
14H 1.057 0.997 0.946 0.963 0.946 0.997 1 .. 026 0.967 0.986 1.128 
15H$ 0.700 0.875 1.063 1.108 1.152 1.031 0.943 1.031 1.031 1.,063 
16HI 0.695 0.869 0.935 0.972 1.109 1.006 1.319 1.006 0.869 1.211 
23H 0.985 1.000 1.008 1.008 0.978 0.993 0.953 0.985 0.985 1.085 
24H 1.000 1.000 1.008 0.960 0.984 1.008 1.000 0.960 0.984 1.134 
26H& 0.808 0.907 0.992 1.055 1.077 1.040 0.887 1.045 0.977 1.220 
28H 0.984 1.000 1.202 0.984 1.002 0.980 0.953 0.951 0.947 1.171 
29H 0.853 0.Q93 1.046 1.010 1.,065 0.993 0.,973 0.,945 0.973 1.130 
34H 0.994 0.997 1.019 0.994 0.,997 0 .. 923 1.039 0.967 0.967 1.121 
35H 0.973 1.047 0.973 0.993 1.057 0.973 0.982 0.934 0.973 1.112 
57H 0.883 0.883 1.008 0.938 0.993 1.038 1.030 1.046 1.060 1.090 
58H 1.009 1.009 0.984 0.993 0.983 0.967 0.983 0.993 1.000 1.105 
63H 1.038 1.009 1.015 Oj986 1.001 0.965 0.943 0.947 1.001 1.099 
64H 0.987 1.022 1.005 0.983 0.,970 0.983 0.973 0.973 0.994 1.109 
67H 1.011 1.033 1.022 0.990 0.945 0.967 0.954 0.943 1.012 1.133 
68H 1.000 1.012 1.001 0.976 0.980 0.980 0.943 0.982 0.955 1.171 
71H 1.034 1.029 1.005 1.034 0.943 0.943 0.976 0.,928 0.976 1.134 
79H 1 .. 097 0.956 0 0 970 1.002 0.977 
81H 1.030 1.037 0.990 0.974 0.962 0.962 0.945 0.945 0.939 1.200 
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DIMENSIONLESS CONCENTRATION PROFILE 
CQ\t1PUTATIONS --

Continued 

Run c/Ct at station yID or z/D 
No. 0.96 0.86 0.76 0.66 0.56 0.46 0.36 0.26 0.16 0.06 

., 
7S 0.226 0.299 0.406 0.514 0.632 0.805 1.100 1.451 2.416 5.330 
8S 0.231 0.303 0.421 0.616 0.759 0.975 1.365 2.200 5.800 
9S 0.080 0.160 0.240 0.368 0.513 0.624 0.969 1.302 2.,400 7.085 
15SA 0.153 0.206 0.307 0.535 0.927 2.570 20.350 
16S 0.271 0.356 0.482 0.759 1.127 2.500 9.940 
17S 0.667 0.901 2.038 10.00 
18s& 11.620 
19S 5.900 16.300 
20S~ 0.164 0.203 0.295 0.453 0.703 1.167 2.620 15.830 
21S 0.144 0.209 0.259 0.358 0.561 0.843 1.390 2.650 fl. 630 
22S 0.147 0.254 0.300 0.358 0.424 0.557 0.667 1.156 2.048 4.915 
32S 0.161 0.215 0.276 0.406 0.606 0.894 1.363 2.536 9.290 
33S 0.126 0.260 0.350 0.482 0.685 0.984 1.423 2.520 6.290 
34SB 0.079 0.111 0.163 0.219 0.300 0.466 0.777 1.451 4.020 16.850 
36S 0.104 0.140 0.202 0.358 0.555 0.855 1.585 3.000 11.40 
37S ·1 .. 437 2.762 7.90 
43S 0.067 0.104 0.148 0.210 0.316 0.500 0.799 1e425 3.500 9.850 
44~ 0.069 0.108 0.144 0.209 0.294 0.481 0.804 1.518 4.275 10.42 
45S& 0.049 0.066 0.095 0.133 0.222 0.376 0.712 1.865 5.780 9.330 
4656 0.071 0.110 0.153 0.213 0.318 0.506 0.843 1.853 4.567 8.200 
47S6 0.093 0'.136 0.184 0.256 0.362 0.547 0.897 1.729 3.920 7.570 
31SS 0.111 0.150 0.210 0.281 0.436 0.702 1.190 2.660 15.600 
lOS 0.573 0.573 0,560> 0.630 0.548 0.548 0.587 0.587 Oe633 0.675 
lIS 0.657 0.628 0.628 0.605 0.577 0.628 0.577 00628 0 .. 605 0.657 
12S 0.484 0.451 0.451 0.451 0.451 Q.451 0.451 0.484 
14S8 0.280 0.293 0.280 0.293 0.307 0.318 0.341 0.367 0.389 0.425 
235 0.640 0.596 0.625 0.596 0.583 0.583 0.563 0.596 
24S 0.522 0.522 0.570 0.556 0.556 0.540 0.540 0 .. 556 
25S 0.426 0.408 0.408 0.408 0.,426 0.426 0.451 0.490 
28S 0.520 0.520 0.540 0.546 0.545 0.582 0.609 0.655 
29S 0.446 0.453 0.467 0.438 0.453 0.490 0.545 0.539 
30~ 0.274 0.281 0.291 0 .. 291 0.305 0.337 0.329 0.345 
38S 0.345 0.341 0.324 0.314 0.314 0 .. 308 0,292 0 .. 305 
39S 0.433 0.399 0.399 0.382 0.,404 0.382 0.382 0.37'# 
405 0.555 0.503 0.531 0.515 0.474 0.489 0.502 0.515 
48S& 0.426 0.420 0.428 0.423 0.433 0.426 0.404 0.420 
49S1 0.415 0.403 0.411 0.423 0.423 0.427 0.417 0.434 
50S 0.464 0.470 0.474 0.481 0.474 0.467 0.454 0.454 
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DIMENSIONLESS CONCENTRATION PROFILE 
COMPUTATIONS ~-

Contin:J2d 

Run c/Ct at station ylD or z/D 

No. 0.96 0.86 0.76 0.66 0.56 0.46 0.36 0.26 0.16 0.06 

6C 0.372 0.394 0.547 0.601 0.820 0.963 1.229 1.667 2.020 2.840 
7C 0.473 0.542 0.584 0.700 0.897 1.090 1.259 1.417 1.811 2.038 
8C 0.553 0.616 0.647 0.704 0.938 1.027 1.195 1.261 1.491 1.640 
9C8 -- 1.955 3.300 6.515 
16C 0.264 0.316 0.417 0.545 0.747 0.934 1.254 1.583 1.975 2.310 
17C 0.472 0.516 0.581 0.704 0.864 1.045 1.250 1.401 1.673 1.931 
18C 0.538 0.590 0.669 0.749 0.907 1.021 1.213 1.359 1.554 1.930 
19C 0.656 0.674 0.693 0.749 0.882 1.00 1.089 1.209 1.255 1.383 
20C 0.600 0.637 0.704 0.767 0.867 0.993 1.117 1.200 1.337 1.451 
21C 0.505 0.519 0.639 0.707 0.873 1.075 1.249 1.525 1.745 2.076 
22C 0.580 0.607 0.674 0.754 0.863 1.00 1.227 1.356 1.668 1.827 
23C 0.306 0.379 0.491 0.627 0.793 0.993 1.276 1.610 2.041 2.390 
30C! 0.309 0.360 0.432 0.535 0.763 0.99 1.389 1.800 2.220 2.675 
31C 0.471 0.526 0.581 0.700 0.860 1.059 1.281 1.600 1.835 2.275 
32C 0.521 0.544 0.617 0.723 0.853 1.015 1 .. 129 1.333 1.581 1.725 
33C 0.591 0.653 0.689 0.790 0.891 1.005 1.122 1.220 1.332 1.400 
34C 0.561 0 .. 587 0.623 0.725 0.842 0.985 1.115 1.230 1.321 1.425 
35CB 0.261 0.309 0.376 0.474 0.650 0.900 1.177 1.600 2.348 3.618 
36C 0.431 0.497 0.539 0.633 0.794 1.009 1.282 it.583 1.951 2.272 
37C 0.555 0.593 0.645 0.675 0.835 0.975 1.100 1.310 1.516 1.628 
43C 0.560 0.594 0.702 0.753 0.878 1.018 1.143 1.283 1.430 1.610 
44C 0.463 0.540 0.668 0.827 0.907 1.232 1.500 1.945 2.220 
45C 0.596 0.654 0.677 0.757 0.887 1.055 1.136 1.324 1.383 1.541 
48C 0.546 0.613 0.675 0.760 0.857 1.017 1.163 1.372 1.508 1.679 
lOC 0.935 0.900 0.900 0.881 0.847 0.847 
lIe 0.953 0.985 0.921 0.921 0.905 0.877 
12C 0.910 0.970 0 .. 911 0~926 0.911 0.926 
13C 0.S70 0.870 0.857 0 .. 947 9>.896 0 0 958 0.832 0.883 0 .. 792 0.817 
14C 0 .. 875 0.868 0.903 0.889 0.900 0 .. 903 0.868 0.819 0.819 0.819 
15C 0.925 0.943 0.933 0.937 0.915 0.883 0.835 0.812 0.817 0.810 
24C 0.931 0.931 0.918 0.959 0.918 0.877 0.850 0 0843 0.823 0.850 
25C 0.855 0.855 0.889 0.916 0.897 0.897 0.816 0.830 0.795 0.820 
26C 0.903 0.795 0.935 0.935 0.951 0.877 00885 0.869 0.738 0.778 
27C6 0.910 0.895 0.924 0.925 0.910 0.920 0.920 0.850 0.915 0.850 
38Ce 0.900 0.891 0.916 0.911 0.927 0.895 0.859 0.851 0.851 0.805 
40C 0.805 0.837 0.849 0.916 0.900 0.920 0.890 0.883 0.863 0.873 
41C6 0.856 0.881 0.920 0.935 0.912 0.887 0.910 0.888 0.842 0.831 
42C 0.791 0.817 0.871 0.892 0.912 0.912 0.873 0.874 0.842 0.791 
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ONE-DIMENSIONAL ANALYSIS 

Note: V and J rounded to 
Note: Subscript t on a run number 

three denotes it is the total load 
figures after f was portion of a run. 
computed. 

Run Direct. Q V T V/& 
2 -5 2 

Ct fx10 RexlO Jx10 
No. Trav. cfs fps oC 

1H vert. 5.20 6.62 16.4 1.32 1.17 3.83 5.60 2.55 
2H vert .. 5.20 6.62 15.6 1.35 1.17 3.68 5.55 2.55 
3H vert. 5.30 6.75 15.0 1.90 1.19 3.73 5.60 2.65 
4H verto 5.21 6.63 18 .. 4 1.85 1.17 3.90 5.85 2,,58 
6H horz. 6.50 8.28 18.9 2 0 00 1.46 4.00 7.50 4.10 
7H horz. 6.50 8.28 22.5 1.83 1.46 3.98 8 .. 20 4.10 
8H horz .. 6.60 8.40 28.6 2.21 1.48 3.86 9.42 4.25 
9H horz .. 6.60 8 .. 40 29.0 2.13 1.48 3.80 9.60 4,,25 

10H horz. 6.45 8.22 17.5 2.87 1.45 4 .. 02 7.20 4.08 
11H horz. 6.65 8.47 20.0 2.70 1.49 3.77 7.85 4.30 
12H hora. 6.45 8.22 21.5 2.43 1.45 4 .. 07 8~10 4 .. 08 
13H horz. 6.45 8.22 21.3 3.17 1.45 4 .. 00 8.00 4.08 
14H horz. 6.45 8.22 22.8 3.01 1.45 4.00 8.20 4.08 
15H6 hor~ .. 1.64 2.09 19.8 0.157 0.369 4.90 1.93 0.260 
16Hb horz. 1 .. 55 1.97 24.7 0.138 0.347 4.93 2.05 0.235 
17Hb vert. 1.61 2.06 25.6 0.165 0.36 4.60 2.17 0.i'~44 

18Hb verto 1.63 2.08 26.1 0.141 0.37 5.00 2.25 0.260 
19H vert. 4.70 5.98 20.0 1.59 1.05 3.96 5.52 2.08 
20H vert. 4.70 5.98 22.5 1.52 1.05 3.96 5.78 2.08 
21H vert. 3.53 4 .. 50 27.1 0 .. 840 0.79 4.45 5.00 1.23 
22H vert. 3.53 4.50 27 .. 7 0 .. 837 0.79 4.13 5.00 1.20 
23H horz. 4.80 6 .. 11 26.5 1.30 1.08 3.96 6.60 2.20 
24H hor~ .. 4.80 6.11 27 .. 6 1.28 1.08 3083 6 .. 75 2.20 
25H horz. 3.45 4.40 31.8 0.756 0.776 4.38 5.35 1016 
26Hb horz. 3.45 4.40 32.3 0.711 0.776 4.65 5.40 1.16 
27H horz. 4 .. 80 6.12 2101 2.06 1008 3.74 5.80 2020 
28H horz. 4.75 6 .. 05 22.9 1.93 1.07 4.05 6.00 2.16 
29H horz. 3.53 4.50 26 05 1.08 1.26 4.27 4 .. 95 1.23 
30H horz. 3.53 4.50 26.7 1 008 1 0 26 4 .. 27 4.95 1.20 
31H vert. 4.82 6.08 19.1 0 .. 515 1 .. 07 3.72 5 0 98 2018 
32H vert. 4 081 6 012 20.6 0 0520 1.08 3.75 5.75 2020 
33H vert. 3.57 4.55 24 .. 1 0 .. 295 1.25 5.40 4.70 1.23 
34H horz. 4 078 6.10 22.0 0 0564 1.08 3.67 5.90 2.19 
35H horz. 4.78 6.10 22.9 0.535 1 008 3.81 6.10 2 .. 19 
36H horz. 3 .. 43 4.37 24.8 0.402 0.77 6.07 4 0 52 1.13 
37H horz o 4.73 6 003 28.0 2 039 1.06 4.18 6.80 2 013 
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ONE-DIMENSIONAL ANALYSIS --Continued 

Run Direct. Q V T Ct V/..;gI1 fx102 -5 . 2 
Rex10 Jx10 

No. Trav. efs fps oC 

38H horz. 4.73 6.03 28.8 2.36 1.06 4.14 6.90 2.13 
39H horz. 4.00 5.10 31.0 1.83 0.90 5.53 6.10 1.55 
40H horz. 3.82 4.87 31.5 1 081 0.86 5.00 5.85 1.43 
41H vert. 4.73 6.03 24.3 3048 1.06 5.01 6.20 2.13 
42H vert. 4.73 5.93 25.9 3.27 1.05 4.77 5.65 2.08 
43H vert. 4.36 5.55 29.3 2.27 0.98 4.63 6 ... 40) 1.78 
44H vert. 4.35 5.54 29.6 2.21 0.98 4.78 6.40 1.78 
45H 4.82 6.14 22.0 4.45 1.08 4.67 5.95 2.22 
45Ht 4.90 6.24 23.7 4.45 1.10 4.45 4.90> 2.30 
46Ht A 5.10 6.60 26.9 3.48 1 016 4.53 7.22 3.45 
47H 6 vert. 5.10 6.60 28.3 3 .. 73 1.16 4.53 7.22 3045 
48Ht 5.80 7.39 19.0 5.87 1.30 3.74 6" .. 70 3.24 
48H vert. 5.80 7.39 21.1 5.87 1.30 3.74 7010 3.24 
49H vert. 5.80 7.39 22.3 5.65 1.30 3.72 7.35 3.24 
50Ht 6.60 8.41 24.Q 6.03 1048 3.92 8.60 4.25 
.50H vert. 6.60 8.41 24.8 6.03 1.48 3.96 8.60 4.25 
51H vert. 6.60 8.41 25.5 6.00 1.48 4.00 8.90 4.25 
52Ht 

_ ..... 
5.78 7.37 20.0 10.3 1.30 4.15 6.84 3.22 

53Ht'! 6.50 8.28 22.4 11.1 1.46 3.81 8.20 4.10 
53H b vert. 6.53 8.32 23.2 12.2 1.46 3.78 8.40 4.13 
54Htt 5.80 7.38 18.4 12.2 1.30 5.73 6.62 3.24 
54H b vert. 5.72 7.27 19.0 12.2 1.28 5.84 6.60 3 012 
55Ht 6.50 8.27 22.1 12.7 1.30 4.02 7.90 4.09 
55H vert. 6.55 8.20 22.6 12.7 1.32 4.21 8.10 4.08 
56Htb 5.85 7.45 21.0 1203 1.31 5,,63 7.10 3.32 
56H b vert. 5.90 7.52 21.5 12.3 1.32 5.58 7.25 3 0 40 
57Ht 6.35 8.09 16.2 13.2 1.43 4.19 6.95 3 0 92 
57H horz. 6.35 8.09 17.2 13.2 1.43 4.28 7.10 3.92 
58Ht 7.02 8.94 20.3 12.2 1.57 4.14 8.40 4 090 
58H horz. 7.10 9.05 21.3 12.2 1.60 4.04 8.65 5.00 
59Ht 8.45 10.77 17.8 12.2 1.90 3.62 9.30 
60Ht 8.00 10.20 17.0 6.25 1.80 3.86 8.70 
61Ht 6.93 8.82 18.9 6.25 1.55 3.76 8.00 4.60 
62H vert. 7.00 8.92 19.5 6.48 1.57 3.76 8010 4.80 
63Ht 6.20 7.89 18.6 6.74 1.39 4.18 7.10 3.75 
63H horz. 6.20 7.89 19.8 6.74 1.39 4.19 7.25 3.75 
64Ht 6.05 7.70 15.0 5.37 1.36 4.23 ·6.40 3.Q5 
64H horz. 6.10 7.70 16.1 5.37 1.36 4.34 6.55 3.55 
65Ht 8.00 10.20 23.5 4.44 1.80 3.59 10.2 7.54 
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ONE-DIMENSIONAL ANALYSIS --Continued 

Run Direct Q V T Ct V/..rgJJ fx102 Rex10-SJx102 

No. Trav. efs fps oC 

66Ht -- 6.93 8.82 18.5 4.44 1.55 3.94 7.90 4.60 
67H horz. 6.90 8.80 19.1 4.55 1.55 3 0 96 8.00 4.59 
68Ht 5.95 7.58 21.6 4.40 1.34 4.17 7.40 3.47 
68H horz. 6.00 7.64 22.0 4.40 1.35 4.19 7.43 3.50 
69Ht 7.90 10.05 18.7 1.98 1.77 3.31 9.10 6.15 
70H horz. 5.85 7.45 20.5 2.13 1.31 4.15 6.95 3.32 
71H horz. 5.90 7.52 21.5 2.09 1 0 32 4.01 7.30 3.40 
70Ht 5.80 7.39 22.5 2.13 1.30 4.27 7.28 3.24 
72Ht 6.73 8.58 21.4 1.80 1.51 4.03 8.30 4.40 
72H horz. 6.73 8.58 21.9 1.80 1.51 3 .. 89 8,.43 4.40 
73H vert. 6.75 8.48 23.3 2.09 1.49 4.12 8.60 4.30 
74H vert. 5.90> 7.52 24.2 2.21 1.32 4.10 7.70 3.40 
76H vert. 6.6(J> 8.40 21.2 0.919 1.48 4.05 8.15 4.25 
77H vert. 5.82 7.25 22.3 0.854 1.28 3.85 7.20 3.10 
78H horz. 6.63 8.45 21.8 0.758 1.49 3.97 8.15 4.27 
79H horz. 6.63 8.45 22.3 0.748 1.49 4.33 8.40 4.27 
80H horz. 5.85 7.45 25.3 0.870 1.31 3.87 7.90 3.32 
81H horz. 5.85 7.45 25.8 0.872 1.31 3.71 8.00 2.02 
82Ht 7.63 9.22 17.0 1.71 4.56 8.40 5.60 
83H vert. 7.70 9.8) 20.7 1.73 4.38 9.25 5.80 
84H horz. 6.60 8.40 21.3 1.48 3.92 8.20 4.20 
85H horz. 5.80 7.39 22.5 1.30 3.50 7.35 3.24 
86H horz. 5.70 7.23 26.2 1.28 4.18 7.65 3.15 
87H horz. 6.60 8.21 27.0 1.45 4.11 9.00 4.09 
88H horz. 6.70 8.40 28.5 1.48 4.06 9.50 4.20 
89H horz. 3.53 4.45 27.0 0.78 4.22 4.85 1.18 
90H hQrz. 4.78 6.00 27.1 1.06 3.82 6.60 2.15 
91H horz. 1.63 2.08 26.4 0.37 4.46 2.27 0.262 

IS 1.87 2.36 16.0 0.42 1.76 2.00 0.643 
2S 5.83 7.30 18.0 1.28 1.28 6.50 1.60 
3S 4.78 6.00 18.5 1.06 1.14 5.35 0.75 
4S 3.56 4.52 18.~ 0.80 1.50 4.15 0.51 
5S 6.62 8.30 18.1 1.46 1.35 7.40 1.44 
6S 7.32 9.17 18.9 1.61 1.24 8.30 1.58 
7S vert. 7.20 9.17 21.7 0.261 1.61 1.26 8.85 1.64 
8S vert. 6.60 8.40 22.7 0.195 1.48 1.24 8.30 1.36 
9S vert. 5.80 7.39 23.5 0.125 1.30 1.31 7.50 1.12 
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ONE-DIMENSIONAL ANALYSIS --Continued 

Run Direct. Q V T Ct v/viI1 fxl02 Rexl0~5Jx102 
No. Trav. efs fps °C 

lOS horz. 7.50 9.55 24.5 0.332 1.68 1.13 9.90 1.60 

lOSt 7.4e 9.44 25.0 0.332 1.66 1.11 9.90 1.54 
lIS horz. 6.60 8.40 21.7 0.175 1.48 1.22 8.10 1.34 
12S horz. 5.78 7.37 24.2 0.151 1.30 1.35 7.60 1.14 
12St 5.80 7.38 24.4 0.151 1.30 1.33 7.60 1.14 
13S t 8.75 11.1 23.5 0.386 1.96 1.11 11.0 2.12 
14S & horz. 4.80 6.11 20.8 0.393 1.08 1.51 5.75 0.88 
14St& 4.80 6.11 22.2 0.393 1.08 1.37 5.95 0.50 
15S g vert .. 4.85 6.18 23 .. 8 0.374 1.09 1.36 6.30 0 01 82 
15SJ 4.90 6.23 2.4,,5 0.374 1.10 1.39 6.45 0.84 
16S vert. 4.86 6.18 2.5.7 0.166 1.09 1.28 6.60 0.76 
16St 4.86 6.18 26.0 0.166 1.09 1.31 6.70 0.78 
17S vert. 3.40 4.33 20.5 0.081 0.76 1.43 3.90 0.426 
17St 3.35 4.26 20.8 0.081 0.75 1.56 3.90 0.44 
18S ~ vert. 2.20 2.80 21.4 0.040 0.49 1.48 2.70 0.18 
19S vert 4.80 6.11 23.0 0.010 1.08 1.31 6.20 0.76 
19St 4.81 6.12 23.2 0.010 1.08 1.30 6.20 0.76 
20S t vert. 5.83 7.42 20.7 0.360 1.30 1.24 7.00 1.06 

20S t ' 5.80 7.38 21.5 0.360 1.30 1.23 7.05 1.04 
21S vert. 6.62 8.42 22.2 0.374 1.48 1.27 9.30 1.40 
21S t 6.60 8.40 22.7· 0.374 1.48 1.~8 9.30 1.40 
22S vert .. 7.45 9.47 18.8 0.307 1.66 1.19 8.60 1.66 
22S t 7.50 9.55 19.2 0.307 1.68 1.21 8.70 
23S horz", 7.80 9.92 22.5 0.312 1.75 1.15 7.80 1.76 
23S t 7.80 9.92 22.7 0.312 1.75 1.14 7.80 1.74 
24S horz. 6.62 8.42 23.8 0.293 1.48 1.33 8.55. 1.46 
24S t 6.64 8.45 24.0 0.293 1.49 1.32 8.70 1.46 
258 horz. 5.80 7.38 19.7 0.235 1.30 1.25 8'.70 1.06 
25St 5.60 7013 20.7 0.235 1.26 1.31 6.70 1.04 
26St 8.60 10095 21.7 0.323 1.93 1.13 10.00 2.10 
27S t 8.70 11.10 23.5 0.720 1.96 1.:13 1110 2.16 
28S horz. 7.65 9.74 22.2 0.778 1.72 1.18 9.50 1.74 
28St 7.62 9.70 22.9 0.778 1.71 1.25 9.60 1.74 
29S horz. 6.65 8.46 24.9 0.684 1 .. 49 1.33 8.85 1.48 
29St 6.75 8.60 25.2 0.684 1.52 1.26 9.15 1.44 
30S 6 horz. 5.82 7.41 26.4 0.609 1.31 1 .. 22 8.05 1.04 
30StS 5.70 7.26 26.7 0.609 1.28 1.27 7.90 1.04 
31S b vert. 5.80 7.38 22.0 0.613 1.30 1.23 7.20 1.04 
31SJ 5.65 7.20 23.0 0.613 1 .. 27 1.27 7.25 1.02 
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ONE-DIMENSIONAL ANALYSIS --Continued 

Run Direct. Q V T vlvlgD fxl02 -5 1 2 Ct Rexl0 Jx 0 
No. Trav. efs fps °c 

325 vert. 6.70 8.53 23.7 0.624 1.50 1.31 8.60 1.48 
~32St 6.70 8.53 24.4 0.624 1.50 1.31 8.80 1.48 
33S vert. 7.50 9.55 21.7 0.731 1.68 1.33 9.20 1.88 

33Stg 7.63 9.72 22.7 0.731 1.71 1.17 9.60 1.72 

34S vert. 5.83 7.43 20.0 1.17 1.31 1.40 6.90 1.20 

35S·l 5.80 7.39 21.4 1.17 1.30 1.37 7.05 1.16 
36S vert. 6.60 8.41 22.2 1.16 1.48 1.34 8.19 1.46 
36S t 6.65 8.47 23.2 1.16 1.49 1.33 8.50 1.48 
37S vert. 7.60 9.68 20.5 1.19 1.70 1.33 9.05 1.92 
37S t 7.62 9.70 21.5 1.19 1.71 1.19 9.30 1074 
38S horz. 5.84 7.44 24.6 1 0 16 1.31 1.40 7.70 1 .. 20 
38S t 5.87 7.47 26.0 1.16 1 031 1 .. 34 8.00 1.16 
39S horz. 6.63 8.45 27.0 1.15 1.49 1.30 9 .. 25 1.42 
39S t 6.63 8.45 27.6 1.15 1.49 1.28 9.35 1.42 
40S horz. 7.70 9.80 24.0 1.29 1.73 1.14 10 .. 20 1.70 
40S t 7.70 9.80 24.5 1.29 1.73 1.14 10.30 1.70 
41S t 8.80 11.2 22.4 1.54 1.96 1 .. 08 10.8 2.12 
41S t 8.78 11.18 23.5 1.54 1.96 1.10 11.2 2.14 
42S 8.84 11.25 26.0 2.51 2000 1.08 11.6 2.12 
42S t 8.84 11.25 26.8 2.51 2.00 1.05 11.7 2.06 
43S vert. 7.58 9.66 28.2 1.93 1.70 1.15 10.9 1.66 
43S t 7.60 9.67 26.7 1.93 1.70 1.17 10.7 1.70 
44S IS vert. 6.65 8.46 23.7 2.08 1.49 1 .. 31 8.55 1.46 
44S tO 6.62 8.42 25.1 2.08 1.48 1029 9.00 1.42 
45S § vert. 5.85 7.45 22.0 2.35 1.31 1 056 7.25 1.3 
45S t6 5.80 7 038 23.1 2.35 1.30 1.61 7.35 1.36 
46S 8 vert. 6.70 8.53 24.2 3.00 1.50 1.38 8.75 1 056 
46S t 8 6.10 8.53 23.4 3.00 1 050 1040 8.50 1.58 
47S vert. 7.60 9.67 2202 3.01 1.70 1.17 9.40 1.70 
47S t 7.60 9.67 23.4 3.01 t"'.70 1.20 9.60 1.62 
48S 6 horz. 6.65 8.46 21.0 3.19 1.49 1042 8.00 1 058 
48S t§ horz. 6 "o5 8.46 22.0 3.19 1.49 1.40 8.20 1.56 
49S & horz. 5.80 7 038 20.7 2.65 1.30 1.75 6.95 1.48 
49S t6 5.80 7.38 21.7 2.65 1.30 1.77 7010 1.50 
50S horz. 7.70 9.80 25.0 3.04 1.73 1.17 10.3 1.74 
50S t 7.70 9 030 24.5 3.04 1.73 1.18 10.1 1.76 
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ONE-DIMENSIONAL ANALYSIS ~-Continued 

Run Direct,. Q V T . 2 -5 2 
No. Trav. efs fps °c Ct V/;grr fxl0 Rexl0 ]xl0 

lC 4.32 5.30 21.6 0.93 1.21 51.0 5.20 
2C 3.54 4.45 22.1 0.78 1.25 4.30 3.80 
3C 4.78 5.98 23.3 1.05 1.12 6.05 6.24 
4C 5.80 7.23 25.3 1.28 1.11 7.70 9.00 
5C 1.87 2.38 27.1 0.42 1.14 2.63 1.00 
6C vert. 3.55 4.52 31.9 0.183 0.80 1.27 5.50 4.04 
7C vert. 4.80 6.12 30,,7 0.334 1.08 1.07 7.30 6.02 
8C vert. 5.75 7.20 25.7 0.448 1.27 1.055 7.70 8~50 

9cd vert. 1 .. 63 2.08 26.9 0.462 0.37 0.125 2.27 0.84 
lOC horz. 3.55 4.52 24.7 0.260 0 .. 80 1.21 4.67 3.84 
llC horz. 4.70 5.98 26.1 0.320 1.05 1.11 6.42 6.18 
12C horz. 5.80 7.38 28.5 0.340 1.30 0.99 8.15 8.40 
13C horz. 3.58 4.56 31.5 0.385 0.80 1.22 ,5.98 3.96 
14C horz~. 4.80 6.11 30.4 0.720 1.08 1.04 8.25 6.00 
15C horz. 5.78 7.37 29.2 1.06 1.30 1.03 8.40 8.58 
16C vert. 3.58 4.56 29.6 0.455 0.80 1.24 5.50 4.02 
17C vert. 4.80 6.11 30.6 0.688 1.08 1.02 8.25 5.92 
18C vert. 5.80 7.25 32.3 0.881 1.28 0.99 8.75 8.10 
19C vert. 6.30 8.02 28 .. 3 0.868 1.42 1.02 9 0 15 10.24 
2CC vert. 6.30 8.02 32.7 1.20 1.42 1.10 100 1 10.96 
21C vert. 4.78 6.09 28.6 1.09 1.08 1.10 6.95 6.32 
22C vert. 5.78 7.37 30.2 1.32 1.30 1.02 8.75 8.64 
23C vert. 3.55 4.43 27 .. 0 0.845 1.28 1.24 4.60 3.80 
24C horz. 5.80 7.38 27.8 1.46 1.30 1.12 8.25 8.74 
25C horz. 4.78 6.09 28.9 1.16 1.08 1.08 7.00 6.24 
26C horz. 3.50 4.45 31 .. 0 0.610 1.27 1..23 5.30 3.80 
27Co horz. 3.43 4.36 29 .. 1 1.00 0.77 1.20 4.85 3.56 
28C horz. 4.76 6 .. 06 29 .. 8 1.82 1.07 1 .. 09 8.07 6.20 
29C horz. 5.78 7.37 31.3 2 .. 47 1.30 1.05 8.80 8.84 
3OC~ vert. 3.53 4.50 30.5 0.972 0.80 1.15 5.35 3.76 
31C vert .. 4.80 6.05 31.6 1.56 1.07 1.09 7.30 6.20 
32C vert .. 5.70 7.25 32.5 2.17 1.28 1.08 8.90 8.84 
33C vert. 6.28 7.85 28 .. 4 2.47 1.38 1.20 8.90 11.50 
34C vert. 6.32 8.04 31.6 3.86 1.42 1.16 9.75 11 .. 70 
35C§ vert. 3.60 4.56 29.7 3.09 0.80 1.17 5.27 3.76 
36C vert. 4.70 6.03 30.6 2.97 1.07 1.06 7.20 6.04 
37C vert. 5.80 7.27 30.8 3.69 1 028 1.16 8.70 9.54 
38C§ horz. 3.54 4.51 28.3 2.30 0.80 1.17 5.20 3.90 
39C horz. 4.78 6.08 29.4 3.10 1.07 1.11 6.90 6.20 
40C horz. 5.75 7.32 3003 4.07 1.29 1021 8.70 10.10 
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ONE-DIMENSIONAL ANALYSIS --Continued 

Run Direct. Q V T Ct vA,IgD 2 -5 JxlO2 fxl0 Rex10 
No~ Trav. ::;fs fps °c 

41C6 horz. 4.80 6.10 24.~ 5.05 1.08 1.12 6.92 
42C horz. 5.75 7.32 27.0 5.55 1.29 1.19 8.00 9.90 
43C vert. 5.78 7.37 27.1 4.72 1.30 1.17 8.05 9.88 
44C6 vert. 4.83 6.15 28.7 4.53 1.08 1.07 7.05 6.30 
45C vert. 5.95 7.58 26.5 6.87 1.34 1.08 8.25 9,,68 
46Co vert. 4.82 6.06 28.7 8.72 1.07 1.10 6.85 6.30 
47Cc vert. 4.75 5.95 32.5 10.9 1.05 1.10 7.30 6.06 
48C vert. 6.00 7.50 34.0 8.16 1.32 1.13 9.43 9.92 
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