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ABSTRACT
This thesis presents a mathematicai simulation of flow over

rioples along with experimental confirmaticn.

Experiment's were conducted to establish the conditions of o
initiation and develop;ent of ripples in a mobile bed channel.
Turbulence cha;acteristics; including inténsities, scales and Reynolds
styesses, were measured by the hot-film anemometry technique over a.

~

sand mortar casting of a natural ripple bed, a smooth and sand-roughened .
artificial ripple bed and a smooth and sand-roughened flat bed. :
A flow visualization method using the doubly refracting
technique was used to investigate the shear pattern for the flow of
milling yellow solution over the above mentioned beds. .

A matﬁematical model to simulate the flow pattern ovar a ripple
bed was developed.- The finite element technique was adopted to solve
the governing cquations of the problem, l

A comparison was made of the tu}bulence characteristics
measured by the hot-film anemometer for the different smooth and sand-
Toughened beds.

Velocity and shear stress distributions obtained experimentally
from the hot-film anemometry, the Pitot tube and the flow visualization
methods for the different beds were analyzed.

Velocity and shear stress distributions, and also tge separa;
tion pattern of flow in the lee of the ripple obtained theoretically ‘

were compared with the experimental results obtained from different

methods .

iid
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A comparison between the expefimental results of this study

and those reported by other researchers was made. An explanation

for‘the observed discrepancies in bed shear along the ripple

~

v

is suggested. ’

iv
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CHAPTER ONE

INTRODUCTION

1.1 General Remarks

= 1In thé case of channel f;ow Qith granular bed material,
the mo;ing sediment along the bed can’ distort the bed into z variety
of different shapes as shown ia Fig. 1.

At low velocities the bed does_nd; move at all. As the
velocity—is steadily increased, the threshold of movement is reached
and the.bed begins to move. On further increase of the velocity,
the bed develops ripples. At higher velocities larger periodic .

1

irregularities, known as dunes, appear on the bed. With increasing

velocity, the dunes are erased leavingfé flat bed. Further increase

in the velocity lcads to the formation of sand waves. As the

Froude numbef increases, the surface waves become so steep that they

break; and at the %ame time there is a gradual movement upstream

of the whole wave system. These sand waves are then called antidunes.
No completely satisfactory theories have yet been pﬁ? forward

to explain the mechanism of ripple bed forms. Most of the previous

work, which has been done on bed forms, overlooked the early.ripple

stage of Bed formations. Previous studies by Raudkivi(79),-ghanna(50)

(83)

and Rifai and Smith » Indicated that the turbulent characteristics

T @

of the flow play an important role in ripple formarion. .

Previously, mathematical studies of flow over ripples were

e



.

attempted using one of two approaches. The first group of studies

(116)

was based on stochéstic analysis. Yalin used this approach to

study the conditions of detachment of an individual grain, initiation

of sediment tramsportL and the nou-fluctuating and fluctuating lift
. )

forces adting on the granular bed materidl. The second group of

studies was based on a mathematical solution of potential flow over a

linearlized boundary composed of periodic series to simulate the bed

(46) (66)

forms. Kennedy and Marcer and Hague are the most recent

researchers who used this approach.

1.2 Objectives and Scope

The main objective of this research was'the measurement and
simulation of turbulent flow over a ripple bed.

Hot-film anemometry, being one of the most reliable and
. refined techuniques known to—date ts measure turbulence characteristics,
was chosen as the basic Iinstrumentation in the experimental study.
Rigid bed models were used as the bed boundary to permit more exhaus-
tive studies with the hot-film probes which are subject to damage in
an active mobile bed channel.

A mathematical model to simulate the flow pattern over ripple
beds wé§ developed using the finite element techﬁique to solﬁe the
governing Poisson and Helmholtz.vorticity equations of tﬂe flow
field.

Another objective of this research was the development of

a new experimental flow visuaﬁ;zation technique using "milling-yellow"
-



- solution to;study the shear patterns of flow over rigid beds. The
"doubly refractive characteristics of the milling—yellow'solutiqn

allowed the visual study of these shear patterns.

o
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CHAPTER TWO

. . LITERATURE SURVEY

2.1 Bed Formation-s &

2.1.1 General Comments on Ripple Formations
As garly as 1883 in England; Darw;n(lg) published the res;lts
of experiments on sand ;ipple formations due to oscilléﬁory motion.
He concluded-that a vortex sheet exists.befween two parallel currents
due to a high velocity‘gradient. This vortex-sheet is unstable in

nature and eventually will break up into a series of vortices. Dar-

v

win did not explain the significance of.such a vortex sheet, nor did
A
he investigate the velocity gradient causing ripples.

Also in England, Baghold(b) conducted exFensive research on
the formation of sand dunes caused by wind. He explained that desert
dunes are due to the instability of the bed caused by the bombardment
of sand grains. .

(24) D

Exner established a differential erosion equation for two-

dimensional flow in the form

an v
t .+ K 8x 0

where n is the elevation of the bed relative,tg time t,



K is a factor relating éediment discharge to flow velocity,
v ié the flow velocity near the bed, and
' x is the distance in the downstream direction.

Using his equation, which indicates that the change in bed elevation
is due to longitudinal variation of bottom velocity, Exner showed
that if a symmetrical sand wave is taken as an initial bottom surface,
it will be transformed in course of time into én'asymmetrical wave
wifh a gentle upper slope and a steep lower slope. Howeve;, he did
not give the reason how a longitudinal variation of velocity can
exist if the bottom'is ériginally plane.

(3) L

Anderson reasoned that in case of shallow flow, surface
waves may affect the alluvia% bottom and cause sand waves. Considering
the interaction between surface waves and sand waves, and ﬁsing Exner's
équatiun of erosion, he obtained a relationship between the Froude
number and the depth-wave length ratio. He did not explain the case
of deep flow having sand ripples along the bed or desert dunes forma-
tions without a free surface.
Gilbert(zg) and Inglis(al) postulate that the origin of ripple
lies in an.uneven movement of the sediment caused by the uneven flow
of water. Liu(so) explained that ripples are caused by the instability
of the interface between the fluid and the bed.. |
Descriptions of the development of different bed patterns
have been given by many investigators, for example: Simons and
Richardson(gs’ 96). They divided the forms of bed roughness, on the

basis of their shape, resistance to flow, and sediment transport, into

two regimes, the lower and upper flow regimes, with a transition zone



T

in between. The bed forms are ripples and dunes in the lower flow

regime, and plane bed, standing waves and antidunes in the upper

flow regime. The bed form in the transition zone is variable, ranging
from that which is typical of the lower flow regime to that for the
upper regime.

Different sets of criterid, based on experimental evidence

and physical reasoning were chosen by Qh;elds(QB), Langbein(SA),

L1, (60) (5) (8) (27,22,38)

,» Bagnold'l’, Bogardi and others in order to
S

predict the range of occurrence of each bed configuration, respectively.

They all provide different sets of curves which could be used for
practical application, keeping in mind the limitation imposed by each,

according to its experimental limits.

4(116)

3- and Znamenskaya in 1969(31)

Yalin in 196 , and others(26:94)

have concentrated on the study of the variation of the average ratio
bbtween the length and height of ripples and dunes. Typical values

of this ratio are in the range of 6 to 25.
(41) (25)

L]

Inglis and Falkner reported that no ripples were

found on the sand bed with sand sizés larger than Lpproximately 0.6 mm.
In 1963 Raudkivi(77) studied flow conditions for the particular

case of flow of water over a cohesionless sand bed when ripples form.

Be described the mechanism of ripple formation as a disturbance iﬁ

the pléne surface- by a chance piling-up, when the threshold conditions

of sediment transport are exceeded. This surface disturbance

establishes an interface or surface of discontinuity in the flow

similar to that with flow past a negative step. In his excellent

~

explanation he stated that where the core of this interface meets
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« the sand boundary, it excavates ﬁore material because of increased

turbulent agitation in the interface between the wake and mainl
. stream. This extra material entrained cannot be supported by flow

over a plane boundary. Thé.turbulent agitation is a maximum where
the core of the interface meets the boundary and decrases wing dis-
tance downstream, The additfonal entrained material SettleQQJEE as
it passes downstream, aﬁay from the stronger agitation of the core
region, leading to"a new ripplé.face. This settling out is a
function of the decay of agitation. The interface turbu;ggpe decreases
moving downstream the new ripple face, but the surface dr;;gincreases

becausg of the convergence of flow.

1111 37 reported a general investigation of the occurrence

N =

. N -
of bed forms. From the Bagnold number, the number with whith the ratio :&%°
- .

of ‘shear stress to dispersive pressure varied, he reasoned that when

this ratio becomes .greater than the coefficient of friction of sand

-

—
at}rest, the system becomes unstable. A relatidﬁship was determined

to find the point at which ripples would reﬁlace the flat bed. The
data available generally supported his assumption, however, there was
little data for riﬁple conditions because the flat bad was usually
displaced by dunes. A curve based on an empirical relationship was sug-
gested to determine the point at which the flat bed ceased to exist
because of dune formation.

Hill and Srinivasan(38) have considered the occurrence of
different bed forms as an instability in the flat bed flow. A general

functional relationship has been developed for the instability of a

flat bed when it tends to be replaced by either dunes or ripples.

ey
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Their experiments indicated that two distinct relationships exist for

the two instaﬁili;?es with a region of‘transition in between where
either instability may occur. From the staﬁility fﬁnétioh, the
occurrence of different bed forms could be predictéd.

- In 1971 William and Kemp(lla)lcarried out a research to
investigate the mechanism of the initiation of ripples in natural
sands un;er turbulent water flow. Ripplés were found to form on
a flat bed ffom small deformations .caused by the réndom action of
high turbulent velocities close to the bed.. A derivation of the
criteria for ripple formations was given in ter@g of a line on
Shield's graph. Additional experiments were ma;:uin whicﬁ the grain
Reynolds number was varied by varying the temperature and thus the
viscosity of the water. Their results suggested that the described

mechanism of ripple formatfon does not operate for grains larger

than 600 micron at normal temperatures.

(115)

In 1972 &illiam and Kemp continued their éxperiménts on
the initiation of ripples b; artificial disturbances. They found that
ripples méy be produced on flat channél beds by artificial disturbances,
at lower flows than those at which ripples form naturally. TheAarti-
ficial disturbance used, consisted of vertical thin plates set normal
to the flow. These plates produced separation ed&ies, and thé motion
of grains at the flow reattachment point was observed. They related
‘the development of a ripple train downstream of the disturbance to the
ibEd shear stress measured upstream of‘thefdisturbance. The initiation
of ripﬁles in these circumstances was also related to the height of

the disturbance, the water depth, and grain diameter, in ‘addition to

the normal parameters of Reynol&s number and Shields mobility number.

»
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- and Von Karman
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’

(118} revealed, after reviewing the existing literature,

Yang

some disadvantages of using Shield's diagram as the criterion for

~

incipient motion of seﬁimen; particles in an alluvial bed. He
introduced a new criterion based on avarage flow velocity, fall velo-
city, and shsar veloc%ty Reynolds numbir, which led to é dimensionless
unit stream power equation for sediment .transport. More Ehan 1,000
sets of data from both laboratéry flumes and natural streams published

by different authors were used to support his argument.

(75)

Pratt examined his results of a laboratory investigation

of the flow over a graded 0.49 mn sand within, the framework of Bagnold's
theory for the flow of cohesionless grains in fluid ahd gengral
agreemertt was found between the experim;ntal and predicted behaviour.
Bagnoldls priméry and secondéry bed features were shown to correspond

to ripple type and dune type bed-forms respectively. The subdivision

of the secondary features between intermediate, flattened dunes, and

developing dunes was seen to occur at a particular ratio of the bed

s

load to the associated intergranular fluid stress at each of the four

depths of flow investipated. '

The premise that ripple formation 1s due to turbulence was

(108) (104)

favoured by some hydraulic engineers such as Velikanov » Tison

(109). Velikanov was able to prove mathematically that

turbulence could cause erosion and deposition along the bottom. Tison

<

found that ripples were present in turbulent flow only.

Yalinglls) gave his interpretation of why and how sand waves

-~ .
occur., Waves on the free surface re?ulting from the discontinuity

.

at the beginning of the mobile bed ﬁroduce antidunes. Disturbance

\ ,

10
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in the structure of turbulence resulting frod discontinuity of the
plane initial bed producgs dunes. Def;rmation of the unstable bed,.
surface resulting from any local discontinuity in the plane bed
prod;ces ripples. Yalin distinguished between ri;ples and dunes
with respect to their origin of occurrence. While dunes are assumed
to‘be produced by the lar~est eddies of turbulent f{ow, ripples

are inhibited by the turbulence in the vicinity of the bed. He
claimed that ripples are essentially dependent on the nature-of the

fluid and the size of the grains, and possibly on the bed shear -

stress.

2.1.2 Flow Characteristics Over Ripples
. The problem of resistance to flow over alluvial beds has been
tackled By many investigators to estimate the friction factors of
different bed forms.
(21) - . i

- Einstein and Barbarossa divided the bed resistance into
two parts. The first part of the resistance is associated with the
rough sand grain surface. The second part is transmitted to the

boundary in the form of normal pressures at the different sides of

each sand dune or ripple. They found from river measurements that

the second part, which is the form resistance of the bed irregularities,

is a function of the sediment transport alone.

Engelund(zz) in his theoretical approach followed the Einstein-

Barbarossa subdivision of the total drag. Basically he calculated the
surface drag in terms of the sand grain roughness.and the form drag

as the Carnot expansion loss.

11
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i Shen(gl) analyied the experimental data collected at many

research-lahorator%es. He came to the conclusion that with uniform
size materials the variation of resistance due to the sediment bed
irregularities is a function of both the sediment tfanspoft rate and’
the Reynolds number based on the fall velocity of the sediment particle,.

Garde and Raju(ze\ proposed new parameters to describe the
resistance of an alluvial stream. They claimed, after re&iewing the
reliability of the resistance relationship giyen-by Einstein-
Barbarossa, Liu and Shen, that their own relation is far more satis-
factory in predicting the resistance of an alluvial stream.

(107)

Vanoni and Hwang expressed the friction factor for flow

over a ripple bed in terms of height, hydraulic radius and a newly
introduced 'exposure parameter" to account.%or the areal concentration
of ripples. Their experimental results clearly show the advantage of
using the exposure parameter to find the friction factor.

In 1967_Raudkivi(78) examined the variation of friction factor
in fluvial channels in terms of the governing principles. His labora-
LOYy measurements showed that local surface drag on a bed covered by
bed forms varies from zero at the reattachment region of the surface
of discontinuity formed at a crest, to a maximum at “the next crest
downstream. On exceeding a critical temporal mean value of the shear
velocity, the friction factor increases rapidly as ripples form and
Yeaches a peak value where tﬁe steepness of the bed forms is a maximum.
As the velority inecreases, more dunes of decreasing steepness were formed

which lead to g transitional flat bed, for which the friction factor °

has approximately the initial flat bed value. With the formation of



antidunes, Raudkivi found that the friction factor increases again.
Raudkivi(77) also presenteq&znd examined velocity, pressure and

shear stress measurements along different bed profiles.

(12)

Chang found that, for flow over ripples in alluvial

channels, the grain-roughness friction factor can be satisfactorily

determined from Nikuradse's formula. The form roughness friction
factor was found to be proportional to the exposure parameter and

Inversely proportional to mean relative height of the ripﬁles,;dhd,

also proportional to the coeffiﬁient of expansion loss. The latter

vas found to be a function of the mean relative height of the ripples.

Crickmore(ls) studied the effect of flume width on bed form

characteristics. His experimental results obtained from three different

flune widtﬁs §howed that the form height, form length and spectral
widtﬁ increase with }ncreasing width of flume. He also suggested
that the transport can be obtained from the product of the avarage
height of the dunes and their speed.

(34)

Grass used the hydrogen bubble Qire technique to measure
the distributions of critical instantaneous bed shear stress associated
'with the observed movement of individual surface grains. Critical

flow conditions were then predicted by equating the lower extremes in
these characteristic critical shear stress distributions to the upper
extremes ip the distribution of instantaneous bed shear stress produced
by the particular type of background flow under consideration. His
method yielded sufficiently consistent results to suggest an extension

to Shield's curve for small grain Reynolds numbers.

Squarer(gg) investigated the bed form geometry in a curved

-

13



channel and a straigﬁt flumelwhich were subjected to the same nominal
flow conditions, by using statistical analysis of records of stfeam
bed profiles. A quantitative comparison was made in terms of thé
autocorrelation, spectral densitf and probability density function of
a process, defined by the bed elevation. The same statistical functions
were used to evaluate the bed friction factor and ripple celerities.
He found that the total rate-of sediment transport in the curved
channel is approximatelylfifteen times as much as that of straight
flume for the same nominal flow conditions.

ﬁaursen et a1(56) carried out experiments of air flow in a
cloged conduit with émootp and rough schematic triangular shaped
bed forms placed symmetrically at the top and bottom of the conduit.
Pressurc distributions and boundary shear stress were measured using
the Preston-tube. ‘

Jonys(AB’aA) studied experimentally the mechanics of bed
forms. Velocities, pressure distributions, boundary shear stress
and geometry of bed forms were measured within actively translating
light weight sediment beds. Statistical analysis was carried out to
select only the stable bed forms for his study. He related the pres-
sure gradient omn bed forms to thelr surface'slope. Jonys found tha;
max imun pressuré gradienf occured at locations of maximum bed-form
surface slope, i.e., at locations of maximum particle entrainmment,
and the minimum pressure gradient corresponded with location of zero
particle entrainment.

Sheen(go) carried out turbulence measurements in the flow over

a sand-coated artificial ripple bed. He presented velocity and turbulence
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components at varioys stations along the ;ipple. .

Rifai and Smith'®3 uysed a series of rigid triangular elements,
placed on the bed of a laboratory flume to simulgte alluvial channel bed
features. Their stﬁdy showed that the energy spectra expressed by the

frequency of the turbulence throughout the flow is' higher than that for

. ~
compaiable flow over a rigid plane .bed, due to the higher frequency
turbulence arising from the eddies in the lee of the elements. They found
experimentally that the macro scale of turbulence is approximately equal
to the height of the triangular élement.

(50)

Khanna » using hot wire anemometry in an air medium, measured

the mean velocity distribution; angle of flow, static pressure distribution
and longitudinal turbulence intensity, along a typical smooth wooden wave
with flow characteristics of the domain of fipples and dunes. From his
observations, skin friction coefficient, form drag, shear stress and
bouhdary layer thickness have bggp evaluated.

(102)

Thomas carried out experiments on particles transport in a

round pipe in an attempt to establish a correlation of the sand waves
forming in closed pipes and open channels. He observed that equally
spaced clumps or islands formed at velocities only slightly greater than
those required to initiate particle movement. Thomas presented a good

(97)

correlation between his results and thosi reported by Simons et al
on sand dune formation in an open flume. He concluded that sand waves
in closed pipes, open flumes, rivers and channels are closely related
phenomena and hence any theories must account for the data from all

theqe systems., The equation that he proposed was based, in part, on

Helmholtz instability.
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In spite of the previous extensive expgrimental work in inﬁes4
tigating the earl; stages of bed fprmation, it was felt that one of the
siénificaqt areas orerlooked by previous investigators is the measure-
ment of turbulent characteristics of flow of the domain of natural riﬁples.
The experimental meésurements over mobile beds wére always lgmited
to either Pitot-tube or hydrogen bubble techniques where no information of

the E?rbulent characteristics of flow over ripples can be revealed. Other

investigafors(so’go)

have carried out turbulence measurements using the
hot-sensor anemometry technique over simplified two~dimensional ripple
models that were not completely representative of the actual three-dimen-

(50)

sional ripple formation. Khanna measured turbulence characteristics

of air flow over smooth sand waves that do not represent an actual ripple

(90)

formation. Sheen's experiments were carried out on water flow over
a two-dimentional sand-roughened ripple bed model.

The difficulties encountered in turbulence measurements over
sandy mobile bed are recognized. The moving particles will damage the
delicate sensors if such approach is attempted. However, in the present
research an exhaustive study with the hot—film‘pfobes was initiated to
investigate the turbulent characteristics of watér flow over a rigid
cast of a three-dimensional natural ripple formation aﬁd a fepresenta—
tive two—dimensional sand-roughened model of a ripple bed. Flow charac-
teristics over a smooth ripple model, and smooth and sand-roughened flat
beds were also studied, Pitot-tube measurements were also undertaken
over the natural mobile ripple bed and the rough and smooth rigid beds.
In this manner a cogplete satisfactory comparison of the flow characteris-
tics over the natural mobile bed, cast of the natural ripple, the artifi-

clal ripple and the flat beds can be achieved.

/
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2.1.2 Mathematical Models of Flow Over Ripples
Analytical treatment of turbulent flow past boundaries of

"regular periodic form has been of interest to many investigators.

(53) and Hilne—Thbmson(67) has

. e
The first of these, presented by Lamb
considered irrotational flow over a sinusoidal boundary as a simple

example of a time-dependent motion rendered steady by a simple Galilean

transformation. This formulation has later been used by Kennedy(aﬁ) and

Reynolds (81

» to examine the stability of flows over erodible beds in
alluvial channels. Treating the fluid motion as irrotational achieves
considerable mathematical simplification and yields at least a descrip-
tion of the behaéipural features of the flow outside the boundary layer
region. Many other important properties, however, are not revealed
unless shear forces anq rotational aspects of the flow are introduced
into the mathematical model. The second approach to the problem utilizes
the one dimensional method of analysis which was introduced by Bous-

9 (61) (42)

sinesq It has been

and further developed by Masse and Iwasa
applied to flow over a rigid, wavy bed by . Engelund and Hansen(23), and
to flow over erodible beds originally by Exner(ZA) and more recently by
Reynolds(sl). Using the one dimensional method of analysis, Kennedy(47)
developed an energy equation for shearing flow over a bed of regular
sinusoidal férm, retaining the curvilinear and convective terms. The
formulation has been linearized and examined, and found to yield a
practically complete description of the array of surface wave con€3gura—
tions accompanying various flow conditions and bed geometries. k

(66)

Recently, Mercer and Haque presented a ripple flow profile

17
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model based on potential flow over a linearized bbundary‘composed of.
a periodic series of modified wedges and eddy shear lines. as an .
;dvanceﬁent on sinusoidal profile models. Velocity and pressure
data taken from a styrofoam replica of the profile model were compared
to those obtained theoretically.assuming irrotational flow and also
to those obtained thecretically assuming'inviscid rotational flow.
The latter showed fair agreement with thei? experimental results.

This model gave a solution fof'a simplified boundary condition with

frictionless ideal flow.

]

It was felt that applying the fihite element technique(lzo)

as a sophisticated mathematical model simulating the real flow under

prescribed intricate boundary conditions would provide a new approach

in modelling ripple behaviour. ~

2.2 Hot-Film Anemometry

(51 elating the

The analysis and measurements of King in 1915
convective heat transfer from small heated wires to the measurement of
fluid motions is generally accepted as the beginning of hot wire
anemometry. The use of ho;-films, however, 1s much more recent. One
of the earliest developments was that by Ling and Hubbard in 1955(58’59).
‘ While differences between films and wires do exist, the operating

principle is the same. Thus, when discussing the techniques of hot-
wire anemometry, the comments apply as well to hot-films.

Since King's early experiments, literally thousands of articles
have been published in which hot-wire techniques were used. The majority

of these were concerned with the study of turbulence in air streams,

particularly in wind tunnels. A representative list of thirty-six



such wo?ks which report some of the most important turbulence measure-
ments has been compiled by Cooper and Tulincls). Of these, the work
by Laufer(ss) as a thorough investigation of meaﬂ and fluctuating
quantities in a two dimensional air chénnel flow is the most significanf.
Techniques of constructi;n of the sensing element and methods of
‘ - .
operation in air streams for flows ranging from a few feet per second to
measurements in hypepsonic wind tunnels have been well developed. A
reproducibility of *2% in the measured turbulence characteristics 1s
generally expected. With liquids, however, the situation is different,
where many problems which are not encountered im-air may arise.
In early turbulent studies,the results were not much better
than qualitative reproducibility of about %50Z. These include
reports in 1950 and 1956 on the study of the effect of turbulent
(]0,101).

intensity on skin friction in ship model towing tests

Others include the ocean turbulence studies at the Pacific Naval

(70 (33,71)

Laboratories between 1951 and 1956
(32)

with later reports in 1959

and 1962

In more recent studies quantitative results have been obtained.

These include the momentum transfer study in two phase liquid-liquid

(18)

flow by .Darby , velocity profiles in the transition region in an

(11)

]

, and the analysis of the turbulent
(86)

open channel By Carruthers
free shear layer in channel flow by Sabin
A fundamental study of turbulence by Bankoff and Rosler(ﬁ) in
1962 once again vividly demonétrated the problems associated with
liquid turbulence measurements. They used a hot-film anemometer to
measure velocit; distributions, intensities and scales of turbulence,

and spectral energy distributions in a free jet. Rus{ accumulation from

19
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the connections in galvanized piping, entrained air bubbles and
electrolytic deposition of metallic ions from the water on the hot-

film caused considerable difficulties. Drift in mean velocity readings

(probe voltage) was as great as 75% per hour.

(84) was able to obtain satisfactory results by using

(76)

Roberts
well-filtered, degassed and de-ionized hydraulic oils. Raicheln
was alsc successful in measuring'turbule?ce characteristics in caréfuliy'
cleaned water.

Dell'osso(zo) employed single and crossed hot—-film to investi-
gate the turbulence characteristics in open channel flow.

(63) (64,65)

McQuivey alone made exiensive

and with Richardson

measurements of turbulencg characteristics of water flow in open

channels. The effect of fluid-borne contaminants on the voltage/

velocity relation wés studied by comparing furbulence measurements

made in clean and very dirty water for hydraulically rough and smooth

open—-channel flow. They coﬁclude that dirt and air bubbles accumilating

on the sensor decrease the mean voltage for ;'given velocity but in

the domain of frequencies encountered in water, do not affect the

frequency response of the sensor to velécity fluctuations. Thus,

for a given sensor, there is a unique family of voltage/velocity

relations which can be defiped by calibration with different overheat

ratios. Their verification was 1imiﬁed to a degree of contamination

of the probe which changed the voltage/velocity relation the same

as would occur when the overﬂeat ratio de:zreased from 1.10 to 1.07.
Resch(BO} has also obtained experimental results of turbulence

in water flow using unidirectional, conical and wedge shaped probes.
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2.3 Flow Visualization

(62)

Even though Maxwell first observed the phenomena of double

refraction in liquids in 1866 little work has been done with its
direct application in tﬁe field o% fluid mechanics.

It waé not until 1924 that Humphery(ao) first used vanadium
pentoxide solutions to shéw qualitatively the difference between
laminar énd turbulent flow. The earliesf attempts at quantitative .

measurements from flow double refraction were reported by Alijck and

Sadron(z), using sesame 0i1l, they c¢laimed to be able to determine

velocity gradients within approximately 0.1 mm of a solid boundary.
Hauser and DEWEY(35) used bentonite solutions for qualitative
and quantitative studies of velocity profiles in two dimensional

laminar flow.

were apparently the first to use an

Peebles, Garber and Jury(73)

aqueous solution of milling-yellow dye to obtain stress patterns through

and around various configurations. Peebles, Prados and Honeycutt(72)

reported on the optical and physical properties of milling-vellow

in 1954. This report was followed in 1955 and 1957 by reports of

Peebles and Prados(74), using milling-yellow to study fully developed

laminar flow through straight converging and diverging channels.

(110,111,112,113)

Wayland and Sutera have conducted experiments on

the laminar and turbulent flow in the annular space between eccentric
Totating cylinders to clarify the optical calibration data obtained from

concentric cylinders to the 2znalysis of general two dimensional laminar

flow.

(103)

Thurston and Schrog investigated the dynamic birefringence
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of aqueous solutions of milling-yellow. They conducted an experiment
with a confined fluid layer between two rigid parallel planes, one
plane being fixed and the other plane executing a sinusoidal motion.

Scheuner(sa) obtained the velocity profiles, in the boundary .

ates of milling-yellow solution in a four by

layer for various flow r
four inch tunhel, from the interference pattern created by parallel
flow along a flat plate. His experimental results Eompared favourably -

with thearetical Blasius boundary layer velocity distributionms. "He

also analyzed qualitatively the flow past a cylinder. S
i - \_‘ o
Ousterhout(eg) presented his results of milling-yellow solution

flowing over immersed bodies in a uniform velocity field. It was -

—

possible to determine the shape of velocity profiles within a b0uﬁd§5§r-‘

-
layer by interpreting the interference fringes as lines of .constant :
/

strain rate. Regions of instability, vortex shedding and turbulence
were also determined. ’
Ahimaz(l) suggested an experimental approach using the milling-

yellow solution and the scattered light technique to study the three-

dimensional state of flow and the stress at a point in the fluid.



CHAPTER THREE

THEORY AND DEVELOPMENT OF THE

MATHEMATICAL MODEL

3.1 * Introduction -

In this chapter a mathematical model simulating the flow
pattern over a ripple bed is presented. The flow is represented

by a Poisson Equation, relating stream/function to vorticity and
L 4

~

a modified Helmholtz Vorticity Equation in the forms:

2 2 ’
ChiJ + Clatd + w = 0 3.1
ax? 3y2 '

3w 9 - 3 - y dwlT
+ ™ {Um (v + ) ax(} + 3y {Vm (v + ) } 0

Theoretical derivation of Egs. 3.1 and 3.2 is given by Zaghloul(llg).

It should ﬁé notgd that an eddy viscosity term has been
added to the #inematic visco;ity in the Helmholtz Equation to
account for the actual turbulent flow conditions.

The finite elemen; technique is adopted to solve the
governing equations. This method is primarily based on 1imiting N
the real system with an infinite degrees of freedom to a finite
number of degrees of freedop so that the computer solutions can

be obtained.

The finite element technique which was developed originmally

. 23
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(14)

as a concept of structural analysis , has been applied by

Zienkiewicz (120} o problems dealing with fluid £low. -

b 4
3.2 The Finite Element Formulations

3.2.1 Poisson Equation
Eq. 3.1 is the two dimensional form of Poisson Equation
for an incompressible fluid.
By the calculus of variations, the‘equivaleﬁt formulation
of Eq. 3.1 is the requirement that the double intggral given in Eq. 3.3

-and taken over the whole region should be minimized.

X = JJ Ei{(%-‘%)z + (%3—)2 } - ww] dxdy 3.3

- The procedure used to derive the necessary matrix formulation
of Eq. 3.3 was achieved by dividing the region into a number of finite
triangular elements. These triangular elements are assumed to be

interconnected at six discrete nodal points, the three vertices and

the three midpoints of the sides of every triangle.

VoL

£ -.n Global Axes
X - Y Local Axes

Fig. 2. The Characteristics of a 6-nodes Triangular Element
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Fig. 2 shows a typicél triahgular_élement with the nodes i,
j, k, L, mand n npmbered in an anticlockwise order. If the six nodal --
values 6f ¢ define the function within each element, then Y

can be expressed as a matrix}of single column written as

W = W b e Yy Vg ¥) 3.4

The cholce of six nodal points to define the stream function ¥

is necessary to yield non-zero second derivatives of { with res-

pect to x and y in ovder ﬁo calculate m.from the Poisson Equation.
Assuming the y values can be represented by the 10Fa1 X and

Y co—ordigates, that is, co—ordinat%P referred to local axes situated

at the centroid of the element, in the form

p = a; + wpx + azy *+ cu,x2 + agxy + agy? 3.5

which is the compatible form of the second degree polynomial type 1

)

equation.

Now, define the matrix [C] such that,

! x2 y2 xi 2:c2y2‘ yi

fc] = 1 x3 Y, xg x3y3 y§ . 3.6
1 Yy xi. xuyu. yi
|‘—1 XY, .x: XY yz




where subscripts 1, 2, 3, 4, 5 and 6 indicate the nodes 1, j, k, 1,

m and n respectively.

And the inversion

[c]™ -

Bj-l as

r011 C12
Ca1 Cas
€3 C32
Cyy Cy2
Cs) Cs2
hCe1 Ce2

Ci3

Ca3

Also, define the vector [E] as

5] -

Ciy C1s
Cay Cas
Cay Cas
Cuyy Cys
Csy E355
Ceur  Cgs

[-1, X, ¥, xZ, XY, ),.2}

Using Eqs. 3.4 to 3.8, one obtains

or

and .

or

3.7

3.8

3.9

3.10



where
+ xyC

Differentiate Y with respect to x yields

d 3 . -1
Bt BT oW

and
< .
3F ' .
e - e g
Therefofe, '
e
Yy T [ﬁi’ Nj' Nk' Ny Nps NA] vl
where
Ni = CZi + 2}(Chi + . yCSi N
Also, the differentation EE_ (~ié can be written as
1
5.@._(5&) T
X awi i
Similarly,
3 3E -1
- = —_— C
oy u’y 3y (]
and

| [%)E?] = [5) = [0, 0,1, 0, x, 2y]

+ - y2C6

3.11

3.12

3.13

3.14

3.15

3.16

3.17
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Therefore, . N N
b= Mg, M, M, M, Ml e | 3.18
where
M= Cy FoxCy 4 25C 5
and *
Y
%,H(%E) = a—wi- = M, 3.19

With the nodal values of ¢y defining uniquely and continuously
the function throughout the region, the 'functional' k can be minimized
with respect to these values. To achieve this, one should first

N ' . 3%
evaluate the contributions to each differeptial, such as Sy from a
i

typical element, then adding all such contributions and equating these

to zero, It is noted that only the elements adjacent to the node i will

contribute to %ﬁ— - The differentiation of Eq. 3.3 with respect to ¢
i
yields
e .
LD - 3y 3 3¢ Yy 3 3y 3
3% JJ [(ax) 5 G2+ (ay) T (ay) w gy |9%xdy  3.20
i i i - i
Substituting Eqs. 3.14, 3.15, 3.18 and 3:19 in Eq. 3.20 and
arrangi—ng one obtains }

Y
e

. . M., N e

v, [J ([Ni, Nio N, N, N NN ()

, 3.21
e

+ [Mi, Moy M, My, M, Mn] M, {y) ) + ‘Fi



where

Fi = - J I w Y dxdy

3Wi - { J w Widxdy . 3.22

where Wi is defined &by Eq. 3.11.
If w can be assumed as constant within an element, then the

integral of Eq.‘3.22 reads
Fi w J J(Cli +‘xCzi + yCai + x Cki + xsti +y Csi) dxd? .§.23

which requires to be evaluated over the area of the triangle, this:

becomes

T <l _.'" 2 wul w2
Fi wA (C1i + szi + }Csi + x Cqi + xsti + vy Csi) 3.24

1

where X and y are the co-ordinates of the centroid, that is,

1

= (xy Fxp +x /3 y = (yi+yk+ym)/3 3.25

and
A= J J dxdy = area of the triangle

Adopting the local co-ordinate system, implies

[ ;=;=0

Therefore, Fi = —.wACIi 3.26



Eq. 3.20 is written for one of the six nodes forming an

element. - For this element, a matrix of a singlé column of the 'six

Coax® oax® ax® ay® ax*®
differentials —3—3 -X—; —X—, —K~, —X—, and —X--gives the
Wy Wy AT Ayt By e

final equation as

Eq. 3.27 can be written in a condensed matrix form as

{%}e = [n] }¥ + (F}®

where Dﬂ is the stiffness matrix given by

3.27

3.28

30



NiNi NiNj
N.N N.N
ji i
NN NN, -
[h:-l - ki k'j
NlNi Nle
N N, N N,
m i
NnNi Nan
MiMi MiMj
MM M.M
j 1 i
M M
.| men
Hll‘?li Mle
M M. MM
mi mj
MM M M.
L ni n j
and
{F}e = - wh <

"

MMy

MMy

Ml

MM
n

il im
ij{} Nij
NN NN

J

Ny NN
N Nl /NmNm
N N S N N

1 m
MiHl MiMm
I'IjHl - Mij
MM MM
MlMl Mle
MM MM

m 1l mm
MM MM

nl nm

3.29

3.30

31
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Eq. 3.28 is 'deril\’red for one element, to obtain the equation
of the minimization of the whole region, one has to assemble all the

differentials of x and equate each to zero, that is,

iL:giL-;o 3.31

the summat¥6id being taken over all the elements. Using Eq. 3.28

in Eq. 3.31 yields

éL = = ‘
3, EIhgy o+ EF, 0 3.32

the summation being taken over all the elements and nodes.

3.2.2. Helmholtz Equation

Eq. 3.2 is the two dimensional form of Helmholtz Equation for

an incompressible fluid, in which

e 2 o
(Bx (Uw) + 3y (Vm)) is the convective term
and )
e
(-g—‘: - 9% (v+e¢) Vw) is the diffusion term

The convective term in Helmholtz Equation is assumed to be

constant over the element during one time step, that is an average

value : '



7 3 ' &
(E (Uw) .+ W (V) = constant = C
t = t to (t+ At)
. g
or
e’ e
e U 2w A
(Uax + w33 +.Vay+m3y) = C
or )
. ) e .
dw Juw au av e
(U ax v 3y . T (ax + By)) . ¢

but the continuity wequation states

1
> a1 W
: ax T3y =0

therefore, the convective term can be written as

. ,
e ]
dw du _ =
(U " F OV By) c

Furthermore, within an element, the expression (v + g) in the

3.33

diffusion term is assumed to be represented by an average value, that

is

- e
V{v+e)V (-) = (v+e)v2 ()

3.34

33



34
then, Helmholtz Equatfpn can be rewritten as
S
» “'"/'
2, | 2 _e : —
(3—“+3—-“i)-——#-—e(c+g‘—”t-=o- 3.35
3x2 ay2 v + &) .

{

Using the above averaging process tends to damp temporal instabilities

caused by vortex shedding in the solution as pointed out by Zaghloul. (119)
In a similar manner to that used for the Poisson Equation, the

equivalent variational form&lation to Eq. 3.35, is the requirementltha;

the integral given in Eq. 3.36 below and taken over the whole region,

should be minimized, or

. 2 _e . 1
JJ E‘E{ (—g“’ + (-——) }+——~—1c_=1 T + 2 u] dxdy 3.36
x y L. at A
v + ) £)
all elements

!
in which, however, %% may be treated as implied by Zienkiewicz'lzo),

as an Invariant. The differentiation of Eq. 3.36 with respect to

the unknown wy gives

. .
oS ” [c—a-‘ﬂ s e A9 ey, L <c+a“—°’] dxd

y
Bmi X ami Ix Ay wy By OS] at’s Wy ‘

- 3.37
The same pattern of the triangular elements employed i& sectioa~
3.2.1 was used to derive the matrix formulation of Eq. 3.37. The
vorticity within each elemégt was defined only on the three vertices
of tﬁe triangle i, k and m, numbered in an anticlockwise direction,

then w can be expressed as

)
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.{m}e = o) : - 3.3

Adopting the three node element to define the vorﬁicity w is
sufficient. This is true since the first_aerivgtives of the
vorticity ﬁith respect to the co-ordinates x and y only, are required
in the variational formulation of the Helmholtz Equationm.

Assuming that thefjj’;;lues can be represented by the local

X and Y co-ordinates in the form
w= o + Bx + vy (\v/45r-- 3.39
which is the compatible form oi\&he first degree

. o

Then for each node, one can write

w, =-a + Bxi + Yy, 3.40a
w, = a + Bxk + YYy 3.40b
w, = o + me + Yy 3.40¢
or in a matrix form
1 Xy Yy a o
e
{w}” = |1 Xy ' B = [cM] (s 3.41
1 LI A Y Y
C



o

Solving for «, B and Y. in terms of the nodal values w

i’

@, and w by the method of determinants assuming

24

Then

det

det

det

det

=

2 (area of triangle i, k, m)

3.42a

3.42b

3.42¢

36
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Substituting the values of Eqs. 3.42a, 3.42b, and 3.42c in

Eq. 3.39:_and arranging, yields

1 '
w TN [(ai + bix + ciy) w, + (ak + bk* + cky) W,

+ (am + bmx + cmy) mm]

il.l which, -
8 % *m T Wk
bi = Tk T ly1n
ey = oxXy T ¥

Then, © can be expressed in a matrix form as

E
i

where

/

(

wg) .
ELi, L IhJ smkt = 1] (0
w .
- Vn

/
J

DE}ferenciate w with respect to x and y respectively, one obtains
/
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3.43

3.44a
3.44b

3.44¢c

3.45



Also,

and

Jw 1 R ] e
ax TS A e tul
i 1 B 7 - e
3y 24 _fi' S cq_ {u) .
3 8w, _ 1 :
dw (Bx T 2A bi
i
—--a— (—a-g,- = -l-—- L ol
By 3y 24 i

F

Substitute Eqs. 3.46a, 3.46b, 3.47a and 3.47b in Eq. 3.37 one

obtains

»
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.3.46a

3.46b

3.47a

3.47b

o .
-ax 1 e e
Bw;,  (28)2 J j( [bi’ By bm] lwl” by + I:ci’ x> Cm] {w! ci)d"dy

+ JJ{_(\,_E'ETQ gzi}dxdy_-!- [J{_____—(:-::;-e.

or

r

Juw
at

Jw
w

_— } dxdy
i

3.48

The final equation for one element can be written in a matrix form as

{

w

3 e
I 1 IS L YL v

3.49
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s

where [h] is the stiffness matrix written as

by byb  bibo ©3%1 5% cicm-’
R 1.
(b = % BPy. Beb  Bbot 4 o €t %%k %Cml 350
bmbi bmbk bmbm cmci c ck cmcm

S _e . e
Following the assumption that both C and (v + e) are

constants éithin an element, then, the second term on the right hand
side of Eq. 3.49, that is, {Q}° can be written as

e e

Q = —_‘—%JJ(‘BL') dxdy = _—C“ﬂIIL dxdy
Buy ) :

= 1 '
———e 33 I [ (ai + bix + ciy) dxdy

= ———e (a, +b.x +c,y) /2
— i i i
(v +¢)

Since the local co-ordinates of the centroid of the element
are zero, that is, x = y = 0.

Therefore,
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Thus, finally the simple result obtained is,

e ay -
e C
@ = ——e fa 3.51
2(v + ¢€)
a
m
_e
To calculate C, recall Eq. 3.33 as
. - L] ) ‘I
. e
= duw Jiy
¢ U * V3

The first‘derivatives of thes vorticity w with respect to the co-

ordinates x and y can be deduced from Eq. 3.39 as

Jw
ax B
and .
oy ¥
Then Eq. 3.33 can be written as
_e e
C = (U + Vy) 3.52

The right hand side of Eq. 3.52 is evaluated for every

element using



—

a3 + us; + 2(15; = (!é

and

- ap - zagi - gy = - as

41

3.53a

3.53b

Note that x and §'are the local co-ordinates of the centroid of the

element, that is, x = ;. = Q. The values of B and y can directly

be calculated from the relation .

a 1 X y -1 w

_ 1 i i

. -1 e
B) = 1 Xy Vil mk, = [eM] {w}
Y . *n I “n

To evaluate the third term on the right hand side of Eq.

{ .
3.49, that is, {Rfe, recall Eq. 3.45 as

w = [L] {w}®
Therefore,
Juw wl®
- iy
\
but,
Ri = ———l~——e J J (%%—- gﬁ%d dxdy
(v +¢) )
or

3.54

3.55

3.56

3.57



The final form for all nodes reads

)

. N e
C{r}® = —L J I[L]{-g-%} [L]T - axdy 3.58
(v +¢)

'Noting that the first praduct is a scalar, one obtains

. . e
{(rR}® = —-—1—_e (IJ [1,]T [L] dxdy_) {%—} 3.59
T |
or
e
{RY® = [p] {g—‘:} 4 3.60
with '
[p] = :1___,‘—6 JJ [L]T [L] * dxdy 3.61
_ (v + ¢g) '
or
LiLi LiLk' LiLm
A
[e] = e 3.62
LmLi LmLk mm

e .
Evaluation of the term (v + €) will be dealt with in detail

.

. »
~ in Chapter 8 "Results of the Computer Simulation".
The final form of Eq. 3.49 is now
a | b .
X - gty * I opo w4 IoQ = 0 3.63

i



or . :
(W] (o} + [F] {3—‘:} 4 {} = o - 3.64
in which Dﬂ 1s the stiffness matrix.of the whole assembly, and
[P] is a matrix assembled by precisely the same rules as the stiff-
ness matrix from the éomponents of [pﬂ.
Solution of Eq. 3.64 has been achieved by assuming that in
the interval of time At the value of {%%} vary linearly with time.

Thus, on integrating

i 73 U 7 SR S
{w}, = -{“}t—At + ( {at}t-—At + {at}t) %5 3.65
or ‘
Jw dwtl L2
{'a_t}t - T {H}t-m: MR P O PUPRD B e . 3.66

Substituting in Eq. 3.64 at time t gives the following recursion

formula
( H) + [P] ) {w} [P] (—— {m ac F {a—‘:} ) - {qQ}. 3.67
t ‘ ) at t

or

(5] tw, = [M,,, - 3.68

Thus {m}t can be evaluated by solving the system of simultancous equa-

tions provided the values of {uw} and{%%} are known at time t-At.
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At the first step, only the values-of {m}t=0 are known.

However, from Eq. 3.64, the values of{%%} can be determined.

t=0
Thus the .solution of

o {3}

([H] fwl o + -{Q}) 3.69
£=0 .
will %sult in the initial values. With the initial values of {w}

and g%} are now known, solutions of Eqs. 3.67 and 3.66 will
t=0

9t

result in the subsequent values of {m]t and {EE} respectively,
t

The equations to be used in the solution and the order in

which they are solved are summarized in Chapter 8.



CHAPTER FOUR® .
PRINCIPLES OF THE HOT-FILM ANEMOMETRY

AND THE FLOW VISUALIZATION TECHNIQUES

The basic princuples of the hot-film anemcmetry and the
flow visualization techniques that were used to measure the flow

characteristics are outlined in this chapter.

4,1 Hot-Film Anemometry

4.1.1 Introduction
The detecting element of a hot anemometer is either wire
or film, which is heated by an electri; current. The sensor is
cooled by the flowing fluid, causing the temperature to drop and,
consequently, the electric resistance of the sensor to diminish.
The total gmount of heat transferred depends on:
a) the flow velocity, .
b) the difference in temperature between the sensor and the fluid,
¢) the physical properties of the fluid, and
d) the dimensions and physical properties of the sensor.
Generally (b) and (d) are known. If (c) is known or kept

constant, the flow velocity can be measufed; or if (a) is known or

L

constant, » variation in the fluid physical properties can be detected.
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The sensor is cooled by heat conduction, free and forced
convention énq radiation. However radiation and free convection | ‘
| effects are negligibly small under usual operating conditions.

For.carrying out measurements of turbulent_velocity fluc-
tuations, one of two different methods could be applied, the ton-
stant current or the constant temperature technique.

In the first method the electric current "I" is kept constant
while the temperature and hence the electric resistance change
with the fluctuating velocity., 1In the second method, the temperature
and so the electric resistance are kept constant while the electric
current fluctugtes with the velocity.

In the constant current anegometer, the finite thermal capacir'
tance of the sensor affects the sensitivity and the phase relations
so that turbulencé can only be measured up to a frequency around
1000 HZ. The constant tempeyature anemometer, however, employs a
feedback technique that minimizes the effect of thermal lag, thereby
increasing the upper frequency limit by a factor of severalIHPndred

up to 400 KHZ.

Servo
Amplifier

probe

Fig. 3 Constant Temperature Anemometer Circuit



Throughout the hot anemometry measﬁrements in this reseafch

- the constang temperature technique was adopted. This system consists
of a Wheatstone bridge of which the probe, consisting of the probe
body, probe prongs and probe sensor, forms a part and a servo amplifier
as sﬁown in Fig. 3.

Electri® currént from tﬁe servo amplifier floys through the
bridge, thus heating the sensor. The -output current‘of the amplifier
is controlled by the bridge unbalance, that is, Phe error signal
between points (1) and (2) in Fig. 3. The amplifier is polarized
so that a change in probe resistance due to cooling will result in

. &
an increase in amplifier output current.
4.1.2 Basic Equations

4.1.2.1 General

The heat transfer from the sensor to a flowing incompressible
fluid may be described in terms of the dimensionless groups of Nus-
. selt (Nu), Prandtl (fr) and Reynolds (Re) as suggested by Kramers(sz)

in the form

N = 0.42p%.2 4+ 0,57 p0.33 . RO,5 4.1
u b o T - e
where
ad ’
N = x
c U
P = _.L
r K
R = pUd
e u .
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in which
5

a ~ heat transfer coefficient

K - héat conductivity of fluid

Bo- ébsélute viscosity of f£fluid

cp - specific heat of fluid at coustant'pressufe
p - density of fluid

g - gravi;ational acceleration

U - wvelogcity of fluid

d - equivalent diameter of the sensor

. S »

" %hg_values of the fluid properties appearing in the dimensionless

groups refer to the average temperature Tav'

-
T - Ts + Tf
av 2
g
\ -
where
' TS —~ Sensor temperature, and
_ Tf ~ fluid temperature,

Eq. 4.1 has proved to be valid in the range

01 < Re < 10000

’

which is sufficiently wide for all practical applications of hot-film

anemometry.

The heat per unit time transferred to the fluid from a sensor

with equivalent length £ is

andg FT; - Tp)



or, with the value of "a" deccording to Eq. 4.1

TRE (T - To) [0.42 (B )0-2 4+ 0.57 (p)0- 33 (R )0.5]

4 R -
For thermal-equilibriuﬁ condicioné, this heat loss per unit
time must be equal to.the heat generated per un{t_time by the

electric current througﬁ the sensor, that is, it must be equal to '

12RS where ,
I - the electric heating current, and
Rs — the total electric resistance of the sensor.

.

Thus for the thermal equilibrium one obtains

IR = k nKL (T -T

0.2 4 0.33 g0,5
. 6 ¢) [o.c.zplE +0.57 p2-33 R0.5] 4.2

where k is a conversion factor equal to 4.2, if the left hand side is
obtained in joules per second, and the right hand side is obtaineﬁ
in calories per second.

The temperature dependence of the electric resistance of the
~ sensor gives an effect of first order; it is on this effect that ;he
use of a hot w;re or film as an anemometer is bgsed. This temperature

-

dependence may be expressed as follows

6} b + o (Tg = T)) + oy (T.-T)2 + .. .] 4.3
where ' o

- resistance at a reference temperature T
0,0; = temperature coefficients of the electric resistivity

of the sensor.
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Uéually, under the normal operating conditions, the quadratic term
may be disregarded, since 0] is much smaller than o, Ay
‘Disregarding. the quadracic term in Eq. 4 3, the temperature
difference (T - T } in Eq 4.1 can easily be expressed in terms of

(RS - Rf), where Rf denotes the electric resistance of the sensor.

-

aé the fluid temperature Tf, one obtains
T -T, = —=— =~ 4.4

The relation 4.1 can then be written

K2 Rs — B¢ |
IR, =57~ . 2L 1440 p0.24 g 57 p0.33 RC:5) 4.5
s o R0 , T r e

Eq. 4.5 can be written in the form

12R2 | -
s n
5 e o v = A + BU e 4.6
R_(R_ - R)
where
A = 0.42 U“Kz (p_)0.2 4.7
. [+
<B = 0.57 £IKE (p y0.33 E%)0.5 .. 4.8
[+]

and n = 0.5

Eq. 4.6 is the basic equation in hot-sensor anemometry.



1

" For the constant temperature (constgnt resistance) technique in

- o)

turbulence measurements, Eq. 4.6 can be written as
E2 = R%-a(a-l) (A + BU™) X
or

n

"E2 = A'.4+ B'U 4.9

in wh;ch a = the overheating ratio = Rs/Rf aﬁd E = the mean voltagé;
In water, the overheating ratio (a) is usdal%y set between 1.03 and
1.10. Values of (a) higher than 1.10 are not used in water becausge.
the temperature of the probe would cause b;iling. .
In practice, the factors A’and B are not calcﬁlated
acCo;ding to the relations 4\7 and 4.8, GLt, are determined experi-
“ﬁentally by Eerforming a calibration test to obtain a relation in tﬁe‘
‘fotm E = f(U). “To convert the voltage fluctuations sensed by the
hgz-film anemometer to velocity fluctuations, the followiqg assumptions
e made:
1 In a two dimensional flow, the velocity vector ﬁ can be expressed
by. & mean value U and fluctuation components u and v.
2) The sensor held perpendicular to the flow is sensitive only to
the mean and fluctuating component of the velocity perpendicular to
the hot—fild?‘that is, the film‘is sensitive to the first order of
u and is only affected by the second order of v.

3) The relation between mean voltage and mean velocity can be used

to convert voltage fluctuations to velocity fluctuations.
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-

4) The change in fhe slope dE/dU- of the calibration curve ié small

| over the range of the velobitj.fluctuations encountered during a
measurement; thus, fﬁe tangent to the,véltage/veloq};y curve at
the mean ﬁelocity can be ;sed to convert voltage fluctuations to
velocity fluctuation;.

5) The flui& properties, overheating ratio, filh dimensions and
angle of'attack are constant; that, 1s, the heat transfer is a
function of only'the velocity of flow.

The above assumptions are used to derive the formulae
to éalculate the turbulence characteristics as described in thé

-~

following subsections.

4.1.2.2 Turbulence Intensity

Y@ . .

ot

=)
X,

- " v

fog | P
bl |

L u X
Fig. 4 Definition Sketch of Velocity Vector

¢

- - The velocity vector for a hot-film (Wedge-probe) placed

perpendicular to the mean flow as shown ‘in Fig. 4 reads

ﬁz = (U+u)? + 2 . 4.10
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The derivative of the velocity vector becomes

1 :
g = U+ 02+ VZ'.l}U +u) du + vdv] 4.11

Similarly, the derivative of the voltage output from the anemometer

reads

3E '
dE : G dU. 4.12

It is also assumed that {U] 3 > |[u] or |v|. Therefore Egs. 4.11 and

4,12 reduce to

dU = du : 4.11a
and dE = %% du . " 4.12a

!

According to Sandborn (87)and Hinze(39),'the general assumption is
that_dE = e, and au = u (i.e. the dgrivativés are equal to the
fluctuations).

Using this assumption, Eq. 4.12a becomes

dE -
£y 4.13

The root-mean-square of the voltagg fluctuation is normally the
measured output of the hot-film anemometer. Therefgre Eq. 4.13

can be writtén as

n
I
[~

au 4.14




in which ' . .

u' = rms of the velocity fluctuations, or, the turbulence

-~ Intensity.

=  rms 6f the voltagj,fluctuation and is usually measured
by RMS voltmeter inserted in the anemometer circuit, |
Such a voltmefer is designed to measure the root-mean-

square value of AC voltage from the definition

f 1 (¥ | .
e' = e = E-J eldt 4.15
0

and .-

%% = the slope of the calibration curve and is known as the

sensitivity of the probe "S",

Therefore Eq. 4.14 can be written as

u' = YW - i;- 4.16

4.1.2.3 Reynolds Stresses

- - -—J - o - - -
U u

Film 1
A

Fig.'S Sketch of the Velocity Components in Relation With the V-Probe



" Consider a V-probe consisting of two_mﬁtually perpgndicular
films that is placed on aﬁ angle of 45° to tHé_éiieétion of the
mean flow velocigy as showmn in Fig, 5. In pracfiée each f£ilm is
equally sens;}ive to the longitudinal component of flow v;locity
fluctuation "u" and the vertical component “v". Thus the output of
the two films denoted by subscripts (1) and (2) are respectively
e = 51 ku + ;)

e = S, (u-v)

where S) and S, are sensitivity factors. The sum and difference

signals are then

i}

es = e + es u (Sl + 52) + v (Sl - 32)

e; = €1 -e = u (8 -8y) + v (Sl + 85)

If the RMS of e_ and e,, that is, \[ E‘g and \/ 'é“g , and also the
correlation, ee, can be measured, the turbulence intensities u'
and v' and Reynolds'stress - puv can then be calculated by solving

the following three simultaneous equations

uZ - (5) + 502+ 2uv (st -s3) + VE (s - S)2 = e ? 4.17

d

uZ .« (S) - 85)2 + 2uv (5% - $3) + vZ (5, + §,)2 4.18

Vs o sh o+ WIEI 4592 + 5y - 57 ¢ W (st - shy = e

4.19
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where
u' = \J G?

and

: ~ vl = \,';7

In the practice of hot—film anemometry, a summing unit to

compute eS and ed, and an analog correlator to measure esed

are inserted in the V-probe circuit. >
4,1.2.4 Eulerian Macro and Micro Scales of Turbulence
The correlation of the fluctuating velocity component in

the direction of flow "u" at a fixed point in the flow field at two

different instants t' and t'-t can be written as

ult') - u(t'-t)

or its correlation coefficient as

u(t') - u(t;-t)

p(t) = 4,20
u'?
where the average is taken with respect to "t'". The Eulerian Macro
scale of turbulence "A" is defined as
- -]
A = I p(t)dt .. 4.21
o

a6



The macro scale “A" may be considered to be a.rough measure of the
longest connection in the turbulent behaviour of u(t).

The equation for the osculating parabola in the vertex of

the p curve reads ~ . _ '
t2
, p(t) = 1 - 3 ' .22
b .

where p(t) is the normalized autocorrelation function for a small

value of time delay "t". A 'is known as Eulerian Micro scale of turbulence,

57

which is a measure of the most rapid changes that oceur in the fluctuations

of u(t). The micro scale can be also considered as a measure of the dis-

sipation of kinetic energy of the flow field into heat by the effect of

mlecular viscosity. ¥
Q.Z Flow Visualization
4,2.1 Definitions

i) Polarized Light

In ordinary light, the light vector is not restricted in any -
sense and may be considered to comprise a number of arbitrary trans-
verse vibrations. When the vibration pattern of the Electromagnetic
wave exhibits a preference és to the transverse direction of vibrationm,
the light is considered to be polariied. There are three kinds of
.polarized light:

- 1. plane polarized light,
2. circularly polarized light,

3. elliptically polarized light.



i1) Plane Polarizers

Plane polarizers are optical elements which absorb the
components of the light vector not vibrating in the direction of the
axis of the polarizer. When a light vector passes through a plane
polarizer, this optical element abgorbs that component of the light
vector éhich i;-perpenﬁicularAto the axis of polarizi:ion and trans-

-

mits the parallel compoment, as illustrated in Fig. 6. )

The amplitude of the light vector is given by
* A = a sin wt . 4.23

where w = 2xf, the circular frequency of light. The absorbed and
transmitted components of the light vector are

Aa = a sin wt sin &

At = a sin wt cos 8§
where & 1s the angle between the axis of polarization and the light

. vector.
iii) Wave Plates
Certain materials have the ability to resolve the light

vector into two orthogonal components and, moreover to transmit each

of these components at a different velocity. A material exhibiting

\".
this property is called doubly refracting. The doubly refracting

plate illustrated in Fig. 7 has two principal axes labelled 1 and 2.
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The transmiésion of light along axis 1 pr0ceeds at velocity c; and
along axis 2 at veloeity cp. If ¢ > ¢y, axis 1-is called the fast
axis and axis 2 the slow axis. L

1f this douﬁly refracting plate is placed in a field of plane-
polarized light such that .the light vector At makes an angle é with
axis 1, then ﬁpon entéring thg plate, the light vector is first

resolved into two components, which are given by

-

A = At cos R a cos 6§ sin wt cos B

[}

K sin wt cos B

t
At2 = At sin B = a cos 6§ sin wt sin B "= K sin wt sin B
where K = a cos §.

The light components At1 and At travel through the plate with
2
different velocities c; and ¢; respectively. They will emerge from the
plate with a relative phase shif& as shown in Fig. 8.

The aqgular retardation for each component is given by

2nh
Ay = = (ny - n)
' ]
271h
82 Ao (B — ™
where
n -~ the index of refraction of air

n),ny - the indices of refraction in the direction of the
fast and slow axes of the wave plate
A - wave length of light

h ~ thickness of the wave plate
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Therefore, the angular phase shift A will be given by

- 4 = A-4p, = 3}:—11 {n; - n3) _ 4,24

Upon emergence from a general wave plate exhibiting a retardation 4,

the two components of light are described by the equations i \\

A' = K cos B sin (ut + 4)

t)
§.25
A'_ = K sin 8 sin wt
to -
- ) f—/_
When the doubly refracting plate is designed to give an angular .,

~
retardation of %-, it is called a quafger wave plate. .";:>
4.2.2 The Stress Optic Law in Two Dimensfons’
If a liquid, at rest, with the property of double refraction
is viewed in polarized light, it exhibits an‘index of refraction, n,»
which is the same at all points and at all plan‘s. However, with
flowing fluid, a two-dimensional state of stress is induced. Optically,
the liquid becomes doubly refracting and exhibits properties very simi-
lar to those of the wévg plates. The principal axes of stress at any
point in the medium becomes the fast and slow axes.
' The theory which reléted the changes in the index of refraction
to the state of stress is due tb Maxwell, who reported this phenomenon
in 1853. Maxwell noted that the changes in the indices of refraction

are linearly proportional to the stresses induced in the model and
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follow the relationships

L -no= c10) + cpop 4.26a
np - no = €102 + 09 ' 4.26b
]
where
n - the index of refraction.of the model in the unstressed
state -
U102 = the principal normal stresses
nl,nzl- the indices of refraction along the two principal
axes associated with oy and 02 respectively
C1,¢2 - the stress optic coefficients
Subtract%ié‘fj;aé.ZGb from Eq. 4.26a, one obtains
M -np = (¢ - c3) (o; - Oa) = ¢ (o - 0s) 4.27
Combining Eqs. 4.24 and 4,27, yields
A = 2nh c (o) - 0p)
A
. 01 ~ 0z
Tmax‘:—_?—_-EN.f 4,28
where
Thax the maximum shear stress acting along the bed
N - %;, relative retardation in terms of a complete
cycle of retardation, 27
A .
f ~ The sensitivity constant

- The function of the polariscope is to yield the value of N.at

all points in the model.
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4.2.3 Effect of a Stressed Model in a Circular Pélafiscope'
(Dark Field Arrangemént) T .
I1f Fhe ligﬁt is f;ilowed as it passes through thé d;fferent
parts of the polariscope shown in Fig. 9, an expregsion for the
transmitted horizontal component of the light vector A through the analy-
zer can be obtained.

First by emploﬁing Eq. 4.24, the light emerging from the first

‘-quarter wave plate can be expressed as

Al = L2y sin (wt + %) = X2y cos wt (along the fast axis)
1 2 22 T 3 & _
4,29

Al = -Eg K sin wt (along the slow axis)

The components of light A] and A} propagate from the first

quarter-wave plate and enter the model as illustrated in Fig. 10.

These components are resolved when they impinge upon the model into

two new components AY and AY along the o) and o, axes, and expressed

as +

] ki ' ki)
AY = Al cos (‘Z-_ a) + A} sin ( i o)
4.30

_u)

)

AY = A cos ( %j— ) - Af sin (

Combining Eqs. 4.29 and 4.30 gives



A'I' = g K [cos wt cos (1:: - &) + sinuwt sin (% - a)]
) 4.31
A = 5{2 K [sin wt cos ( -} - a) - coswt sin (FZ; - )]

The two components A{' and A} propagate through the model wit'h
different velocities and emerge out of phase by a relative amount A,
If this relative phasg difference A is ‘di\;ided between the two com-
ponents, with +4/2 applied to A}' and -A/2 applied to A}, then the

amplitudes of these components upon emergence from the model beccme -

AY' = -’2,—5- K [cos (wt +—A2-) cos ({-- a) + sin (wt +%) sin (%— a)]
4.32
Ay' = %—g- K [sir-\ (wt - %) cos (% - a) - cos (wt - %) sin (%'— u)]

-

The light emerging from the model, propagates to the second
quarter wave plate and enters it according-to the diagram shown in
Fig. 11. The components A}' and A}' are resolved onto the fast and
slm; axes of the second quarter w‘cave plate and are then dencted as |

Ag‘v and 'A%'v where

A:ltv = A)' cos (%? a) + AY' sin (%— a)
. 4,33
Agv = AY)' cos (%- a) - AY' sin (%— a)

")
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-

By substituting Eqs. 4.32 into Egs. 4.33, one obtains

[}

Ai‘v -é-—/i K [sin (ot - %) cos? ( % -a)

- cog (wt--%) cos (%-u) sin (%-—-u)

+ cos (ot +%) cos (%-u) sin (% a)

+ s’iti (wt + %_-) sin? ( -} - )]

A%" = 2—/51( [cos (mt+%) cos? (%-a)

LY

+ sin (mé +%) sin (1'-0;) éos (% o)

, A pl T
-~ .sin @t - 3) cos (g -a) sin (7 -a)
4 _CDS- (ot - %) sin? (%- u)]

-

™

4,34

If it is assumed that the .’21 relative phase shift which occurs as the

light passes through this quarter wave plate is aéﬁli_ed in a positive

sense to the A:Iw compdnent, then the emerging light components AY and

Ag may be expressed as

.T

AY = Zﬁ-]{ [cos (mt—%) cos? (%-u)

- ‘a) cos (‘1—1.- - a)

A
+ sin (wt - 2) sin ( 4

A
4
%'—u) cos (%—u)

- sin {wt + %) sin (
AV 2 .
+ cos (wt +-2—) sin (-Z-u)]
Ay = A%"l

-

4.35
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Finally, the light eanters the analyzer as shown in Fig. 12,

The light components AY and Ag are further resoived_into vertical and

horizontal components. The vertical components are absorbed *in v

.r
.

“the analyzer and the horizontal components are transmitted to give

the light vector A

A = 2—‘5 (A <= A}) 4.36

»

Y

'SubstiEEEi?g Eq. 4.35 into Eq. 4.36 and expanding and simpIlifying

gives

1 )
A = ;-K sin-% [cos (@ +wt) - sin (o - wt)] 4.37

The intensity I of the light is proportional to the square of the

amplitude, hencé

8 - . ' g
I = K'sin? E—{Eos (@ + wt) - sin' (o - wt)]2 . 4,38
The extinction (that is,.I = 0) is possible only when either

sin21%-= 0 T

or _ -/

h [cos (@ +wt) - sin (& -'-mt):l2 =0



fractically; the second term does not nreduce extinEtion
which can be recorded, since the angular frequency @ of the light ie
beyond the range of any recording equipment.

Hence, I = Q only when sin2 %- = 0Qor—= = Nrn where
N. = 0,1, 2, 3, .. . ete.

The loci of these points of extinction produ-e the isochro-

matic fringes, which are defined as lines along which the principal.

stress diffeﬂEnce (o, ~ 02), equals a constant depending upon the

order N of the fringe.
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Axis of polarization

Plane polarizer

Fig. 6 —Aﬁsorbing and transmitting characteristic of
a plane polarizer.

- Index of refraction = n,
Axis 2 Velocity of propogation = Co

¢, >c,

Light vector
A

- t Index of refraction = n

Axis'!  Velocity of propagation ¢y

_ 7
Doubly refracting plate

~

.
-

\ '
Fig. 7 - A plane - polarized. light vector entering a
doubly refracting plate.
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Fig.8 - Retardation produced

27h
P — At_K (nl-na)

— ¥ i#— Phase shift

by wave plate.
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Axis of
polarization

Light
source

Second quarter-wave plate

Axis of
poiarization
Analyzer

Fig. 9 - A stressed photoelastic model in a circular
polariscope (arrangement A -crossed polarizer
and analyzer - crossed quarter - wave plates,
After Dally & Riley reference (I7)

§ Axis of polarizer

Slow axis
arter-wave Fast axis
{ First q:luia) (First quorter- wave plate)

Fig. IO - Resolution of the light components as they
enter the stressed model.

After Dally & Riley reference (I7)
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Fast oxis ’ Slow axis
Second econd quarter-wave plate
quarter-way,

plate

»1'n;.r41-.

Second quarter-wave
plate

Fig. 1l — Resolution of the light components as they

entre the second quarter wave plate.
After Dally & Riley reference (17) . .

L Axis of polarizer
|
ngf axis Slow axis
Second quarter, Second guarter - wave
- wave plate piate
A Il
A Axis of
/ onalyzer
r4

Analyzer

%

Fig. 12 — Components of the light vectors which

are

transmited through the analyzer (dark field)

After Dally & Riley reference (17)
| J



CHAPTER FIVE ;

j&

LABORATORY EQUIFMENT AND INSTBUMENTATION

a

Complete‘descriptions of laboratory equipment and instrumenta-
tion are presented and ﬁiscussedlin this chaﬁter. The basic equipment
consistéﬁ of:

1) A specially designed flume
2) Pitot static tube and manométer
3) Hot-film anemometer and associated correlator probes

Y

4) Flow visualization instruments consisting of viscometer, polari-

-

scope and photographic equipmept’

5.17 The Flume

A bronze centrifugal pump of one quarter horsepower was used
to circglate the fluid in the flume. The flow entered the & feet (180
cm) long by 2 feet (60 cm) high and (5.0 *+ 0.1) inch, (12.7 £ 0.3) cm,
wide plexiglass flume from the end, where a fiber filter and a honey-
comb flow straightener were installed. These were installed to filter
the flow.from any suspended impurities and to minimize the turbulence
in the flume. At the downstream end of the flume the fluid was collected
in a é.S feet (75 cm) wide by 2.5 feet (75 cm) long by 2 feet (60 cm)
high plexiglass sﬁmp to be recirculated to the flume through a 2.5 inch

(6.4 cm) diameter copper pipe.
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The flow conditions were controlled by two brass valves
qﬁbggitionedlat each end of the flume. An orifice meter of (1.50 * 0.03)
inch, (3.8 % 0.1) cm, throat diameter was ihsfalied in the 2.5 inch
(6.4 cm) pipe enteriné the flume. The orifice meter was connected
to a flow meter which was calibgated to measure the rate of flow. Thé
specific gravity of the liquid used in the manometer was 2.95.

The flow char?cteristics over mobile and rigid beds were
investigated. Uniforg size Bttawa san& of Dgg = 0.2 mm was selected
for the mobile bed analysis., Five different rigid beds were installed
in the flume at different times, as required, to perform &he rigid
bed analysis. The rigid beds are a cast of the naFgral ripple‘bgd,
smooth and sand-roughened artificial ripple bed and smoatﬁ and saﬂd—

_ roughened flat bed. ) : .

A schematic layout and the dimensions of the flume are showﬁ
jn Fig. 13. Photoe: 1 shows a view of the apparatu§. Photo. 2 shows
a view of the flﬁa“megsf. Photos. 3 and 4 show a view of the cast of
the natural tipple bed and the sand-rougheﬁed artificial ripple bed
respecgively.

The {ollowing consideratlions were taken into accbunt in the
desién of the flume. !

1) The flowing fluid should not come into contact with any material
which reacts with the milling-yellow solution,

2) Two rubber pipes, each one foot (50 cm) long, were used to isolate
any vibration from fhe pump to reach the flume,

3) The five inch (12.7 cm) flume width was selected, ngt to introduce

difficulties in the flow visualization part of the study.

L B



4) The equipment was portable which allowed its operation in

laboratories with temperature control.

5.2 Pitot-Static Tube

A Pitot-tube was used to measure the total.and sqatic he;ds
at different points in the flow field. The Pitot—tub; h:s an ‘external
diaﬁeter of 0.125 inch (0.32 cm) and internal diameter of 0.04§ inch
(0.12 cm). The diff;rence between the total and sthtic‘pressurés, at
the point of measurement, was read on an inclined manometer adjusted
at a slope of 10:1. The liquid used in the sloping manometer has a
specific gravity of 1,75. Photo. 10 shows a view of the Pitot-tube

and the sloping manometer. ) Kx

5.3 Hot=-film Ahemometry Equipment )

5.3.1. Hot-film Probes
Two different probes were used throughout the hot-film
anemometry measurements of this study, namely:
i) The 55A83 DISA Wedge-probe:.
This proﬂe has a nickel film that is Elaced on the sharp edge
of a wedge consisting of the quartz substrate. A 2 ym quartz
layer protects the nickel film against mechanical and chemical
.1nf1uences and insulates it electrically. Photo. 5 shows a
close view of the 55A83 DISA wedge-probe,

i11) The 5540891 DISA V-probe:

»

The substrate of this probe is shaped like a wedge, the sharp edge

"of which has the shape of a V. The legs of the V-probe are



5.3.2

.

perpendicular to each other and each of them consists of a nickel

-

"£1lm protected by a quartz layer. Photo. 6 shows a close view of

the 55A0891 DISA V-probe.

DISA_Equipment

Units of DISA equipment were used in different arrangements to

*

accomplish the experimental measurements of the flow characteristics

in question. The basic three circuits used during the experimental

wvork are listed below.

1)

ii)

1i1)

5.4

1)

i1)

The circuit used to measure the velocity U and *the turbulence
intensity u' is shown diagramatically in Fig. 15. Photo. 7
shows a view of this set-up. ot

The circuit used to measure the Reynolds stresses - puv and
the turbulence intensities u' and v' is shown diagramatically
in Fig. 15. Photo. 8 shows a view of this set-up.

The circuit used to measure the autocorrelation function p(t)

is shown diagramatically in Fig. 16. Photo. 9 is a view of

this set-up.

Flow Visualization Equipment

Synchro-Lectric Viscometer:
This viscometer was used to measure the Vviscosity of the

¥

R4
milling-yellow solution. Photo. 11 shows a vigy’of the visco-

meter.
Pelariscope:

The polariscope used to view the shear patterns of the milling-
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yellow solution flow is shown in'Photo._12. Photo. 13
iilustrates the polariscope mounted oé tép of the flume as used
during the flow visualization experimental study.

r i14) A 35 mm Nikon camera and 16 mm Bolex movie camera were used

in photographing the shear patterns of the milling-yellow

solution flow as viewed through the pélariscope.
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Photo. 1. A View of the Apparatus
1
i
L
i
|
. \
:
| t
| ;
] |
i
5
!
|
|

. 1

- a I
Photo. 2! End. View of the Apparatus Showing Metering Equipment
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\_’
Photo. 3. A View of the Cast Ripple Bed (looking downstream)
" (Flume Width = 5") | T
b
{
- |
A
T . [ ' .
Photo. 4. °~ A View of the Sand-Roughened Artificial Ripple Bed. -

(5" Widey™ =
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LY

Photo. 5. A Close View of the 55A83 Wedge~Probe
(Probe Support Diameter = 0.5")

Photo. 6. A Close View of the 55A0891 V-Probe.

“In the horizontal rather than the actual -

operating vertical positien"

(Probe Support Diameter = 0.5")
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55D35 RMS Voltmeter 55D30 Digital DC-Voltmeter

r 1
|- T | -

A

E5001 Anemometer Unit . 55025

Auxillary Unit

3
Master Power

Plug

.

f
i
]
*To the Wedge-Probe

Fig. 14. The Circuit Used to Measure the Velocitv U

and the Turbulence Intensity u’

LY

A View of the Set-up Used to Measure the Longitudinal

Photo. 7.

Velocity U and the Turbulence Intensity u'
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Master Power t

Plug

Anemometer Unit

Auxillary Unit

Y f To the V-Probe

Y

Y

81

Analog Correlator

RMS Voit.

el = o= o= o[ —

Anemometer Unit

-Auxillary Unit

[ !

A

Fig. 15.

Photo. 8.

u', v' and uv

Y

A View of the Set-up Used to Measure

Dual Summing
Unit

The Circuit Used to Measure u', v', and uv




55D70 Analog Correlator

. . 82
Tt r et ¢ .
55035 RMS Vott. 55030 nczvth \ 1 ! | )
5
] % T.D.U. .
] r4=-+=-+----n1
! J Back |
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55D01 Anemometer _Auxillary Unit . ]
: : Time Delay Unit '
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Master 0 - —T B max. DC
Power : - T
1 To the N\ | Generator
Plug Y Wedge-Probe ! N 1 1 H ¢
. o - [ - .l
Fig. 16. The Circuit Used to Measure the
Autocorrelation Function
-,

Photo. 9. Awfiew of the Set-up Used to Measure
thé Autocorrelation Function



Photo.

Photo.

10.

11,

-y

A View of the Pitot-Tube and the Sloping Manometer

_(External Diameter of the Pitot-Tube = 0.125™)

’

A View of the Syndro-Lectric Viscometer.



Photo.

L

Photo,.

12.

13.

A View of the Polariscore

A View of the Polariscope Mounted on the

Top of the Flume,

|
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CHAPTER SIX

EXPERIMENTAL PROCEDURES
The experimental study of this research can be divided inro
three sections:-

1) Initiation and development of ripple formation whereas a series-
of tests was carried out in a natural mobile bed to establish the
flow conditions at which the incipient and the devéioped ripples
would form.

2) The hot-{ilm ancmometry in which the art of using hot-fiilm
anemometer techniques to measure the turbulent-characteristics

of water flow over rigid bed forms was applied.

3) The flow visualization in which the phenomena of double vefraction

Y
of milling-vellew solutien flowing over rigid beds was explered.

6.1 Initiation and Development of Ripple Formatien in a Natural

Mobile Bed

The first ebjective in the experimental study was to establish
the f£low conditions at which incipient ripples in a mobile sand bed
would form. The flume was filled with a 0.2 mm graded sand to a depth
‘
of 6 inches. The sand was levefed throughout the length of the flume.
A vertical plexiglass lever that ends with a 5 inch wide sharp edge

scraper at the bottom and a horizontal arm at the top was used in level-

ing the sand. The dimensions of the lever were designed in such a way
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_ .
that with the amm sliding on top of the flume, the scraper is ac

6 inches above the Plexiglass bottom of the flume. The flume was
slowly filled with watér to a depth_of 5 incheé (12.7 cm) above the
leveled sand bed. The depth of flow was held constant while the
velocity was gradually increased gy increasing the discharge. Con-
stant flows were maintained for approximately half an hour to ascer-
tain whether a ripple formation was developing. At a certain flow,
thg first appearance of sand particles sliding and/or rolling on the
bed was observed.

The bed movement occured first in the upstream portion of the
flume and gradually advanced downstream. The average velocity of this
flow condition was recorded and defined as the incipient velocity.

No definable bed pattern developed under the incipient velocity flow
condition. ':

In order to establish a developed measurable ripple bed, the
next series of tests were carried out at velocities slightly higher
than the incipient velocity., The sand size and the flow depth were
maintained as 0.2 mm and 5.0 inches respectively, Each flow was
continued for three hours from tﬁc first appearance of the bed pattern,
A flow with an average velocity 1.25 times the incipienct velocity was
selected as the best condition to represent the ripple bed. - i

The next step in the experimental measurements waé to select
a4 representative secticon where a symmetrical uniform transverse
profile of the longitudinal velocity.prevailed. For this purpose

velocity distributrions were constructed at 14 inches, 31 inches, and

44 inches downstream from the screen with the Pitot tube held at
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2.5 inches above the bed. It was found that the transverse profile
of the longitudinal velocity at 44 iﬂches downstrean frdm the screen
is fairly uniform and, accordingly, this section was chosen as a
representative one for further study.

Pitot tube measurements were taken at 44 inches (112 cm)
downstream from the scre~n to:

1) establish the centreline velocity distribution throughout the
depth of flow, and,
2) estimate the bed shear stress distributien along one ripple.

For the purpose of estimating the bed shear, the cedtre of
the Pitot-tube was held (0.125 = ,005) inch, (3.0 = 0.1) mm, normal
to Lhc ripple surface, :

‘In the course of this experiment, the sand transport rate
was estimated by observing the time clapsed for a ripple crest to
travel a certain distance.

At the end of the experiment, the two valves were closed
and the water was allowed to drain slowly so as not to disturb the
bed pattern. Measurements of‘ripple lengths and heights were then

taken along the flume by means of a point gauge.

6.2 Rigid Beds

6.2.1 Cast of the Natural Ripple Bed
While the sand bed was still wet, a one inch (2.5 c¢m) thick

layer of watery Plaster of Paris was carefully poured over the bed

forms. Spacers were located at one foot (30 cm) longitudinal intervals



to p%evcnt shrinkage cracks. The plaster imﬁression was then used to
make a moﬁld‘which in turn was rubbed with a lighclgrcase and £illed
with a low slump sand mortar to produce a rigid casting of the originalA
ripple bed. The 0.2'mm sand from the original bed was used'tb make

the mortar. Phote. 3 shows a view of the cast of the natural ripple bed.

6.2.2. Artificial Ripple and Flat Beds, - -
An artificial ripple pattern was also made of plexiglaés to

form the smooth a}tificial ripple bed. The ripple lengths and

heights, representing the averdge natural conditions, were 2.5 inches

(6.4 cm) and 0.2 inch (0.5 cm) respectively. A coat of varnish was

-

applied to the surface of, the plexiglass and then, a layer of 0.2 mm

sand was sprinkled to form the rough artificial ripple bed. Photo. &

shows a view of the rough artificial ripple bed. Smooth and sand-

.roughened flat beds were constructed in a similar manner.

6.3 Hot-Film Anemometryv
6.3.1. Measurecments of Flow Characteristics over Rigid Beds

6.3.1.1 The Longitudinal Vélocity "

Velocity measurcments were performed by measuring the
voltage "E" which must be supplied to a wedge-probe from the 55D01
Ancmometer in order to keep the probe at a certain temperature higher’
than the temperature of the medium under measurement. The overheating

n_.n

ratio "a" was chosen as 1.05. The instantaneous value of the electic
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power supplied is assumed to be equal.to the instantaneous thermal
losslto the surroundings, The thermal loss depends on the nature,
temperature, pressure and velocity of the medium under measurement,

and on the probe used. If only the velocity is varied, the voltage

"E" will be a direct measure of the velocity "U". A calibration analysis
was performed to obtain .he relation E = f(U). The hot-films were
calibrated and repeatedly checked by a 1/8 inch (0.3 cm) diameter

Pitot static tube connected to an inclined manometer. The method of

calibration is described in Appendix I.

6.3.1.2 Turbulence Intensity "u'"

The root-mean-square of the voltage fluctuations were
measured by the DISA 55D35 RMS Voltmeter. Subsequently these measure-
ments were reduced to turhulence inten;ities by the simple relation
given in Eq. 4.16, in which the sensitivity of the probe "S" is
obtained from the calibration curve of the wedge-probe,

Photo. 7 shows a view of the set—up used in measuring the
velocity U and the turbulence intensity u'. The wiring connections of
the circuit is shown in Fig. 1&: A glose view of the 55A83 wedge-
probe is shown in Photo. 5. The operating procedure of the 55D01
Anemometer u;ing the wedge-probe to measure the velocity "U" and the

turbulence intensity "u'" is given in Appendix T.

6.3.1.3 Reynolds Stresses "-guv"
The correlation between the longitudinal component "u"

and the vertical component '"v" of flow velocity fluctuations at a



single point in the form.cg and the turbulence intensities u' and v’
were calculated from measurements taken with a V-probe connected to
two DISA type 55D01 constant temperature anemometers, a 55D70
Analog Correlator and a Dual Summing Unit as shown in Fig. 15.
The veltage fluctuations e; and e; sensed by the two films of the
V-probe we%e fed to the Dual Summing Unit. The output from the Dual
Summing Unit is simply the algebric addition and substraction of the
input signals and identified as e and e4 respectively. The signals
e and ey were then fed to the 55D70 Analog Correlator‘fbere the
correlation E;E; was recorded. The RMS of e and e, were measured
consecutively by means of the 53D35 RMS Voltmeter. A solution of
three simultaneous equations given as 4.17, 4.18 and 4.19 will result
in determining the correlation uv and the turbulence intensities u'
and v', noting that:

Sl-and S, are the sensitivity factors of

the two films of the V—probq.

Photo. 8 shows a vie; of the set-up used in determining

the Reynolds stresses. A close view of the 55A0891 V-probe is shown

in Photo. 6. The operating procedure of the 55D70 Analog Correlator

with the V-probe to measure uv, u' and v' is given in Appendix I.

6.3.1.4 Eulerian Macro and Micro Scales of Turbulence

The variation of the autocorrelation function p{t) with
the time "t" as defined in Eq. 4.20 at any fixed point in the flow
field was achieved by inserting a Time Delay Unit 55D75 and a
variable 5 Vo}ts maximum DC generator in the circuit as shown in

Fig. 16. The signal from the wedge-probe was delayed by different



time intervals ranging from 0.1 millsec to 100 millsec. The original
and delayed signals were fed to the 55D70 Analog correlator where the
autocorrelation functieg was measured. The macro "A" and micro

"A" scales of turbulence were then calculated from Eqs. 4.21 and 4.22
respectively. -

Photo. 9 shows a view of the set-up used in measuring the

autocorrelation function p(tj. The operating procedure of the 55D75
Time Delay Unit and the 55D70 Aralog Correlator to measure p(t)

is given in Appendix I.

6.3.2  Experimental Measurements on Rigid Beds
The average velocity and depth were set at the same conditions
obtained for the mobile bed. Measurements over the rigid cast of the
. .

natural ripple bed included:

1} Centreline distribution throughout the depth of flow of velocity,
turbulence intensities, turbulence scéles and Reynolds stress at
sections 14 inches, 21 inches, 31 inches, 37 inches, and 44 inches,
(36 em, 53 cm, 79 Em, 94 em and 112 cm), downstream from the
screen. The measurements wére taken at ripple crests.

2) Longitudinal distributions along the flume centreline of velocity,
turbulence intensities and Reynolds stress -at 0.125 inch and
2.5 inches, (0.3 cm and 6.4 cm), above the ripple. The measurements
were taken at ripple crests.

3) Velocity, turbulence intensities and Reynolds stress taken every
half inch, (1.3 cm), along one ripple in-the zone of low turbu-

lence at 0.125 inch (0.3 cm) normal to the ripple and 2.5 inches



(6.4.cm) above the ripple.
The measurements were repeated for the sand-roughenéd
artificial ripple bed. For the smooth artificial ripple bed, and the

smooth and. sand-roughened flat'beds, only the measurements described

in (1) and (2) were undertaken.

1

6.3.3 Precautipns Observed in the Application of Hot Films in Water
_1) fhe.joint,of the probe to the probe holder had to be completely .
watertight, This;;as achieved by appiying a silicon rubber
paste on ghe Soint; The silicqn paste solidified in a few hours.
2) “Any voltage Hiffareﬁte-between tﬁe water and the hot film can
cause a breakdown in'théoinsulating quartz coating and thus, ruin
thgfﬁiobe. To avoid such a ﬁolt;ge difference the water necar the
probe had to be groundgd. This was achieved merely by using a
wire with ba?e énaé; onec eﬁd was tied around the probe holder,
and the other immersed in theé water near the probe. :
3) " ‘Drifting of the output veltage caused by the entrained gases,
lint and dust particles‘in thé water, was el;mipated by fréquently
brushing the probe. A;so, to keep Fhe water as clegp'as possible:
1) the collecting téﬁk dés permanently covered by
: a plexiglasé'sheet; |
T4y . . T .
11) the flume was covered by a plastic sheet, whenf

not in operafion;
iii) the water was drained and replaced.bf a clean

fresh water cccasionally.



6.4 . Flow Visualization for ﬁ?gid Beds

6.4.1 General

Wﬁén a flowing liquid with the property of double refraction
is viewed ig‘polqrized light, visible interference patterns appear.
These patterns can be quantitively related to the stresges in the
moving liquid, Studies of this type have been madé by past investi-
gators, but they were hampered by liquids which were either ;xtrémely
viscous eor unstable in contact with common materials of constructrion.

It has been discovered recently that‘aqucous solurions of an
organic dye, milling-yellow, exhibit strong double refracéion char-

>

acteristics and at the same time possess reasonably low viscosity

and good stability.

6.4.2 Preparation of the Milling-Yellow Solution

Milling-yellow is almest insoluble in water at room tem-
perature. © However, it readily dissolves in.beiling water and does not

#precipitate out when cooled.

Solutions containing different percentages ranging from 0.2 °
to 2.0 per cent of the dye by weight were tested against their stabil—

ity, viscosity and birefringent quality. It was found that 1% bv

P

welght of milling-yellow gave a relatively clear and sensitive solution.

The water was graduaflily brought to boiling, then the dye, in
a powdered form, was added and the mixture was continuously stirred
to complete the dissolving of the dye. The solution was then allowed

to cool in a room temperature environment. It was found that keeping

93



the soution in opaque ceontainer would prolong and maintain its

sensitivity.

6.4.3 Experimental Measurements

The absolute viscosity of the solution was measured by a
Synchro-Lectric Viscometer. The principle of bperation of the visco-
meter is simply rotating a cylinder in a fluid and measuring the
torque necessary to overcome the viscous resistance to the induced

movement. Photo. 11 shows a view of the viscometer.

-

Shear patterns for different flow conditions over the rigid
natural ripple bed, a smooth and sand-roughened artificial ripple
bed and a smooth and sand-roughened flat bed were viewed by a dar#
field circular pelariscope. Slides and movie films were taken for
those patterns.

\

Photo. 12 shows a view of the polariscope. Photo. 13 shows

the equipment with the polariscope mounted on top of the flume.

6.5 Calibration Tests

The following calibrqtiog tests were performed as a part of
the experimental work:
i) Calibration of the 1.5 inch orifice meter that was installed
in the 2.5 inch pipe entering the fluﬁe to determine the constant
C in the relation Q = CYH , where,

Q@ -~ the flow rate in cubic fect per second, and

H - the manometer reading in inches.
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For'this purpose four different flow rates were obtained
by adjusting the two controlling valves on the apparatus and thé
reading on the manometer was recorded. In successive runs the
manometer reading H was increased from 3 inches-éb 18 inches in
5 inch increments. For each flow rate a transverse velocity distri-
bution was constructed from Pitot-tube measurements taken at 0.2 and
0.8 the flow depth. The discharge, Q = IvdA, and the constant
C were calculated for each run. An average‘value of C was finally
established,
ii) Caiibration curves of the hot-film probes in the form, E = £(U)

were constructed where,

E - the DC-voltage read on the 55D30 Voltmeter, and

- '
U - the mean velocity cobtained from Pitot-tube measurements.

For this purpose the Pitot-tube was aligned side by side to
the hot-film probe.(wedge—probe or V-probe) at 1/8 of an inch apart
in the horizontal plane. Numerous readings of the DC-Voltage and the
corresponding velocity were taken #n the velocity range of ,

(U= 0.25 to 1.10 ft./sec., that.is, 0.08 to 0.34 m/s). The water
temperature was recorded and the overheating ratio was kept at 1.05.
A family of calibration curves for the wedge-probe and the V-probe

were constructed for different operating temperatures.
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CHAPTER SEVEN

EXPERIMENTAL RESULTS, DATA REDUCTION

AND ERROR ANALYSIS

This chapter presents the results of the calibration tests.
The experimental measurements of this study are then followed.
They are further reduced to more significant parameters that are
presented in sets of curves teo facilitate the analysis which is
discussed in Chapter nine. An error analysis of the.experimental

measurements is also included.

7.1 Results of the Calibration Tests

Calibration tests of the orifice meter and the hot-film
probes were performed as described in the previcus chapter. The
results are given below.

i) A constant C = 0.041 was established in the discharge
equation of the orifice meter Q = CYH where
Q - the rate of flow in cubic feet per second, and
E - the mancmeter reading in inches.

ii) The calipration curves of the wedge-probe at temperatures
70° F, (21°C), and 80°F (27°C), are shown in Fig. 17. In the
experimental range of velocity, (U = 0.50 to 1.10 ft./sec.),
the calibration curves have nearly constant slope (%% . This

means that the wedge-probe has a constant sensitivity, if
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the water temperature and the overhearing ratioc are kept .
constant.
0
The sensitiviries of the wedge-probe at 700F, {21°¢c), and
SOOF, (270C), operating with overheating ratio a = 1.05, were

estimated respectively as

S = “(EE = 2,750 volts/ft./sec.
70 du
70
and
S = (QE
80 dU-SO = 2,875 volts/ft./sec.

The calibration curves of the V-probe at 7OOF, (210C),
operating with overheating ratio a = 1.05 are shown in Fig. 18,
which indicate that the sensitivity varies invefsely with the velo-
city. The variation of the sensitivities of the two films of the V-

probe with the velocity is shown in Fig. 19.

7.2 Initiation and Development of the Ripple Formation

The incipient ripple formation was observed at a mean
vélocity of (0.60 * 0.05) ft./sec., (0.18 * 0.02) m/s and a flow
depth of 5.0 inches (12.7 cm). The flow condition to establish
a developed ripple bed was achieved at a mean velocity 25 percent
higher than the incipient velocity, that is 0.75 ft./sec. (0.23 m/s)
under the flow depth of 5.0 inches. The Reynolds and Froude numbers of
the average flow were 30,000 and 0.2 respectively.

In the natural mobile bed only the,Pitot-tube was used during
the experimenﬁal measurements. The use of hot-film probes was not

practical since the delicate films could have been easily destroyed by

the mobile sand particles.
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%
Pitot-tube measurements were reduced, using Eq. 7.1 to

calculate velocities at different points in the flow field.

PcY' Ps = g—: = Ah - sina (5.G6. -1) x 3—(1)—5- 7.1
W
where
P, - the total pressure in 1lbs./ft2.
Pg 1— the static pressure jn lbs./ft2.
U - the velocity at the tip of the Pitot-tube in ft./sec.
g "= the gravitational acceleration = 32.2 ft./sec?,
sin ¢ - the slope of the manometer = 10
Ah - the reading of the sloping manometer in mm.
Y, - the specific weight of water = 62.4 1bs./ft3.
S+G - the specific gravity of the liquid used in the

manometer = 1.75.

From Eq. 7.1 the velocity U in feet per’second is related

to the manometer reading Ah in mm. as
SV, = 0.1258 van 7.2

Table 1 gives the measured sloping manometer readings along
with the calculated longitudinal velocities across the width of flume,
taken at 2.5 inches (6.4 cm), above the bed for sections 14 inches
(36 cm), 31 inches (79 cm), and 44 inches (112 cm) downstream from the
screen. Fig. 20 shows the velocity distributions of the above menti;ned
three Cross sections. By comparison, the velocity distribution at 44
inches downstream from the screen is fairly uniform and symmetrical.

il

Also, the ripple pattern in this vicinity 1s more uniform than at the



two upstream sections. For these rcasons the section at 44 inches
downstream from the screen is adopted as an appropriate location for
quantitative and/or qualitative comparison among the different
experimental rechniques of measurements over the different beds.

Pitot tube measurements throughout the depth of flow, at =
section 44 inches (112 cm) downstream from thé‘screen above a ripple
crest were also reduced, using Eq. 7.2, to give Fhe centreline velocity
distrilution. Table 2 gives the measured sloping manometer readings
at different points throughout the depth of flow, along with the
calculated velocities. Fig. 21 shows the velocity distribution in a
dimensionless form where

U - mean flow velogity = 0.73 ft./sec., (0.23 m/s), and

D - depth of flow = 5.0 inches, (12.7 cm).

The velocity and the shear stress distributicns along a
ripple 44 inches downstream from the screen were estimated from Pitot-
tube measurcments which were taken every 0.5 inch (1.3 cm) at a normal
distance of 0.125 dinch (0.3 cm), above the ripple bed.

The shear stress was calculated from the analytical relation
between the dynamic pressure (pt - ps) and the bed shear (To) as
suggested by Hwang et al in 1963, (reference 31, page 111), and

glven by

I

30y.» _ 30 d' 2 d‘ y

16.53 { (log —XKS) log —XKS [0.25 (—P-zy) + .0833 ("P’zy)
706 ($2)6 @2y2 dpyy

+ 00704 G0¢] + [o.25 Q% + 1146 D)

+ L0586 GBS 4. L. ] &3
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where
dp - inside diameter of the Pitot tube = .046 inch (1.2 mm);

Ks - size of roughness = 0.2 mm;

y ~ the normal distance measurcd from the ripple bed 0.125
inch
]
Using Eq. 7.1 and substituting the values of ¥, Ks and dp in

the appropriate dimensions, Eq. 7.3 reduces to

T = 1.3 x 10 % ah 7.4
-~ o]
where o
T, — the bed shear stress in 1bs./Et2., and,
Ah - the reading of the sloping manometer in mms.

Eqs: 7.4 and 7.2 were used to CélCUlﬂtQ the shear stress and
the velocity along the ripple respectively. Table 3 gives the measured
sloping'manomete; readings along the ripple, along with the calculated
shear stresses and velocities. Fig. 22 shows th; dimensionless
shear stress distribution along a ripple and the velecity at a normal
distance of 0.125 inch (0.3 cm) agove the ripple bed where

L - length of the ripple = 2.25 inches, (5.7 cm), and

U-and D as given before

An empirical formula, to estimate the sand transport rate
“qB" from the mean ripple velocity us height of ripple hr' specific
gravity of sand SS and the porosity of sand m, was suggested(lﬁ) as

95 = UL A SS c (1 -m 7.5



The terms on the right hand side of eq. 7.5 were evaluated

from the experimental observations as

h, = 0.2 inch = .0167 fr., (0.5 ¢m)
u. = 2,8 x 10 ¥ ft./sec., (8.5 x 1073 cm/s)
S = 2.65
s
m = 0.4 (assumed)
Y, = specific weight of water = 62.4 1bs./ft3., (9800 N/m3)
g = gravitational acceleration = 32.2 fr./sec?., (9.81 n/s?)

Using the above values, the sand transport rate was estimated
as 7.1 x 10 ®lbm./sec./ft., (3.5 x 10 * Kg/s/m), at an average bed.
shear, from Fig. 22, To = 2.73 x 10 3ibs./ft2., (0.13 Pa).

The ripple lengths and heights as obtained from the point

guage measurcments are given in Table 4 and shown in Fig. 23.

7.3 Bot-Film Ancmometrvy

7.3.1 Data Reduction of the Experimental Results

The correlation uv and the turbulence intensities uv' and v’
were calculated from the data measured by the V-probe. A computer
programme was compiled to solve the three simultaneous Eqs. 4.17, 4.18
and 4.19 in the three unknowns u', v' and uv. Appendix V contains
the input and output printout of this computer programme with an °
illustrative flow chart,

Tables 5 and 6 give the measurements taken by the V-probe
at different vertical and lengitudinal sections, respectively, for

different beds. Tables 7 and 8 give the measurecments taken by the
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V-probe every 0.5 inch (1.3 cm) along a ripple, at 44 inches downstream
from the scréen, at 0,125 inch (0.3 cm) ﬁormal to the ripple and 2.5
inches (6.4 cm) above the bed, respectively, for both the cast and
sand—roughenéﬁ artificial ripple beds.

The velocity at any point, U, was cal%ﬁed as the average
of three values. Using the calibration curve Fig. 18, two estimates
of the velocity were attéined from the measurgd DC voltages, E; and
Es, sensed by the two films denoted by subscripts (1) and (2)-of
the V-probe respectively. The third estimate of the velocity was
obtained from the Pitot~tube measurement and using Eq. 7.2. The
computer results of the correlation E;.and the turbulence intensities

u' and v' are also shown in Tables 5, 6, 7 and 8.

The Macro and Micro scales of turgulencc were calculated from
the measurements taken by the wedge-probe of the normalized auto-
correlation function:’ The normalized autocorrelation function was
measured for different time delays, ranging from 0.1 to 100 mill-
seconds, at different points throughout the depth of flow.

Recalling the definition of the Macro scale of turbulence A

as given in Eq. 4.21 by

A

n

J p(t) dt o
] , .

where p{t) is the measured normalized autocorrelation function. The
area under the time correlation curve, for any point in the {low
field, gives an estimate of the Macro scale of turbulence in seconds

at that point.



The Micro scale of turbulence, A, was calculated using Eq. 4.22

given as

o) = 1 -—

where p(t) is the measured normalized autocorrelation function at
time delay t = 1 millsecond.
The time correlation curves at different points in the flow
field for differént beds are shown on Plates 1 ro.10 in Appendix II.
Table 9 gives the measurements taken by the wedge-probe of
-
the normalized autocorrelation function. The velocity at any point,
U, was calculated as the average of two values. One was obtained
from the measured DC voltage and the appropriate calibration curve

of Fig. 17. The second was obtained from the Pitot-tube measurement

and using Eq. 7.2,

Also, the longitudinal turbulence intensity, u', was calculated

from Eq. 4.16 given as

el
' == ———
v S

where e' = 'd el is the measured BMS of the AC voltage, and,

S

ture.
The Macro and Micro scales of turbulence as deduced from the

graphs in Appendix 11 are also given in Table 9.

7.3.2  Experimental Curves

Figs. 24 to 28 show in dimensionless form, the vertical

' 1
distribution of velocity:g » turbulence intensities -é;— and —%}—

Vi T
turbulence scales > and —p + 2nd Reynolds stress — ,

U
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the sensitivity of the wedge-probe at the operating tempera-



at 44 inches (112 cm) downstream from the screen, for the five
different beds tested in this study, namely

1)  smooth flat bed,

2) sand-roughened flat bed,

3) smooth artificial ripple bed,

4)  sand-roughened artificial ripple bed, and

5) cast of the natural ripplg bed.

For the smooth and sand-roughened értificial ripple beds and the

cast of the natural fipple/ped, the measurements were taken vertically
above a ripple crest,

Figs. 29 to 33 show ‘in dimensionless form, the vertical

distribution of velocity E:, turbulence intensities —g— and ~é}-,
U U u
turbulence scales ﬂ% and A% and Reynolds stress ;%% at 14 inches
U

(36 cm) downstream from the screen for the five different beds.
'

Again, for the smooth and sand-rougheded artificial ripple beds, and

the cast of the natural ripple bed, the measurements were taken

T

vartic&lly above a ripple crest. .
2

Figs. 34 to 36 show in dimensionless form, the vertical
v 1

. X ..U . . u v
distribution of velocity — , turbulence intensities —— and —

] : U ‘U

and Reynolds stress :g% for the cast of the mnatural ripple bed at
T -

21 inches, 31 inches and 37 inches, {53 cm, 79 cm and 94 cm), down-
stream from the screen respectively. These three sections are

located at ripple crests.
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Figs. 37 te 41 show in dimensionless form, the longitudinal

: . U i ou v!
distribution of velocity — , turbulence intensities — and — and

U U U

Reynolds stress ;%; at 0.125 inch (0.3 em) above the bed for the
U

five different beds. To exclude the variation along ripples, the

measurements for the cast of the natural bed and the rough and smooth
artificial ripple beds were always taken above the ripple crests,

Figs. 42 to 46 show in dimensionless form, the longitudinal
. . . U . . . Ul v!
distribution of velocity — , turbulence intensities — and — and
U U u ;
. - i [
Reynolds stress :%§ at 2.5 inches (6.4 cm) above the bed for the five
U
different beds.

Figs. 47 and 48 show in dimensionless form, the distribution of

U . co.oout '
velocity — ,tturbulence intensities — and

~ U 14}

<

, and Reynolds stress

cl|

:%gé along one ripple at 44 inches downstream from the screen, at 0,125
U

inch (0.3 cm) normal to the ripple and 2.5 .inches (6.4 cm) aBove the
bed, for the sand-roughened artificial ripple bed and the cast of

the natural ripple bedUIespectivély.

7.4 Flow Visualization

The viscosity of a solution containing one percent by weight
of milling~yellow was measured by the Synchro-Lectric viscometer.
Fig. 45 shows the shear stress - shear rate relation of the solution
at temperature 71°F (22°C). The dynamic viscosity of the solution
that is given by the slope of the shear stress"; shear rate curve is

1.75 x 10°% 1b. sec./ft2., (8.4 x 103 N.s./m?), at 71°F,*(22°C).
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The v%rtical distributidn of veloc1ty and shear stress were

calculated for the milling-yellow solution flowing over

),

3)
4)

5)

Cast of a develcped.natural ripple bad,
sand-roughened flat bed,

smooth flat bed, .

sand-roughened artificial ripple bed,
smooth artificial ripple bed.

In all cases the mean velocity was maintained at 0,75 ft/sec.,

(0.23 m/s), and the flow depth equal to 5.0 inches (12. 7 cm). The Reynbdlds

and Froude numbers of the average flow were 3,500 and 0.2 re5pect1vely. The

-~

following calculation procedure was applied in analyzing the photographed

fringe patterns viewed through the polariscope, to estimate the velocity

and sheer stress distributions, for the‘flve different beds:

a)

b)

o

)

The fringe number and the spacing between successive fringes were

estimated from the photograph;

from the fact that the shear stress is zero at or near the free sur--
face, the fringes were number®d in increasing order of one towards
the bed, starting with zero for the first fringe appearing near the
surface;

the vertical dlstribution .0f the shear stress T was calculated as

a function of f, from the relationship given in Eq. 4.28 as
T=N.Tf
M y
where
N - the fringe number
£ - ausenaitivity constant

for the milling-yellow solution flow, the shear stress and Lhe velocity

>

were assumed to obey Newton's law of viscous flow, that is,

Tep LU ' . . 7.6

dy
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where

‘ ¥ - the dynamic viscosity of the milling-yellow solution
dU - the vélocity gradient ,
dy

e) from Eqs. 4.28-and .7.6 the vertical velocity distribution was also
cglculated as a function of the sensitivity constant f;

’f) from the velocitf distribution obtained in part (e), and the known
average flow veloéity‘ﬁ = 0.75 ft./sec., (0.23 m/s), the sensitiv-
ify‘factor f was estimated; '

g)' the value of the sensitivity factor "f'" was*used in the distribu-

- -
d“tions obtained in'parts (c)‘and {e) above, to calculate the shear
stress and the velocity distributions respectively.’

‘Iable 10 gives the obéerved fringe number and spacing along
with the calculated velocity and shear stress distributions for the
five different beds-at 44 inches (112 cm) downstream from the screen.

Figs. 50 te 54 show in dimensionless form,- the vertical distri-
bution of the velocity g: and the shear stress fEF as calculated in

U pU

Table 10. The isoshear pattern as viewed by -the polariscope and alsq

the isovelocity distribution of the flow conditions, U = 0.75 ft./sec.

and D = 5.0 inches,

he different beds, at 44 inches (112 cm) down-

stream from the scree qwn in Figs. 55 to 59. Fig. 60 shows in

a dimensionless form, the she3dr Ktress distributions over the five

beds.

-

: ‘ N
some selected photographs for various

Appendix III containg
! o~

flow conditions over different beds.

7.5 Exberimental Errors

The experimental data was subjected to certain errors and
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uncertainties as described below:

A) Errors associated with the Pitot-tube measurements:

i)

ii)

1i1)

b

Instrument precision: An instrument precision of =*1%, as

suggested by the manufacturer, was assuned;

108

+
Reading error: This error results from the accuracy of reading

the sloping manometer. An accuracy of *0.25 mm causes possible

bercentage errors in the observed velocity and the average
bed shear in the order of *0.5% and *1.0% respectively;

P%fitioning error: An error in positioning the probe, at a

specified point in the flow field, was inevitable as a result

of the probg size, the refraction through the plexiglass

flume and the accuracy of the measuring device. A special

attention was given in positioning the probe at the 0.125 inch

normal to the ripple surface. Théfproper inclination was
aéhieved by pla;ing two wedges of upper slope equai to the
ripple slope under the horizontal plate holding the probe.
The 0.125 inch was carefully measured and checked ffom the
midpoint of the probe perpendicularly to the ripple surface.
However, the above mentioned precautions in positioning the

probe will not completelv eliminate a possible error in posi-
s . .

tioning the probe. An error of #1/32 inch still would be ex-—

pected. This causes an estimate possible error in the
velocity and bed shear of i@% and *6% respectively,

The possible net error in the velocity and shear stress

resulting from the Pitot-tube measurements would be in the order of

I3

$3.2% and #6.47 respectively.

g
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B} Errors associated with. the hot-film anemometry measurements:

1)

1i)

114)

Instrument precision: The t1Z% instrument precision, as sug-
gestéd by the minufacturer, was also assumed in the anemo-
metry instrumentation;

Reading error: A fluctuation in the DC Voltage of _the

55D30 Voltmeter of .05 volts was observed. This results )
in a possible error of 21.5% in the average velocity.

The fluctuation»in the RﬁS Voltmeter was observed
as *,01 volts. This results in a possible error in esti-
pating the bed turbulence intensity of 325%.

A fluctuation of #.01 x 10 2(Volts)2 was experienced
in the measurements, taken by the 55D70 Analog Correlator,
for the purpose of calculating the Reynolds stresses. The
resulting possible error in the shear stress was estimated
as *27.

The possible errors in the Macro and Micro scales
of turbulence were estimated as *3% and #67 respectively.
This was based on an observed fluctuation of #.01 (Volts)?
in the normalized autocorrelation function measured by the
55D70 Analog Corrclator\with the Wedge-probe as the sensing
element;

Calibrating ervor: A calibration error of the hot-film
brobes caused by the uncertainty in plotting the calibration

curve will affect the Volgage/Velocity relationship and the

sensitivities of the hot-films. Accordingly, a possiBle
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iv)

error in the velocity, the shear stress, and turbulence
intensity were estimated as +6%, *12% and #14% respectively,
This estimation was basgd on a possible error in establishing
the calibration curves;

Positioning error: Following the same argument of the posi-
tioning error ot the Pitot-tube probe, the possible error in

the velocity, shear stress and ‘turbulence intensity as a

-result of 21/32 of an inch pesitioning error of the hot-film

probes were estimated as 3%, +4% and +6% respectively.

The possible net error in the velocity, shear stress and

turbulence intensity resulting from the hot-film anemometry measure-—

ments would be in the order of #7%, +13% and *16% respectively,

c)

Errors associated with the flow visualization measuremnents:

i)

A Viscosity Error: The viscosity of the miliing-yvellow
solution is very temperature dependent. To keep the tempera-
ture effect to a hinimum, the flow visualization part of the
experimental work of this study was carried out in a tempera-—
ture controlled laboratory of (71 * 2)°F,

The viscosity was also affected by the duratien of
mixing by the pump with a tendency of decreasing viscosity
with increasing time of the run, to reach an asymptotic
position. To overcome this uncontrollable error, the
pictures and the viécosity measurements were taken after an
apyroximate waiting period of 15 to 30 minutes.

The combined effect on the viscosity was estimated

not te be more than +207.

1o



ii) An error results from the interpretation of the photographs:
The number and the spacing between successive fringes were
subjected to human estimation. In order to keep this errvor
to a minimum, the slides were projected to about 1.25 the
prototype size and the measurements were taken from the
cniarged projection. pi
The possible net error in the velocity and the shear stress
as obtained from the flow visualization technique is estimated as
+10% and *30%: respectively.
D) A common error in the experimental study:
A common error in setting the ripple flow condition caused by:
. i) a possible error of 0.1 inch or =2% in the desired f{low
depth of 5.0 inches.
ii) & possible error of *0.25 inch or £2.5% in the desired
orifice meter manometer reading of 10.0 inches.
The combined effect results in a possible error of 4% in the
average velocity.
A summary of all possible errors in the velocity and shear
stress measurements obtained from the Pitot-tube, the hot-film
anemometry and the flow visualization techniques is given in ﬁhc table

on the following page.
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TABLE "A" - PQOSSIBLE ERRORS IN EXPERIMENTAL MEASUREMENTS

(% of Average Observed Values of Velocity,

Shear Stress and Turbulence Intensity)

TYPE OF % ERROR % ERROR % ERROR
IN IN IN TURBULENCE
TECHNIQUEL ERROR VELOCITY SHEAR STRESS INTENSITY
Pitot-Tube Instrument 1.0 2.0 —_—
precision
Reading 0.5 1.0 —
Positioning 3.0 6.0 —
Net FError 3.2 6.4 —
Hot-Film Instrument 1.0 1.0 1.0
precision
Reading 1.5 2.0 5.0
Calibrating 6.0 12.0 14.0
Positioning 3.0 4.0 6.0
Net Error 7.0 13.0 16.0
Flow
Visuali- Net Error 10.0 30.0 —
zation

-5



CHAPTER EIGHT

S

RESULTS OF THE COMPUTER SIMULATION

A'computer programme to alternately solve the Poisson equation
and Helmholtz vorticity equation, relating the stream function § and
the vorticity w of the flow pattern over a ripple bed, using the
finite element technique, was developed and executed on the IBM 360/50
computer at tée Qomputer Centre of the University of Windsor.

A region length of three ripples was considered to be appro-
priate for the mathematical representation of the problem. The ripple
length and height were chosen as 2.5 inches, (6.4 e¢m), and 0.2 inch,
"(0.5 em), respectively. These values were the average dimeusions of
the ripples observed in the cxperimental study.

The depth of flow and the averapge mean velociry were also set
from the experimental data as 5.0 inches, (12.7 cm), and 0.75 ft./scc.,
(0.23 m/s), respectively.

Solutions of two different flow conditions were obtained:

1 the turbulent model to simulate the water flow over the ripple
bed;

2) the laminar model to simulate the milling—yeliow solution flow
lover the tipple bed.

The classical consLént and logarithmic vertical velocity
distributicns were imposed as boundary condition at the entrance

i/
section for the turbulent and laminar models respectively.

i13
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Therefore, in the turbulent model, the velocity U, was given by

U = U = 0.75 ft./sec.

and the stream function ¢ variled linearly with the, depth y as

U = Cln ¥
yo.
where
U - the flow velocity of a point at a distance y above
the datum
y' - the height above datum where the velocity vanishes,

and is equal to 0.2 inch at the entrance sectien

C - constant

The constant C was evaluated from equating the average

3

velocity computed from Eq. 8.3 to the known mean flow velocity U = 0.75

ft./sec., and found equal to 0.313. Therefore, Eq. 8.3 can be

written as 5
U = 0.313 In &5
y
The corresponding stream function reads

¢ = 0.313 ¥y [1n§.— - 1] + constant
r

8.1

B.2

B.3

8.5
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The constant was obtained from the boundary condition that ¥ = 0 at
- "

y = y'. Thérefore, Eq. 8.5 can be written as
v o= .313y [hw;’—, - 1] + .0052 8.6

Five streamlines, with decreasing spacing towards the bed,
were arbitfary drawn in the.region. The stream functions were calcu-
lated either from Eq. 8.2 for the turbulent model or Eq. 8.6 for
the laminar model. The region was divided with vertical lines
spaced half an inch, then the triangular elements were formed by
connecting the adjacent nodal points. -

Fig. 61 shows the typical arrangement of the 6-nodes
triangular elements adopted to solve Poisson equation. The number
of clemcnts_is 180. The total unumber of nodal points is 403, with
330 interior (unkﬁown)'nodes.

Fig. 62 shows the typical arrangement of the 3-nodes tri-
angular elements employed in solving the Helmholtz equation. 1t has
the same number of elements (180?. The total number of nodes is
112, with 75 interior (unknown) nodes,

The ¢ values for both the turbulent and laminar models are
shown in Figs. 61 and 62.

Flow Cﬁért 1 shows the main steps of the whole programme.

The programme is divided into three main parts:
A) Solution of Laplace Equation:
1. In the first stage of the programme, the vorticity was

assumed zero in the whole region. The following steps
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were performed on every element:

.i)

i1)

iii)

iv)

vi)

vii)

the co-ordinates of the centroid were calculated,

from the assigned plobal co-ordinates of the nodes;

the local co-~ordinates of the 6—nodés were calculated
with respect to local axes located at the centroid

of the element:

the components of the matrix [d}, as defined in Eq. 3.6,

were calculated;

the components of the inversion of the matrix [Q],

that is, [d]ql, were evaluated, using subroutine MINV;
the values of a, that is, (ay, @y, ...05), were calcu~
lated using Eq. 3.5;

the velocity components, at the centroid, were calcu-
lated, wusing Eqél 3.53a and 5;53b;

the components of‘the stiffness matrix [h], as defined
in Eq. 3.29, were formed.

The following integration formulae over the triangle

area were used in calculating the terms of the matrix Dﬂ:

J x dxdy = J ydxdy = 0 8.7
1 b yi

J dxdy - = % |1 Xy Y| = area of the triangle = A B.8
1 X Y

2 Y S SO SENEE TR
J x< dxdy 17 (xi + X + xm) 8.9
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2 = L 2 pv2 2
J y< dxdy 15 (yi + Yk + ym) | 8.10

A
J xy dxdy = 17 (xiyi + XY + xmym) 8.11

where (xi,yi), (xk,yk) and (xm,ym) are the local co-ordinates
of the three vertices of the triangular element, satisfying

the condition

< +
ki + xk xm - yi + yk + ym

3 3

The steps of calculation to form the Stiffness
Matrix are shown in Flow Chart 2.
The Assembled Equations of the system werce obtained as given
by Eq. 3.32, with the term {F} = 0. The calculation steps
of the assembled equations are shown in Flow Chart 3.
A solution of the 330 linearlzed simultaneous equations was
achieved using an cverrelaxation iteratibn method. Recalling

that only the elements adjacent to the node i will contribute

to 3%,
ll:[

technique was introduced to simplify the solution. Examining

in forming the assembled Eq. 3.32, a band width

Fig. 61, a band width of &5,-which is the largest difference
between any node i and all the nodes forming the adjacent

elements, was selected. Different values of the relaxation
parameter (OMEGA), the tolerance factor (EPS), and the time

step At, were tested for optimum convergence. Acceptable



values of 1.0, .00l, and .02 seconds for OMEGA, EPS and At
respectively, were chosén.. The steps of the iteration
method are shown in the Flow Chart 4.

At this point in the programme, the first sclution
of the stream function Yy, was obtained.

[
B). Solution of Helmheltz Equation:

The procedure used is summarized in the following steps:

1. For the first time step, the vorticities of the interior
nodes, and, also, the rate of change of vorticity, that is,
dw
TS of all the nodes, were assumed Zero.

2. 1) the vorticities of the surface necdes éfe zero,

ii) the vorticities of the l16-nodes along the bed, were

calculated, using the method of images.

Mf node (i)

The above sketch shows the principle, where the velocity

U is negatively reflectéd in the bed.

118
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The vorticity can be written as

. U(IE)
N w(i) —35;—- L

where

y - 1is the vertical distance of tnhne centroid

of the element (IE) above the bed.

iii) the vorticities of the 5-nodes at the entrance section

were calculated either from Eq. 8.1 for the turbulent
model, or Eq. 8.4 for the laminar model.
For the turbulent model, using Eg. 8.1, one

obtains

and, for the laminar model, and using Eg. 8.4, gives

w(iy- = U .313
i dy y (i)

where y(i1) is the vertical distance of the node i

above the bed, a2t the entrance section.

The following steps were performed on every element:

the vorticity was calculated as the arithmatic mean
of the three nodal vorticities;

the local co-ordinates of the 3-nodes, were calculated;

iii) the components of the matrix [CM], as defined in Eq.

3.41, wvere calculated;
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iv)

v)

vi)

vii)

the components of the inversion of the matrix E}ﬂ,

that is, R}ﬂ-l, were evaluated using subroutine MINV;

the terms & and v were calculated using Eq 3.54;

the terms @, b and ¢ at every node of the element,

were calculated, using Eqs. 3.44a, 3.44b and J.44¢;

the term ?;“:TESF was estimated according to the flow

condition:

a) In the Jaminar model; € was assumed equal to zero.
A value, obtained from the experimental analysis

of the viscos%ty of the milling-yellow selution,

wae uscd as;

-
'

uo= 1,75 x 10 lb.seec./fc?
po= 1.9 slugs/ric?,
and

v = %‘ = 9.02 x 1075 £t2_ /gec.

120

i

b) In the turbulent model, £ is affected by the boundary

roughness, Von Kirmink suggested an expression of €,

. .
assumed n constant within an clement, in terms of the

bed shear velocity and the relative elevation as:

'] T ’ .
= 4 ....(l - _Z...
[ O.J% 5 Z.(l D) ) 8.13%

where

]

Reference (84), page 800

p—
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™

Z is the vertical distance of the centroid above the
bed; . e —

D is the depth of flow = 5.0 inches;

1
‘J Eg- is the bed shear velocity, an average value
dﬁ 3.15 x 10 2ft./sec. was selected based on
*
the experimental results;

and v for water at 71%F = 1.06 x 10 5f£2./sec.;
e

viii) the term. Q, in Eq. 3.51 was calculated with C
) ' -

defined by Eq. 3.52;
ix) the components of the stiffness matrix [h] in Eq. 3.50
were calculated;
x) the components of the matrix [p], im Eq. 3.62 were
. calcula;ed where the formulae 8.7 to 8.1l were used. h
The steps of the calculation are shown in Flow Chart 5.
4. The Assembled Equations of the system were obtained as giveﬁ
by Eq. 3.63. The assembly was constructed in twé forms;
The first set was built as suggested by Eq. 3.69, where tﬁe

solution of the simultaneous linear equations results in

the values of {%%} , and obtained only once, that is, for
t=0

the first time step. The second form of the assembly was
built as given by Eq. 3.67 where the solution of the simul-
taneous linear equations results in the values of {m}tn

The steps of the calculation are shown in Flow Chart 6.

-

* The shear velocity can also be estimated as 1ngS
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5.  The solution of "the 75 linear simultaneous equations, in

the unknown g% for the first time stép and w everytime step,
was achieved by the same iteration method, used to solve for

. In here, the band width was 11, -

EM

¢ In Eq. 3.67 was obtained as the solution of

6. The term
Eq. 3.69 for the first rtime step, and was calculated from
" Eq. 3.66, thereafter. The steps of the calculation are
shown in Flow Chart 7.
Solution of Poisson Equation:
The values of w, as the solution of Helmholtz equation, obtaine&
from part (B), were inserted it the Poisson equation. “The solution
was achieved by following the same procedure described in part (A),
with the addition of using Eq. 3.30 to calculate the term F for
all the eléﬁents. g
This results in a second ifiproved solution of thg Stream
function w._
Repeating parts (B) and (C), alternatively, a better solutions
for ¢y and w, respectively, were obtained:
The final solution was achieved when the variation in the
values of w and ¥ for any two successive solutions was negligible.
Once the final solution was obtained, the velocity

components at the centroid of all the elements were calculated.

Also, the horizontal components of velocity, for five

" vertical sections 0.5 inch apart, along the length of the middle

ripple were calculated,
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The Finite Element Computer programme for both the
laminar and turbulent models is given in Appendix V.

Figs. 63 and 64 show the finite element solution of the
stream function for the laminar and turbulent flow models
respectively.

Figs. 65 and 66 show in dimensionless form, the calculated
‘vertical velocity distributions along the middle-ripple for the

laminar and turbulent models respectively.

Fig. 67 shows in dimentionless form, the variation of

¢] To
velocity T and shear stress pﬁz distributions along the middle

ripple at 0.125 inch above the bed for the laﬁinar and turbulent

models.
Tables 11 and 12 give the calculated shear stress, based
on the computer velocity resuits. The following equations were

used in the shear stress computations:

T = U du for the laminar model
0 m dy
du
.= (n +A) — for the turbulent model
o w d
where
T, o~ the bed shear stress
um - the dynamic viscosity of the milling-yellow solution
N b, the dynamic viscosity of water
A - the eddy viscosity = %
du
E; - the velocity gradient
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FLOW CHART | General Layout of the .Compdfer Programme
" of the finite element solution

START

DIMENSION
AND READ
STATEMENTS

I

VORA (IE) = 0.0, IE =1, NE
DW (IN)=0.0,IN =1, NNTV

ISuUB=1

SOLVE LAPLACE EQUATION
FOR PSI (IN)
IN.= |, NN

1

3
VOR (IN) = 0.0, INTERIOR AND SURFACE NODES

SOLVE POISSON EQUATION

=1 FOR PSI {IN) "
IN = |, NN

iy

\"

VOR (1M} = U{IS)/ Y (IS}, NODES ALONG THE RED

VORA (IE} = (VOR(IZ}+ VOR(JZ)+ VOR(KZ))/ 3.

SOLVE HELMHOLTZ EQUATION
FOR DW (IN} and VOR (1IN}
IN = 1, NNV

ISUB = ISUB +1

- ISUB-N

Y

PRINT FINAL RESULTS ]

y
! STopP )

124

VORA = VORTICITY OF
AN ELEMENT

VOR = VORTICITY OF A
NODE
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FLOW CHART 2  STIFFNESS MATRIX [H] - Poisson Equation
IsT =2 - KT | ENTER FROM

CHART 8

00900 i

ALPHA {I0,1E)}=0.0
H{IST,IRT,IE) = H(IRT,IST,IE) j10=1,6
IST=3 1IST=4 IST=5 IST=6 IST:=2 IE = I,NE
IRT=2 ' TE = IE+!
©
[ 1573 >l ‘
== 27T b CALCULATE THE
CENTROID AND THE
@ @ @ ' LOCAL CO-ORDINATES
I CALCULATE
! F{IE)
H{IST,IRT,IE) = H (IRT,IST, IE) Y ASSIGN THE VALUES 1€ =1, NE
IST=4 IST=5 [ST=6 IST:=3 OF THE MATRIX [C] %
IRT=3 CONTINUE
CALL MINV TO
: ASSEMBLED
! CALCULATE EQUATIONS
IST =4 | = CF (IE)

32 @ CALCULATE
ALPHA (10, 1E)

H({TST,IRT,IC)=H(IKT,IST,IE) y I0=1,6
IST=5 IST=6 IST:=4 - |
IRT -4 U(IE) = ALPHA (3, 1E)
. V(IE} = - ALPHA (2,IE)
v : CALCULATE
1sT=5 | - AREA (IE), XS (IE)
YS(IE), XY (IE)

36 (;‘;) |
‘ MO = |
Q RT = |
|

0
I =
H(I$T,IRT,1E) = H{IRT,IST,IE) v ST
IST= 6 IsT=5 >
IRT =5 “
¥
@ CALCULAT,
AN M AMM
\ 4
IST:= 6 =

H{IRT,IST,IE) = ANM + AMM

[ 50 70 20,21,...... 40, MO ]

H{IST,IRT, IE) = H(IRT, IST,IE)

IST =6 -1 > MO = MO I
TRT: 8




FLOW CHART 3

-

Assembled

CONTINUE TO
SOLVE FOR PSI

Equations - Poisson Equation

{ @

w({IP)=0.0,IP=1 NN
B(IP,JJ}20.0,4J:1,45

IR= N(Ig) IR M(IE) ] IR=L{ZE) ir =»<<IE)—I IR = J(IE) IR=I(:E
IRT:=6 IRT=5 IRT= 4 IRT=3 IRT=2 IRT = |
I1ST =6 IST=5 IST =4 I5T=3 IsT=2 IST = |
R = 1(I8) JR = N(IE) JR = M(TE} JR = L{I5} JR = K(IE) JR = J{IE)
KR=J(Ig) KR=I(1E KR =N {Ig) KR = M (IE) KR=L(IZ) KR = K (IE)
LR = K(IE) LR=J(IE) LR=I(IE) LR=N(ZE) LR =M {IE) LR=L(IE)
MR = L(IE) MR= K{IZ) MR = J{IE) MR=I[IE) MR T N(IE) MRz M{IE)
NR = MIIE)| | NR=L{1E) NR:=KI(IE MR = J(IE MR =TI(ZE NR = N(IE)
L L T T
[ ¥ Y Y Y ¥
-4
W{IP}) = ~F(IE) * w{Ip)
] MX = | |
v
WE230IR-1P |
Y
| 8(1P, 00} B(IP, 0l) s H{IRT, 157, 1E) !
¥ -
GO TO 221, 222, 223, 224, 225, 226, MX
i 2 ® @
¥ Yy Y
IR: JR IR:= KR ENT) [TR=NR] [IR=nR |
1 1
Y v Y Y
y A
MX = MX 41
IST =IST+1

I W (1r) : W (iP) ~H(ZAT 15T, 1€) % PSIIIN)
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FLOW CHART 4 Solve for PSI - Poisson Equation

/ ITER = |
BO(IN) = OMEGA/B(IN 23)
BIT = i.0 - OMEGA

-

A

ITER =ITER* |
D1

IN

1nou
o
(@]

EX=EX-B(IN,IT)* PSI(ID)

A

Yy

EX=BO(IN) ¥ EX+BIT % PSI{IN)

(ABS (PSI(IN)-EX)- D) DI = ABS (PSI (IN)-Exﬂ

IN=IN+I

o

Y

PRINT PSi
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FLOW CHART 5 STIFFNESS MATRICES BPC and P = .

()

IY = JV({IE) ‘IE =IE 1
IYT =2

Helmholtz Equation

IE=1

n

Py

Y
CALCULATE THE

& LOCAL, CO-ORDINATES
BPC(IYT,IZT,IE) = BPC(IZT,IYT,IE) CALCULATE [
P(IYT,12ZT,1E) = P(IZT,I¥T,IE) |, | Q(IE) ASSIGN THE
IY = KV{LIE) : 1E=L,NE VALUES OF THE
1YT=3 MATRIX LCM]

S
B, l
CONTINUE : CALL MINV
TO , |
Y| ASSEMBLED
‘ EQUATIONS CALCULATE
BB(IE) AND CC{IE)
BPC{IYT,IZT,IE}=BPCIZT,IVT, 1E) l
P{ IYT,IZT,TE)=P(LZT,IYT,IE) CALCULATE
IY=JVI{IE) N AV(IZ) ,AV{JZ),AV(KZ)
1Z:JV(1E) s BV{IZ) ,BV(JZ),BV(KZ)
IYT=2 CcVi{rz),cviz),cviKk?)
1ZT=2
AVT{TE) =AV(IZ)eAV{JZIAV(KZ)
Y '
408
CALCULATE |
IY:KV(IE) . xsv{ig) vt
IYT:=3 YSV(1E)
XYV(LE)
MY = |
, IZ:=1IVI(IE)
@ IY=:1v{lE)
1ZT=|
IYT= |
BPCUIYT,IZT,IE)=BPC{IZT,IYT,IE) Y
PUIYT,IZT,IE)= P (IZT,1VT,IT) MYSMY el ~
TZ=KV(IE)
I1ZT=3 [
CALGULATE
BPG(IZT IRT,IE)
AND
P{IZT,IRT,IE)

S

G0 TO 405,406,407, 408,409,410,MY
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FLOW CHART 6 Assembled Equations - Helmholtz Equation

:

CONTINUE To EF':RLE“R
SOLVE FOR CHART el
VOR AND DW 8
R(IN)= 0.0, IN= 1, NNV i
; ACIN, J) = 0.0, 40 = |1y '

< | . : '

12 = KV (IE) IZ = OV(IE) IZ = IV(IE)
IYT =3 IYT:=2 IYT =1
—— 12T =3 12T = 2 1ZT =
iz=4 JZ IV (IE) JZ = KV(IE) JZ = JV{IE)
@ | KZ=ov(IE) KZ = IV(IE) KZ =KV(IE) |
! '3 ! R |
1Z =Kz ) ) :
[ R{IN) = Q(1E) ' R(IN)
NX = NX+ 1 :
IZT =127 + Y
NX = | N

y 4

A(IN,JJ) = A(IN,0J) ¢ BPC(I“YTLIZT,IEJ
t(2. /70T) % P(IYT,127,1E)

M AUN, ) = A(IN, WI-P(1YT, 12T, 1€ )

¥ |
[L60 T0 442, 343, a44, NX |

&(m) *RON*PUIYT,IZT,IE) % DW(IZ) + BPC (IYT,IZT,IE) % VOR (IF}———
r

1

R{IN} = R{IN) - (BPC (IYT, 12Z7,IE) Hz./oT) *¥ PIIYT,IZT,IE)) % VOR {1z)
t(PLIYT,IZT,IE)) % {((2./0T) x vomr(12) ¢ oW (12))




[

FLOW CHART 7 Solve for VOR and DW.- Helmholiz Equation

ITOR=t .
BOV(IN) = OMEGA/A(IN,B)
BITV=1.- OMEGA

130

g

]

ITOR =ITCR+ I
DIv = 0.0

VOR(IN) = WW(IN) | Dw (IN) = ww(IN) ] k7 = KT + 1

PRINT DW (IN} {
l Y = WW(IN) = ) WW (IN) =
- GO TO 750 VOR (IN DW (IN
[1suB = 1suB +1] 1IN CHART 7 ™ [ )

GO TO S0I =

IN CHART 3. -

PRINT FINAL
RESULTS

EXV = EXV-A(IN,ITY X WW(IDV)

1 EXV=BOV(INIXEXV+BITV % WW({IN)

. . > .
[[o1v= aestwwitni- Exv (Res (Ww (IN) Exv)- O T W (20 - £xv
# =
Y v |
DW (IN)= ~DW(IN) * 3 <
WW(IN)T EXV —Tn- :
(EXV-wwitne 2 /o7 [ LY HIN) . IN-NNV IN=IN+|

A\




CHAPTER NINE

ANALYSIS AND DISCUSSION
#

An analysis and discussion of the experimental aud mathematical
results of this resecarch :s pPresented. This is followed by a comparison

of the results of this study and those obtained from other resoarché;s.

9.1 Discussion of the Experimental Data

9.1.1 Ripple Dimensions 7

Fig. 23 shows the variation of ripple lengths and heights
along the centreline of the flume, Larger ripples label}ed i through 7,
{Zone 1), of average leagth ii = 3.55 iﬁéhes (9.0 cm), and average
height El = 0.43 inch (1.1 cm) occured at the entrance of the flume
and extended to 35 inches downstream from the screen. Further down-
stream smaller size ripples labelled § through 14, (Zone 11}, with
an average length of 2.25 inches (5.7 cm), and average height of 0.20
inch (0.5 cm) were observed. Statistical analysis on the ripple
sizes (length and.height) in the two zcnes was carried out to examine
whether the ripple sizes in Zone I differ significantly from those of
Zome I1. First, F-tests were performed to investigate the validity of
applying t-tests on the data. At the 5% level of significan;e thé
difference between the variances is not significant for both the

length and height of ripples in the two zones. This verifies the

applicability of the t-test, which in turn showed that the probability
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of the ripples in the two zones to be similar is less than 0.1%Z. 1In
conciusion, the ripples in Zone I are significantly different than

those in Zone IL. Table 13 summarizes the statistical steps of per-

forming the F and t-tests.

9.1.2 General Comments and Trends on the Hot-Film Anemometry

Experimental Curves

Figs. 24 to 23 of the dimensionless vertical distribution of

] 1

, . U .. u v
longitudinal veloeity — , turbulence intensities — and —, turbulence

AU wo Y o . U v
scales o and D and Reynolds stress — in Zone II at 44 inches
U
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(112 cm) downstream from the screen for the five different beds indicate:

1) The turbulence intensities and the shear stress increase from

the free surface towards the bed. K\Jfgé’“—“

2) The mean average longitudinal turbulence intensity measured at

~- =

half depth of flow d. 0.5 for the five different beds is E— = 0.052

D

with standard deviation § = O.dﬁBl. Zone II with a turbulgnce
level less than 0.06 is arbitrarily defined as the zone of low
turbulence.

3) At 0.125 inch above the bed, the shear stress and the turbulence

intensities of the rigid cast of the natural ripple bed are 4

to 10 percent less than those measured above the rough artificial

ripple bed, and 15 to 30 percent higher than those obtained
from measurements above the rough flat bed.
4) At 0.125 inch above the bed, the shear stress and the turbulence

intensities of the smooth artificial ripple bed are 10 to 15

percent less than those measured above the rough artificial ripple

bed.

~.



v,

5)

6)

7)

8)

9)
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At 0.125 inch above the bed, the shear stress and the turbulence
intensities of the rough and smooth flat bed vary by not more than

5 percent.

The turbulence scales approach a maximum at %-= 0.3 to 0.5, where 4

is the ratio of the height above the bed, at the point of measurement

to the depth of flow.

The macro to micro §cales of turbulence bears a mean ratio of-% = 8.5
with standard deviation § = 1.39. \
The macro scale of turbulence near the ripple surface expressed in

the units of l} gth ( AU) for the smooth artificial ripple, rough ;v

E 4

artificial ripple, and the cast of the natural ripple beds are 0.22
inch (0.56 cm), .28 inch (0.71 cm), and 0.29 inch (0.74 em),
respectively are in the samé order as tﬂe ripple height of 0.2

inch (0.51 cm) and 0.22 inch (0.56 em) for the artificial ripple
and the rigid'natural beds, respectively. It should be noted that

the Taylor hypothesis of the relationship between the turbulence

scales expressed in the units of time or length given by g% = _553_

is an approximate one and only applicable if the turbulent field is

-~

homogeneous in its average statistical structure.
—_—

The turbulence intensities indicate isotropic turbulence in the upper
1/2 to 2/3.0f the flow depth. The non—isotropic turbulence is more

pronounced near the bed.

Figs. 29 to 33 of the dimensionless vertical distribution of

longitudinal velocity%% , turbulence intensities%? and:i-, turbulence

scales _Aﬁ and

u _ U U
and the Reynolds stress —u; ,» in Zone I, at 14
U

AU
D D
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inches (36 cm) downstream from the screen for the five different beds
indicate:
\1) The maximum values of the shear stress and the turbulence intensities
occur at-% = 0.3 to 0.5, decreasing, rather irregularly, towards the
water surface and the bed.

2) The turbulence intensities at the free surface are higher than their

values at the bed (except for the cast rigid ripple bed).

3} The mean average longitudinal turbulence intensity measured at half
T
depth of flow % = 0.5, for the five different beds is-- = 0.113
[}

with standard deviation S = .0106. Zone I with turbuleace level

higher than 0.10 is arbitrarily &efined as the zone of high turbulence.
4} The turbulence scales in the high turbulence zone are about twice as

high as the corresponding values measured in the low turbulence zone.

5) The turbulence intensities indicate non-isotropic turbulence through-

out the depth of flow.’ 4//*f'

Fies. 34 to 36 show the dimensionless vertical distribution of
] ]
longitudinal velocity-g—, turbulence intensities — and— and Reynolds
U ) U T .

—Y for the cast rigid natural ripple bed at three intermediate

=2
u- . . .
sections, 21 inches, Bljinches and 37 inches, (53 cm, 79 cm, and 94 cm),

stress

downstream froﬁ the screen. They demonstrate the gradual change in the
_shear stress and turbulepce intensities (shapes and values) from thosé
shown in Figs..33 and 28 taken at 14 inches (36 cm) and 44 inches (112 cm)
downstream from the screen, respectively.
Figs. 37 to 41 of the dimensionless distribution of longitudinal

1

- | ]
velocity'g-, turbulence intensities —— and — and Reynolds stress
U U U : ki

v
2
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*

at 0.125 inch (0.3 cm) above the bed for the five different beds élong
the centreline of flume indicate that th measured quantities vary along
the length of flume with the general tendency of decreasing in the down-
stream direction. It should bé noted that the distribution of the
measured quantities does not reflect the variation along ripples since
the measurements were always taken above crest points for ﬁhe cast of
the natural ripple bed and the sand-roughened and smooth artificiall
ripple beds. These measurements indicate that a turbulent boundary
layer exists at y/D = 0.025, through the measured portion of the bed.

. Figs. 42 to 46 of the dimensionless distribution of longitu-—

U ! !
digal velocity —, turbulence intensities f;-andfg— and Reynolds stress

U 3] )

“WY_ 4t 2.5 inches (6.4 cm) above the bed for the five different beds

32

along the centreline of flume indicate that the turbulence intensities

e
and the shear stress decrease rapidly along the first 10 inches (25 cm)

of flume and continue to decrease Iin the downstream direction, yet
reach more stabilized values at about 35 inches (89 c¢m) downstream from
the screen (the zone of low turbulence). This is an indication of
continual dissipation of the grid turbulence and the establishment of
the fully developed flow in the downstream direction.

Figs. 47 and 48 of the dimensionless distribution of velocity
-P—_ , turbulence intensities%' and _th' and Reynolds stress “uv
U

] i i
one ripple at 44 ‘Inches downstream from the screen, at 0.125 inch

along

(0.3 cm) normal to the bed, i.e., y/D = .U25, or, y/G1 = 5.7, and 2.5
inches (6.4 cm) above the bed, i.e., y/D = .50, for the rough artificial

ripple bed an8 the cast of the natural ripple bed, respectively indicate:



1)

2)

3

4)
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At y/D = ,025, i.e., 0.125 inch (0.3 cm) normal to the bed, the
shear stress increases gradually; moving downstream along the

ripple, appreaching a maximum value at = =~ 0.4, then decreases

= e

slightly up to the ripple crest, where , at the point of

measurement, is the ratio of the distance measured downstream

from the crest of the previous ripple to the ripple length.

A wake in the lee of the previous ripple, due to separation,

causes the measured quantities at y/D = .025, i.e., 0.125 inch

(0.3 cm) normal to the bed to reach zere and reverse in tge

range % - 0.0 to 0.15.

At y/D = 025, 1Te;, 0.125 inch (0.3 cm) normal to the bed, the
. :

measured turbufgnce intensities and the Reynolds stress for the

cast of the natural ripple bed vary by not more than 4 percent

from those obtained for the rough artificial ripple bed.

At y/D = 0.5, i.e., 2.5 inches (6.4 cm) above the bed, the

turbulence intensities and the shear stress decrease slightly

moving in the downstream direction.
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9.1.3 General Comments on the Flow Visualization Experimental
Curves
Figs. 50 Eo 54 of the dimensionless vertical distribution of
longitudinal velocity_% and shear stress -{1- above the ripple crest
at 44 inches (112 cm) gownstream the screeanor the five different
beds indicate: :

1) The bed shear stress over the!cast natural ripple bed is siightly
higher (l0Z) than the bed shear over the rough artificial ripple
bed. This is within the possible 30% experimental ervor in
the shear stress measurements by the flow visualization technique.

2) Under the same flow conditions and bed geometry, the bed shear
for the sand-reughened bed is_about 507 higher than tgat forjthe
smooth plexiglass bed. The higher shear stress over the sand-
roughened bed is partly due to the effect of grain roughness and
also due to the non—Newtoniaﬁ behaviéur of thé milling~yellow solu-
tion. The milling-yellow solution has long chain molecules that
may accunulate on the sand grains and exaggerate the friction
Lo an extent of possible earlier transition from laminar to
turbulent boundary layer.

3) There is no appreciable difference in the shear stress calculated
for thé flat and artificial ripple beds of the same texture
(smooth or gpugh).

4}  The verticai distribution of longitudinal velocity follows the
parabelic distribution of laminar flow.

Figs.lSS ta 5% of the isoshear and isovelocity distributions

‘for the.five different beds indicate:

. 1) For a rough boundary, the fringe pattern, near the bed, shows
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greater density than that viewed for a smooth boundary.
2) Separation of flow just downstream from the ripple crest,. extending

to-l = 0.15, is clearly visible.
L=

Fig. 60 shows the shear stress distribution in a dimensionless
form, -E2~, along a ripple for the smooth and sand-roughened artificial
ripplepgeds and the cast of the natural ripple bed estimated from the
.Eéosheér patterns at 0.125 inch normal to the ripple surface. The
estimated shear stresses at (.125 inch above the sand-roughened and
smooth flat beds are also indicated on Fig. 60.

The flow visualization qualitative results of this study have
proven their merit as a visual tool in exaﬁlning the shear pattern in the
flow field and the separation and reattachment in the lee of the ripple.
However, the quantitative results of the velocity and shear stress
adopting the Newtonian approach of the relation between the shear
stress and the velocity gradient obviously has its limitations when
applied on a non-Newtonian fluid. Also the high estimated error (£20%)

t

in determining the viscoéity of the milling-yellow solution would

directly affect the accuracy in the shear stress calculations.

9.2 Discussion of the Mathematical Meodel

9.2.1 General Comments \

Figs. 63 and 64 show the finite element solution of the stream
function for the laminaf and turbulent flow models, respectively, The
solution gives the reattaclment in the lee of the ripples as a result
of flow separation. The separation in both models occured at L. 0 and

L

the reattachment at %-= 0.15. This agrees with the experimental



observations in the milling-yvellow and.water flows, as illustrated in
. Figs., 57 and 47 respectively.

Figs. 65 and 66 show the calculated vertical velocity distribu-
tions along the middle ripple for the laminar and turbulent models,
respectively. In the laminar flow model, the velocity profiles follow
the parabolic distributio:. They compare quite well with the velocity
distribution, (Fig. 52), obtained from the flow visualizé}ion study.

In the turbulent flow model, the velocity is alhost constant throughout
the depth of flow, except close to the bed, where it decreases in the

d
zone 7 < 0.1, to reach zero at the bed.

Fig. 67, of the variation of velocity g » and shear stress-f%y
U pU
along the wmiddle ripple at 0.125 inch above the bed for the laminar and

turbulent models indicates:
Moving downstream alerng the ripple, the shear Stress is zero

Oor negative in the range of

< £ 0.15, then increases to

[=T ol I

reach a stabilized value ar

0
1 .
1= .3. This shear stays almost
constant in the range 0.3 < l-< 0.8. Moving further downstream,

L -
v

the shear stress increases slightly to reach its maximum value

at the crest. The same trend applied to the velocity.

§,2.2 Limitations of the Mathematical Model

The finite element model was subjected to the following errors

or limitations:
1) Errors of idealization: In developing the finite element model,
it was assumed that the pPhysical system was two dimensional. The

side wall effect certainly has an appreciable role in discrediting

138
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3)
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this assumption. This would be a contributing factor to the

difference between“the experimental and numeriéal results.

Discretization and grid size errors: In theory, the true mini-

mizing distribution is only achieved as Fhe element size approaches

zero. However, a reascnable grid distribution was chosen, in which

the element size was inversely proportional to its importance. The

elements near the bed had the smallest areas, while the free surface
v [ J ’

elements had the largest areas. It is believed that the grid used

in computation is an acceptable compromise between the element

density and the computation time.

Limitation of the governing equations and the assumed boundary

conditicns: The following assumptions used in the numerical

solution of the finite element technique are open to questions:

i) using Eq. 8.13, to estimate the eddy viscosity e in the term
TG“IHEY for the turbulent model;

ii) the assumption that the convective term in Helmholtz equation
is a constant within an element;

iii) the imposed boundary condition, based on the method of images,
to calculate the vorticities along the bed;,

iv) The effect of neglecting the.change in momentum transfer
caused by wake turbulence;

v) the imposed rectangular and leogarithmic vertical velocity
distributions at the entrance section for the turbulent and
laminar models respectively. These velocity distributions,
assumed as the upstream boundary conditionm, would probably
lead to a slipghtly higher bed shear, since the development

length of three ripples is rather short. This could be
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improved by re-cycling the computed downstream velocity
profile;
vi) the“selected parameteés At, OMEGA and EPS as .02 seconds,
1.0 and .001, respectively, as well as the number of time
steps could have a minor influence on the final results,
In general, all the above mentioned assumptions are acceptable
in that a stable solution was achieved. For future research, medifi-

cations aund refinements on these assumptions should help to improve

the. accuracy of the simulation.

g.3 Correlation of the Experimental and Mathematical Results

9.3.1 Experimental Results

The experimental measurements taken along the rough artificial
ripple bed and the cast of the natural ripple bed are further inbestigated
to examlne the significance of the observed differences. The procedure
to achieve a meaningful evaluation is to plot the results obtained over
the rough artificial ripple bed with their ranges of experimental error.
The results obtained from measurements over the cast of the natural
ripple bed are also indicated on the same curves. The magnitude of
the experimental errors is given in Table A.

Fig. 68 shows in dimensionless form the correlation obtained
from the hot-film anemometfy measurements over the cast natural and
rough artificial ripple beds of the velocity, turbulence intensities
and the shear stress. Fig. 6% shows in dimensionless form the correla-

tion obtained from the Pitot-tube measurements over the cast natural
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and rough artificial ripple beds of the velocity and the shear stress.

The variation of the measured values over the cast of the natural
ripple bed, as shown, lies within the experimencél error of the corresponding
values measured over the rough artificial ripplé bed. This leads to the
conclusion that a two-dimensional ripple bed can reproduce the main turbulence
features of the flow over the three-dimensional cast of a natural ripple bed.

A comparison between the hot-film anemometry and the Pitot-tube

experimerital techniques was accomplished. A calibration factor (cor} was

T
)
first determined by plotting the shear stress measurements, = taken by
e oU
the Pitot-tube versus the Reynolds stresses u; calculated from the hot-film
g

measurexments. Fig. 70 shows all the measurements taken at 0.125 inch normal
to the bed for the sand-roughened flat, sand-roughened artificial ripple and
the cast of the natural ripple beds. The measurements at mid-flow depth in

the zone of low turbulence are also indicated in Fig. 70, where the shear

stress T was calculated from, T =T (L - ¥/D). The fitting of the best
T —

line in the form —%5- = cor. ( —22 ) » that is based on the method of least
pU U ’

squares, yielded an overall calibration factor cor = 1.35.

This weans that on a statistical basis, the shear stress measured
by the Pitot-tube is 352 Higher than that measured by the hot-film technique.
However, the high calibration factor of 1.35 can be explained partly by posi-
tion difference. This is due to the fact that the shear stress measured by
the Pitot-tube is the bed shear at the ripple surface, while the hot-film
anemometry estiéates the shear stress at the point of measurement, i.e., 0.125
inch above the ripple surface. Examining Figs. 27 and 28 of the vertical

shear stress distributiem, a factor of 1.15 representing the ratioc of bed



shear and the shear stress at 0.125 inch above the bed was estimated.
Figs. 71 and 72 illustrate the comparison between the hot—film

anemometry and the Pitot-tube techniques in measuring.the_velocity

at (.125 incﬁ normal to the ripple and the bed shear stress over the

sand-roughened artificial ripple and the cast of the natural ripple

beds respectively. The shear stresses measured by the hot-film were

multiplied by 1.15, and the increased values were assumed to represent

the bed shear. Figs. 71 and 72 indicate that:

1) The shear stress variation along the ripple measured by the hot-
film anemometry and the Pitot-tube techniques has the same trend.

2) The shear stresses measured by the two techniques are almost within
the range of experimental error. However, the shear stresses
medsured by the Pitot-tube are consistently (10 to 20)% higher
than that measured by the hot-film anemometry.

3)  The velocities measured by the tﬁo techniques are within the.range
of experimental error in tﬁe zone 0.3 < %-< 0.8. However, the
hot-film technique showed higher velocities than those measured

by the Pitot-tube for-% > 0.8 and %-< 0.3.

9.3.2 Experimental and Mathematical Results

Fig. 73 shows the shear stress variation along a ripple
obtained from: /
i) the mathematical model of the turbulent flow condition;
i1) the Pitot-tube measurements over the natural mobile ripple bed;
iii) the Pitot-tube and the hot-film anemometry measurements over the

rough artificial ripple bed.
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The factor of 1.15 1s again appliéd to the hot-film measurements.
The Increased shear stress is assumed to indicate the bed shear. From
these curves, it is ﬁo&ed:
1)a The variation in the shear stress measured by the Pitot-tube over
the mobile and the sand-roughened artificial ripple beds lies within
the range of experimental error for %-Z 0.4. However, the shear

stress over the mobile bed is about (5 te 10)% higher than that
measured over the sand-roughened artificial ripple bed‘for-% < 0.8.

2) The shear stress obtained from the turbulent mathematical model
correlates reasonably well with the shear stress measured experi-
mentally by the Pitot-tube for % < 0.8.

3) The shear stress obtained from the mathematical model has its
highest value'at the ripple crest. This was not obsérved experi-
mentally by either the hot-film anemometry or the Pitot-tube
tech;iques. The probable ‘explanation is that the momentum transfer
and thus the shear stress near the crest in the physical model has
been affected by the upstreamAwake; this was not incorporated in
the mathematical model.

Fig. 74 shows the shear stress variation along a ripple obtained
from:

i) the mathematical model of the laminar flow condition;

.11} the flow visualization technique over cast of the natural ripple
and smooth and sand-roughened artificial ripple beds,

From these curves, it is noted:

1) The shear stress estimated from the flow visualization technique

over the cast of the natural ripple and the sand-roughened artificial
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ripple beds is (30 to 40)% higher than tha;lobtained from the
mathematical laminar flow model.-

2) The results of the mathematical laminaf model is only 10%
higher than that obtained by thé flow visualization technique
over the smooth artificial ripple bed.

In conclusion, the mathematical laminar model is more represented
by the milling-yellow solution flow over smooth ripple bed. As pointed
earlier, sand bed frictién is possibly exaggerated by the accumulation
of long chain molecules on the sand grains that may cause earlier transi-

tion from laminar to turbulent houndary layer.

9.3.3 Bound#ry Layer Theory ;

The following section is an attempt to apply the boundary layer
theory as a qualitative explanation for the experimental and mathematical
fesults obtained in this study. |

A boundary layer will develop along the ripple starting ‘down-

stream from the wake. Applying the momentum principle, an equation

in the form
. CoU%  _ _Cpu? '

T =
0 (Rx)n (Ei)n
v

T, is the boundary shear stress;

9.1%

- can be deduced where

'C 1s a constant;
n 1s an exponent.

C and n vary according to whether the boundary layer is laminar or turbulent.

* Reference (100) pp. 262 to 264
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For laminar boundary layer*

0.5

C = 0.322 and n =
For turbulent boundary layer*
C= .029 and n= 0,2

. Rw'is the Reynolds number based on a representative length 1x;

v and p are the kinematic viscosity and the density of the
flowing fluid, respectively;
= +
lx lo Xy

where | ///

x, = the distance measured froﬁ the reattachment to the
point of measurement;

and lo « the ripple length "L".

For the purvosc of this analysis, one may assumd

10 = one ripple length = L

U is the velocity of the undistrubed {low outside the laminar
sublayer in the turbulent flow case

Substituting the above constants in Eq. 9.1 one obtains:

In theicase of laminar boundary layer:

0.322 p v0.3 yl.3
(V]

T, 10, 9.2
pis
\
and, in the case of turbulent boundary laver
) =~
. .029 o \JO'2 Ul.B
To = 1 T.2 9.3

X

The effect of iBF grain roughnéss on the bpundary layer was evaluated
7/,

&

* Reference (100) pp. 262 to 264
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from the average Reynolds‘number at the bed Re* = E%E . A value

- of 55 < Re* < 5 classifies the boundary as hydraulically smooth

N

or rough. In this study an average value of Re* = 2.3 was estimated.

This is based on:

U, = shear velocity = Jig = 3.75x 10 2 ft./sec.
P -
K = grain roughness = 0.2 mm = 6.56 x 10 Y fr.
v = kinematic viscosity of water at 70°F = 1.06 x lO_S ft2./see.

The thickness of the laminar sublayer can also be estimated from
Nikuradse's* experiments on the effect of wall roughness on the
boundary sublayer thickness. Nikuradse proposed that at Re* = 2.3,
Hfél = 6.5 or, the boundary sublayer thickness &1 = 18.4 x 10 EE. =

0.56 mm. Therefore, the bounda}y layer in this study is classified

as hydraulically smooth.

-
.

From the above a velocity measured at 0.125 inch (3.0 mﬁ)
normal to the ripple surface lied outside the laminar suSlayer thickness.-
Accordingly, this velocity is accepted to represent the velocity éf
tﬁe undistu;bed flow as defined in Eq. 9.1.

Further refinement in Eq. 9.3 of the shear stress equation in

{1
the turbulent boundary layer was suggested by Zaghloul in the
form:
.. 0290 v0.2 yl.® _‘(Erigp_le )0-2 0.4
= T, 2 . .
© lx “flat bed
N

* Reference (39) p. 485

TAREN
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where

£_, = the eddy viscosity at 0,125 inch normal to the
“ripple !

ripple;

€flat bed = the eddy visgosity-at 0.125 inch above the flat bed’
Moreover, the eddy viscosity can be expressed in terms of the

turbulence intensity u' and the macro scale of turbulence \ as given by:

/ = (A »u') 9.5

L] " [] .
Eripple €£1at bed ripple Y u )flat bed
. ]

: !

Assuming average values of x, and U along the ripple the Reynolds
number Rx for the water and milling-yellow solutions can be estimat &

as

Rx (water flow) = 0.2 x 105;

f Rx (milling-yellow solution flow) = 0.2 x 10%.

‘-Experimentnl investigaticns indicate that the transition
between laminar to turbglent\boundary layers occur at values of Rx
ranginggpetween 105 and 10% for the case of undisturbed approaching <
flow ovef smooth plaﬁe with well sharpened edge. Tﬁese conditions
do not exist in the flow over the ripple beds of this sﬁudy. The
grain roughness and the high free stream tu;bulence of flow enterihg
the flume would initiate a turbulent boundary layer at much lower Rx'
From the above, it is assumed that a turbulent boundary layer will
prevail under water floé’ovér ripples, and only a laminar boundary
layer may develop with milling-yellow solution flow.

Q )
Therefore, the boundary shear stress associated with the milling-

yellow solution flow over ripples can be estimated from Eq. 9.2, that

reduces to
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0.5 11.5
0.322 Vo U 9.6

T
0

-2

u

—
p u-109.5
X

And, the boundary shear stress associated with water flow over ripple

can be estimated from Eq. 9.4, that reduces to

T 0.029 0.2 yl+,8
] w .

B \ e € 0.2
—r = % + (Tripple/ flat bed) 9,7
pU P u - l 0.2
x
where
[ 4
vm = Kinematic viscosity of milling~yellow at 7ODF =
~ 9.02 x 10 ° ft?./sec.
'vw = Kinematic viscosity oﬁ water at 70°F = 1.06 x 10 ° ft2./sec.
U = Average flow velocity = 0.75 ft./sec.
U = TFlow velocity at 0.125 inch normal to the ripple surface

Fig. 75 shows the results of'appleng Eq. 9.7 on the hot-film
anemometry experimental data of water ffgg over sand-roughened artificial
ripple bed. On the same graph, the shear stress calculations obtained
from the Pitot-tube and the hot-film anemometry before and after calibra-
tion are also howﬁ.

B

Fig. shows the results of applying Eq. 9.7 on the hot-film

anemometry experimental da;% of. water flow over cast of the natural
ripple Qfd. On the same graph, the shear stress calculations obtained
from the Pitot-tube and the hot—film anemometry'before and after
ca}ibraé&on are also showm.

Fig. 77 shows the results of applying Eg. 9.7 on the mathemati-

cal turbulent medel data along with the shear stress obtained from the
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smathematical model.

The results of applying Eq. 9.6 on the mathematical laminar .
ﬁodelldata is shown in Fig. 74 along with the shear stress obtained
from the mathematical model and the flow visualization study. The
milling-yellow solution will behave as a non-Newtonian fluid, which may
account for the poor agreement between Eq. 9.6 and the measured data,

Table 14 contains the calculations of the shear stress along
the ripple based on the boundary layer theory.

The general observation on this analysis is that the trend
of the shear stress along the ripple based on the boﬁndéry layer theory

TN
agrees with the mathematical model. The highest shear stress occured
always near the ripplé crest. The same argument concerning the effect
of the upstream wake on the momentum transfer and consequently the
shear stress in the physical model is not incorporated in the boundary
layer theory.

e -

A more general resistance equation can be written as:

T = Tog + s 9.8

where

T is the total shear Y .
-;og is the bed shear due to skin friction .
Th is the form drag

The skin friction is defined as:

L
_ Jo T, dL ] .
T = ———— and estimated from Eq. 9.7
og L
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The form drag can be estimated from:

F
_ b _ h =2

TD--I:-*—licdDLU 9.9
where
e ,m\\cd is a drag coefficient depending on the ripple steepness

.'*-—o—'—'”—’, ‘

(E), and’sharpness of the ripple crest. Based on analysis of the work
of Khanna(so), Raudkivi(77) and Sheen(go), a relation in the form

Cd = (2 to 3)‘% is suggested. The higher factor is used for a sharp

crest and the lower factor for rounded crest. In this study,

1

h. is the ripple height 0.2 inch

L is the ripple leugth 2.5 inches

U is the average mean velocity

it

0.75 ft./sec,.

Cd is the drag coefficient = 0.

o

(assumed)’
Applyirg Eq. 9.9 to the ripple formation of this study, an

average form drag 1. = 0.0087 1b./ft2. is obtained.

D

Using Eq. 9.7, an average bed shear ¥;g = .0031 1b./ft2. is
T

estimated. This suggests a ratio of :gl = 2.8 which agrees with
T
(50) (717 ) o8
Khanna and Raudkivi findings of a ratio of form drag to

‘D
friction drag — = 2,

T
og
Richardson and Simons(sz) has suggested a flow resistance

equation for the ripple regime in the form:

= - (7.66 - 230 10 4 013 9.10
/E * Uy
where
C . . . y
— 1s the dimensionless Chezy discharge coefficient;
Vg _
D 1is the average depth of flow = 5.0 inches;



151

U, is the shear veiocity B‘J_zz = 0.078 ft./sec.

(estimated from Eq. 9.8)

Applying Eq. 9.10, a Chezy coefficient, L. 11.2, is obtained.

: b4
This is within the range proposed for ripple formation given by Richard-

L]
son and Simons as 7.8 < L < 12.4.
In conclusion, under known flow conditions that iniciate a
ripple regime in a sand bed, Eqs. 5.7, 9.9 arnd 9.10 can be used to
s

estimate the bed shear, form drag and Chezy coefficient, respectively.

9.4 Comparison With Other Investizators

9.4.1 Shear Stress Along-a Ripple

The experimental results of the shear stress along the ripple
bed obtained in this study and those reported by other researphers
are shown in Fig. 78. A brief description of each is given as follows:

Curves (1) and (2) are the shear stress as obtained in this
study over the sand-roughened artificial ripple bed measured by the
Pitot-tube and the hot-filg anemcmetry techniques, respectively. It
should be noted that Curve (2) represents the calibrated hot—fibg
dnemometry measurements.

Curve (3) is Raudkivi's(77) experimental results of the bed

sh¢ar measured by a Pitot-tube 6@_3 water flow over a repfoduced
rip;le form of smooth galvanized metal sheet. The ripple length
and height were 15.0 inches and 0.9 inch, respectively, with the
ripple height to length ratio of 0.06. The average flow depth and,

mean velocity were reported as 4.96 inches and 0.98 ft./sec., respec~

tively. The bed shear variation is steadily increasing in the down-



1
stream direction, beyond the wake zone, from —gz = 10.7 x 10
T _ pU
to reach its maximum of —éé; = 35x% 10 * at the crest.
oy~ PU . .
Sheen carried out his experiments on the same flume and

the ripple model form of Raudkivi except that the smooth steel surface
was roughened with the samé sand used in forming the ripples. Pitot-
tube measurements were taken at four locations along tue ripple (Curve
4). Sheen claimed that the trend of the rough boundary shear is
similar to that of the smooth boundary m;asurements by Raudkivi,
although the scatter was considerable.

Sbeen has also measured the Reynolds shear —pG;-at 0.25 inch
above the ripple surface using the hot-film technique {(Curve 5). He
pointed out the disagreement between the Reynolds shear and the bed
shear measured by the Pitot-tube (Curve 4). He explained the dis-
crepancy by either the large convergence of flow or the effect of
viscosity if the hot-film measurcments were taken inside the turbulent
boundary layer. Also, the Pitot-fube measurements may have been
affected by wake turbulence and periodic pressure gradient. The
roughness Reynolds number,E%E, varied from 2.9 at the trough to 6.0 at
the ripple crest and the thickness of the laminar sublayer was always
greater than the grain size. Thus, a hydraulically smooth turbulent
boundary layer prevailed in Sheen's experiment.

(50)

The results repoerted by Khanna based on experiments in

a l ft. by 1 ft. wind tunnel using the techniques of hot-wire anemo-
metry in the medium of air over smooth waves to represent sand waves
are indicated by Curve (6). The ripple length and height were 12.0

inches and 0.8 inch, respectively, with a height to length ratio of

0.07. The average mean velocity was 54 ft./sec. His results showed
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the same trend reported by Raudkivi of increasing bed shear stress
along the ripple to reach its highest value at the crest with an
average value of igz = 15.0 x 10 *, Khanna derived a relation for
the inner region,pgo calculate the bed shear stress that is based on

1

Prandtl's mixing theory in the form:
15

Y o 5.6 1og B 4 4.9 9.11
U* v

4
The results reported by Jonys('3)

based on experiments in a
water flume over a mobile bed of light weight material of specific -
gravity of 1,041 and Dgp = 1,4 mm are indicated by Curve (7). Jonys's
cxperiments showed a range of ripple lengths of 10 to 20 inches, ripple
heights of 0.32 to 1.4 inches, with ripple height to length ratio
ranging from ,03 to 0,11, The flow depths investigated were in the
range of 1,8 to 3,7 inches. An estimated mean average velocity of

2.5 inch/sec. was used in plotting Curve (7). The beglfhear increases
downstream from the wake to reach its maximum at<% = (.75, then
decreases to zero shear at the crest, Jonys gave an explanation of the
difference in his vreaults from those veported by Raudkivi and Khanna,
.bnncd on the permable effect of the mobile bed. He stated that the
decreasing boundary shear approaching the crest may be due to the
aecpage flow effect that will be induced from both sides toward the low

pressure zone Inmediately upstream of the crest, Jonys used a similar

equation to Khanna in determining the shear stress in the {orm:

4] = -T— = -A’-—— du ’
= * Vo 5,75 d(log y) 9.12

* where the velocity was measured by the hydregen bubble technique,
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* The average bed shear on the ripple surface in the range of
T

0.55 < % S 0.85is—y = 125x 107, and the roughness Reynolds
pU
number H%E = 10. The fall velocity was estimated as v, = .06 ft./sec.

from the following equation:

s -5 .
1.33 84 (——-———5 f) = C; = ¥(R) 9.13%
v S
. s £
where
Ss = specific gravity of bed material M
Sf = specific gravity of fluid
d = diameter of bed material
v oS the settling velocity
v d
R = Reynolds number = —>—
- v
Cq = coefficient of drag -
=

Eq. 9.13 applies beyond Stokes law at Reynolds number R > Q71.
Applying Eq. 9.13 on the experimental data of this study, a
fall ve%&fity v, = .08 ft./sec. is obtained. An equivalent fall

diameter of Jonys's bed material was estimated from

v
(d50>2 . {'s) Jonys .

equivalent (Vs) this study

2
(dso)this study

or (dgg) = 0.17 mm which satisfies the requirement for ripple

equivalent

formation (dgg < 0.6 mm). However, the following_observations can be
{ .
made on Jonys work:

1) The depth of flow in relation with the ripple dimensions would

lead to a significant surface wave effect on his ripples. This,

* Reference (85) p. 779



in part, explains the high dimensianless bed shear :22 of
125 x 10 % in comparison with the values of bed shegg obtained
by other researchers.

2) Seepage conduétivity K is proportional to the diameter square of
the bed material, i.e., K= dio. Accordingly, the seepage
conductivity of Jonys's work is about 50 rimes that of the mobile
bed in this study.l )

3) The bed ;Prface in Jonys's experimenf is not hydraulically smooth.
A smooth turbulent boundary layer existed in Sheen's experiment
and in this study.

A comparison of the results of the shear stress distribution
along a ripple surface as shown in Fig. 78 leads to the following
comments:

1) Some of the differences could be explained by the variation of thé
technique used (Pitot-tube, hot-film or wire or hydrogen bubble),
the flowing fluid (air or water), surface coé&ition (smooth or
rough) and the bed regime (rigid or mosile). The accuracy
of different techniques is dempnstrated by Curves (4) and (5) of
the shear stress on the same bed under the same flow conditions,
as reported by Sheen, using the Pitot—-tube and the hot-film
anemometry techniques, Raudkivi and Khanna reported similar
results for smooth ripple surfaces. The high shear stress
reported by Jonys was explained earlier by the effect of the sur-
face wave. The zero shear stress a: the crest is also explained

by the high seepage conductivity encountered in his experiments.

2) Comparing the shear distribution, along the ripple, of this study

with that of other researchers shows an agreement in trend
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with the distributions reported by Sheen and Jonys and an agree-
ment in the Arder of magnitude, but no- shape, with the distri-
butions réported by Raudkivi, Xhanna and Sheen's Pitot-tube measure-
ments.  The average of Sheen's hot-film and Pirot-tube results is
in good agreement with this study. .

3) While the ripples'reported by different investigators have
similar dimensions, the ripples observed in this study were much
smaller. However, the height of ripple to length ratio is similar.
The ripples in this study represent the early stage of the ripple

Tegime for fine sands.

9.4.2 Turbulence Intensities’
1
Fig. 79 shows a comparison of the turbulence intensity E~

U
and the velocity g » along a ripple as obtained in this study with
3 :

that reported by Sheen(go). The hoz-£ilm technique was used in both

3

investigations. The measurements were taken at 0.25 inch and 0.125 inch

above the ripple surface in Sheen's experiments and this study,
rcspeétively. The following observations can be made:
1) At the ripple surface, the two studies showed an increase in
the turbulence intensity from the reattachment reaching a maximum
at T° 0.4, then the intensity decreases in-the downstréam direc-

tion up to the ripple crest. However, Sheen's experiments showed

higher turbulence than that measured in this study. The turbulence
’ ' .

intensicy L ot this study varied between .07 to .09 while in

- U
Sheen's experiments it varied between .09 to 0.15. This is

probably a result of the significantly larger ripple heights used



by Sheen, i.e. 0.9 inch compared to 0.2 inch of this study.

The velocity measured by Sheen at y = 0.25 inch above a ripple

of height hr = 0.9 inch has been affected by the wake much more

than the velocity measured ik this study at y = 0.125 inch above

; ripple of height hr = 0.2 inch. This could be explained by

the difference in the ratio of ripple height to depth of measurement
.above bed (hr/y) used in the two studies. These ratios are 3.6 and
1.6 in Sheen's experiments and in this study, respectively. A
higher (ﬁr/y) of Sheen's experiments resulted in relatively lower
velocity and higher turbulence intensity along the ripple from

-

1
downstrean the reattachment to at least T = 0.6.

3) At half flow depth the velocity and the turbulence intensity q{

i/
the two investigations are quite similar. Average turbulenc \

"D
L

AR . .

intensities = of 0.050 and 0.055 are reported in this study and
U

Sheen's expericents, respectively.

9.4.3 Regimes of Ripples

Several sets of dimensionless numbers have been introduced to
define the regimes in which the different fypes of bed forms develop.

Shields(93) in 1936, in his early evaluation of particle motion,
considered the parameters important to the iniciétion of parﬁicle motion
to be the particle diaieter, the specific weight of the submerged
particle, the density and viscosity of the flowing fluid and the
shear stress at the bed. -

Liu(so) in 1957 introduced the fall velocity for a single
particle as an important variable in the initial growth of bed forms and

concluded that many of the variables involved in the interaction between

!
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water and individual sediment particles such as size, shape and sub-

merged weighf could be lumped in the fall velocity. He also showed

that his parameters are equivalent to Shield's for the‘special case of

spheres. Simons and Richardson(gé) developed a set of dimensionless

curves where the Froude number is introduced to défine the bed regimes.
Along these lines other researchers, e.g. Garde and Raju(27), and

ni11 38)

» have developed different criteria for bed regimes.

An attempt was made to correlate the ripples ohserved in this
study Qith the previocusly published work. The following parameters .
are selected:

Size of bed material, 4 = 0.2 mm

Specific gravity of sand = 2,65

I}

Kinematic viscosity of water, v at 70°F 1.06 x 10°° fe2, /sec.

Density of water, p = 1.94 slug/fte3.

Fall velocity, "vs” = 25 mm/sec. 0.08 ft./sec.

3.75 x 10 ° ft./sec.

Average bed shear velocity, U, =J T_o
Average mean velocity, U i = 0.75ft./sec.
Flow depth, D = 5 inches
Figs. 80 to 87 show the experimental correlation of the
results of this study on the regime maps of several investigators.
The correlations fall inside the ripple zone of Figs. 81, 83 and 87
(38}

suggested by Hill and Simmons and Richardson (95’961ﬁ"and near
ripples in Figs. 80, 82, 84, 85 and 86 proposed by Liu(GO), Shields(ga),
Simons(3l), and , Garde and Raju(27). The experimental correlations

developed from Jonys's data are also shown on Figs. 80, 84 and 86.

The bed forms repg¥ted by Jonys appear to be ripples.
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The tendency of the bed regime to fall slightly below

ripples could be explained by the smaller ripple dimension incurred

u
In this study in comparison with ripple dimensions reported by others.
This argument is supported b§ the fact that the ripple size is not
introduced in the dimensionless parameters of Figs. 80 to 87.

Flow characteriscics near the bed such as turbulence level,
sﬁear stress and velocity are important facotrs in bed regime. If
any of these factors was higher than normal, ripples could form when
other researchers found no bed material movement. In conclusion the
bed forms observed in this study are classified as ripples, possibly
in the carly stage of the ripple regime for fine sands.

Thomas(loz)

has introduced a correlation of periodic phenomena
of sediment transport in horizental pipes and open channels where the

periodic height and length are introduced in an equation in the form:

_2 -
5 , (ps p)z 1_[!3( u? )(2_)5/3 D_)2/3 0.258
5 ° Lf P an 5L hr hr dr

9.14

where

5  - mean velodity of flow

L - pgriodic wave lengéh = ripple length

hr - ﬂeight of the periodic phenomeﬁon = ripple height

v, - ripple velocity

dr - particle diameter

D -~ depth of flow

p -~ particle density
p - density of water

8 - gravitational acceleration
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This correlation is shown in Fig: 88. A good agreement of the
experimental data of chis stuAy with Thomas's correlation within the
+25X scatter was achieved. However,ééﬁtibould be noted that introducing
tﬁe depth of flew as a parameter in Thomas's correlétion does not agree

with the generally accepted theory that ripples are independent of

flow depth. . 5

9.4.4 Theories of Ripple Formation

b

In this section three theories that explain the origin of , .

ripples and the reason for their occurence are discussed.

(116), in thch he

Tﬁe first approach was adgpted by Yalin
arrived by the process of elimination at the conclusion that the
occurenée of ripples is caused by the instability of the surface
of the granular medium iégelf. In his physical model he a;suméd
that Fhe pérticle Reynolds numbe; Re* is small, i.e. that the influence
of viscosity is large. .In this case, the mechanical individuality
of grains becomes restricted and the graﬁular medium turns ;nto what
he described by the temm "plast;c medium"., Under a continuous action
of the shear stress T the plane surface of.the plastic medium wo:id
soon*lose its stabillity and would deform into a wavelike shape.‘ Also,
the slightest incidental ridge that might be present on the bed
surface é;ﬁ result in the devia;ion of T from its-gtandard value
and consequently induce the instabiligy.l'Once these infinitesimal
amplitude waves are established, the waveé will soon grow in time
to the ripple wave le;;EH{f He stated that the wave length "L" is
Essentially a property of the plastic medium and may or may not

depend on the shear stress. If the wave length is only a function
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of the plastic medium then!:

-

i.e., L = consf,d . J/"f}\\\\ . -

L o= £, u/d) ~ . - - o ©9.15

where d is the particle diameter.
- 1f the wave length does depend on T, then
L = f(p, u, é, 1) : 9.16

ie.,\‘_/ﬁtb(R*)-d_ . ‘ c. T

'* Yalin did not believe that turbulence ;Ls a factor in ripple

‘oqcurence; on the contrary, he stated that the turbulence in the v;e;nity
of the bed inhibits ripples.

. (60) has also attempted to explain the occurence of ripples

by usiﬁé the concept of instability of the laminar sublayer on the

_ interface of two different fluids moving relative to:each ether.
The lower fluid reptesents the granular medium and the upper f£fluid
being the tract;ve fleid, Liu's.approach.differs'from Yalin in that” the
waves on the-interface are ceused by the deviatidn_in ﬁelpcipies
rather than ehe s;ear stress,

(79)

Raudkivi » on the other hand, suggested that the mobilicy

of grains and che'occurence of bed forms is a function of the tur-
bulent agit;cion and temporal mean shear, the turbulence makes the
particles mobile and the shear stress transports them. Raudkivi
described the mechanism 6f-ripp1e'formation starting from the threshold
of grain-movemeni pas®ng a distd;bance in the plane grain‘Poundary
that is created by a chance‘piAling—up. This surface d::.scurbance
es;ablishes an interface or surface of discoe;inuity in the flow.

In the_ shear flow of the interface zone the turbulence- intensity is °

high and the grains_are scirred-up_by the turbulent agitation where

S
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the interface reattaches itself to the grain boundary. From the .
'r;;ttachmént point downstream the gurbulent agitation decreases and also
a boundgry layer develops. Because of the réﬁuced agitation some of

the material made mobile at the reattachment point cannot be supported
and settles out as it passes downstream. This leads to the formation

of a second disturbance and so on. The bed-form development propagates
gradually downstream from the point of the initial disturbance until

the steady state condition is establishqd.z Along the established ripple
form the turbulenc_}gitation is maximum at the reattachment region

and decreases from there downstream, partly because of diffusion and
decay and partly because of the convergence of flew. The ripple form
travels by erosion of sand on the upstream face and by deposition

in the lee of the ripple.

Based on the experimental observations and results of this
study, it is believed that Raudkivi's explanatioﬁ of ripple formation
is more realistic. The turbulence does play an important role in
ripple formation. Larger ripa%%s have been obSe Ed(iﬂ the high
turbulence zone while smaller size ' ripples occured.;n the lowlturbu—
-lence zone (Fig. 23)., The descriptiop of the turbulence intensity
_along a ri£ple és given by-Raudkivi wéé obtdined exPerimentally by’
Sheen and in this study (Fig. 79). The highest tufhulence intensity
occured just‘ddestream from the reattachment’and decréascd further

downstream as far as the to the ripple crest. An explanatioh of the
L C ;

smaller siz- ripples.reported in this study in comparison ﬁith Sheen's

experiments can now be ‘given as the dependency of ripple size on the
w\ N ' -
turbulence intensity. Righer turbulence intensities may lead to longer

AY
L]
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ripples at the transitional stage from flat bed. to developed ripples.
The presence of free stream turbulence in this study may
have caused initial motion to occur at velocities lower than the
critical values suggested by Shields. Once a ripple occurs in a
relatively high turbulence or high shear zone, a ripple pattern tends
to propagate d@gnstream apparently because of the di;turbance of
the initial form.
falin‘tl7) has indicated that the development of ripples can
increase by a factor of about 2 in a duration as long as 400 hours.
In a pericd of three hours of the present study, the ripple dimensions
in the high turbulence zone were about twice the size of those observed
in the iow turbulence zone. This may lead to the conclusion that the
ﬁigh free turbulence encountered in this study has accelerated the

development of rippies.



CHAPTER TEN

CONCLUSIONS AND RECOMMENDATIONS

On the basis of the experimental and mathematical analyses

of- this thesis, the following conclusions .were drawm:

1)

2)

3)

4}

5)

A comparison of the turbulence characteristics over the cast of

the patural ripple and the artificial triangular ripple beds
indicates that the essential velocity and turbulence features of
flow over the three-dimensional cast of a natural ripple bed have
been reproduced, within the range of experimental error, by the
flow over two-dimensional sand-roughened artificial ripple bed.

The shear distribution over the mobile ripple bed was found to be
very similar to the shear distribution over the cast of the natural
ripple bed and the roughened artifieial ripple bed.

Although the experimental results of the boundary shear stress
along a ripple, obtéined by the Pitot-tube technique, were

10 to 20 percent higher than those obtained éy the hot-film
anemometry technique, both methods showed the same trend in the
shear stress variation along the ripple surface. After adjustment
for depth and calibration of the V-probe, the results were in good
agreement. l

The macro scale of turbulence near the ripple surface is of the same
order as the ripple height, f

In this study, solutions of milling-yellow were found to be

164



6)

7)
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satisfactory for qualitative visual studies of the velocity

and shear patterns produced by viscous fluids.

A stable numerical solution of stream function, vorticity,

velocity, shear stress distributions and the flow pattern separa-

tion was achieved using the finite element technique to solve the

Poisson and Helmholtz form of the Navier-Stokes and.Reynolds

Equations for laminar and turbulent flow models. The mathematical

and experimental results show fairly good agreement for both the

viscous and turbulent flow conditions.

An analysis based on the boundary laver theory indicated that

the shear stress variatién along the ripple surface could he

accounted for by:

i) a rapid increase in shear imnediately downstream of the
point of reattachment;

ii) a tendency for shear to decrease as the boundary layer
develops;

iii) a compensating increase in shear aue to the increase in
velocity near the bed as a result of the flow contraction
due to the tipple form;

iv) the increase in the eddy viscosity because of the separation
from the preceding ripple tending to increase the shear

—
near the reattachment point. N

On the basis of the investigations of this thesis the following

topics are suggested for future study:

1)

The finite clement models described herein could be extended to

include different bed forms, such as dunes;



2)

3)

4)

5)

The milling-yellow solution has proved its usefulness as a

qualitarive flow visualization technique, which could be extended

to cover different areas in fluigjhechanics, such as flow under

sluice gates and around spur-dikes;

The turbulence characteristics should be checked by laser anemo-

metry to assess the accuracy of the hot-film technique;
Additional studies should be made #n a large flume to permit
a greater flow establishment distance; )

The effect of free stream turbulence on ripple formation

should be investigated.

>
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VELOCITY, TURBULENCE INTENSITIES, SHEAR STRESS.
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Flg 47 — Velocity, turbulence intensities and shear
stress variations along one ripple 44" D/S
from the screen in a rough artifical ripple

bed - obtained from the hot-film anemometer
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Fig. 80 —_Velocity and shear stress distributions
over a cast of ¢ natural ripple bed,above
ripple crest 44" D/S from the screen -

obtained from flow visualization analysis.
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Fig. 51 — Velocity and shear stress distributions

over ¢ rough artifical ripple bed, above
ripple crest 44" D/S from the screen -
obtained from flow visualizaction cnalysis.
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over a smcoth artifical ripple bed, above |
ripple crest 44" D/S from the screen -

obtained from flow visualization analysis.



203

VELOCITY —% x 10

0 4 8 12 .16 20 24
1.0 -.,_{‘ ‘-‘.\v_ T T T

d
RELATIVE DEPTH |3

1 1

0 5 10 15 20 25 30

4

SHEAR STRESS p%leo

-

Fig. 53 — Velocity and shear stress distributions
over a.- rough flat bed 44" D/S from
. the screen - obtained from flow
visualization analysis
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Appendix I

CALIBRATION AND OPERATING
PROCEDURES IN HOT-FILM ANEMOMETRY

Procedure used in calibrating the hot-film probes:

Series of tests were carried out to establish a sound and reliable

method of calibration of the hot-film probes. They were cali-

brated by a Pitot-static tube of 0.125 inch (0.32 cm), external

diameter and 0.046 inch (0.12 cm), internal diameter. The method

of calibration is summarized as follows:

i)

ii)

iii)

iv)

v)

The pump was started. The two controlling valves were
adjusted to obtain a reasonable flow. Enough time was

allowed to reach a steady condition.

The Pitot-tube and the hot-film were held side by side, with
1/8 of an inch (0.32 cm), apart, at the same point in the flow.
The tip of the Pitot-tube was adjusted to coincide with the
hot-film in the same vertical plane perpendicular to the
direction of flow.

Enough time was allowed for the reading of the sloping mano-
meter to reach a stable position.

The water temperature was recorded. The DISA 55D01 Anemometer
unit was put in operation as explained in the next section (I.2).
The DC voltage on the 55D30 Voltemeter and the sloping mano-
meter reading were recorded simultaneously at the operating

temperature.
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vi) In case of unstable or drifti$g DC voltage was observed,
step (v) was repeated after ’eaning the-hot—film of any dirc
or air bubbles with a fine brush. While brushing the hot-
film, the loop control of thesanemometer unit has to be in
the STD BY poéition.

vii} In case of calibrating the V-probe, the DC oltage of the two
films were recorded along with the sloping manometer reading.

viii) The measurements were repeateé at differeﬁt poiats in the flow
field, with the alignment described in step (ii) intacr.

ix)  The whole procedure was repeated for different flow conditions

- to cover a wide range of velocity.

x) The temperature at every point was measured and an adjustment
ih the cold resistance and the cperating reéistance was made
for any change in temperature to maintain the same value of
the over heating ratio "a" = 1,05. ‘

xi) The calibration procedure covered a range of velocity and
temperature variations which were expected in the actual
experimental study.

xii) The sloping manometer readings were transferred ro velocities
using Eq. 7.2. .

xiii) A set of calibration curves were constructed for both the Wedge

and V-probes for different temperatures (70°F to SGOF) -

Figs. 17 and 18.

1.2 Operating the 55D0l Anemometer

The procedure used in operating the 55D01 Anemometer (Fig. 89) with

the Wedge-probe in water to measure the velocity U and the turbulence



intensiczy u' is summarized as follows:

i)

ii)

iii)

iv)

v)

vi)

Turn the instrument ON and allow a sufficient warm up time -
about 15 minutes.
Check the line voltage, by turning the METER SWITCE all the
way to the ;eft, the meter deflects all the wéy to the right.
With the METER SWITCH in its second position, set the CURRENT
ADJ. control, using a fine sprewdriver, for a meter reading
of 3.5 mA on the upper scale.
Set the control QUTPUT BIAS for half scale meter deflection,
with the other controls set as f£ollows:

Meter Switch at 1, 3, 10 or 20

Loop Contrel at STD BY

Decade Resistance at 00.00

. Bridge Ratio at 1:20

HF Filter at 1

Gain Adj Fully left at 1

Input bias at approximately mid-scale

LF response at High

Temperature - Resistance Switch at Neutral.
Connect the 5 métcrs probe cable to the probe support which
ends with a shorting-probe. Adjust the ZERO OHMS with a
screwdriver, so that there is no meter deflection when
Temperaturc-Resistance switch is depressed.
Replace the shoriing probe.with the wedge probe. Place the
probe in water and record its temperature. Set decade

resistance to a value that gives no meter deflection when
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vii)

viii)

ix)

239

t .
Temperature-Resistance switchzis depresged; The reading
of the Qecade resistance gives the cold resistance Ro in
ohms of the probe at the recorded temperature.
The operating resistance R = a- - Ro where a = overheating
ratio{ chosen as 1.05.
To measure the velocity U at any poin£ in tae flow field,
set the decade box to read R, then turn the loop gbutrol to
INT. A reading of a DC voltage on the meter can be trans—
ferred to velocity by using the appropriate calibration
curve. For more precise res#lts, the DC voltage can also
be read on the 55D30 Digital DC Voltemeter.
To calculate the turbulence intensity, u', the root-mean-
square of the vols age\’ 22 is measured by the 55D35 RMS

*

voltmeter. u and\j e? are related as given by Eq. 4. 16

Operating the 55D70 Analog Correlator

The procedure used in operating the 55D70 Analog Correlator (Fig. 90)

i)

1i)

iii)

with the V-probe to measure the cress correlation factor

d
Set RANGE VOLTS, switches (2) and (4) to 10V and turn variable

R = & " &y ,\/ ;2 and \/ €2 is summarized as follows:

GAIN controls (1) and (3) fully clockwise to the CAL position.
Apply signals to be correlated e and ey from Dual Summing '
Unit, through INPUT A and INPUT B of the correlator.

To bring the signals on channel A within the dynamic range
for the measurement channel, set MEASUREMENT FUNCTION switch
to el and INTEGRATION TIME CONSTANT switch to 0.1 sec.

Turn RANGE VOLTS (2) counterclockwise until meter reads
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iv)

vi)

-

between red mark and + 0.1 on upper right scale. Select -
time constant so that meter déflection does not fluctuate.

To bring signals on channel B within the dynamic range for -

v -

the measurement channel, repeat the procedure explained in

»

step (iii).

. To measure the cross-correlation factor R, turn MEASUREMENT*

FUNCTION switch to CORR. FACTOR R and set TIME CONSTANT ~

switch so that meter deflection does not fluctuate. The

~ -

upper scale meter reading R' in volts square, is propor-

tional to R, where R = G, - GB -+ R'.
—

GA and GB are settings of theééii;i VOLTS switches for chan-.

A

nels A and B respectively.

kY

The RMS of e and e, were measured consccutively by means of

tﬁc 55D35 EMS Voltmeter.

Operating the 55D75 Time Delay

The Procedure used in operating the 553D75 Time Delay Unit.iFig. 91)

with the 55D70 Analog Correlator (Fig. 90) to measure the cross

correlation coefficient p(t) is summarized as follows:

i)

ii)

Set RARGE VOLTS switches (2) and (4) of the correlator to

10 Volts #nd turn variable GAIN CONTROLS (1) and (3) fully
counterclockwise. - '

The signal from the Wedge-probe is fed to the Time Delay v
Unit, where a specified time dclgy can be applied according
t; the DELAY RANGE.switch of the Time Delay Unit, and, the
DC Voltage supplied by the DC generator to the Time Delay

Unit in such a way:
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-

a) -If the DC voltage _is 5 volts, the time delay is the
.ﬁalue spéﬁif;ed on the-Delay—Range switch.
b) If the DC Géltage is any other value "V'" less than
5 volts, the t@ﬁe delay is the value_specified on the
Delay-Range swiﬁch multiplied by the ratio %-< 1.
iidi) Agply signals vo be correlated, from- the Time Delay Uﬁit,
thréugh INPUT A and INPUT B of the co}relator.
iﬁ) fo normalize the signal on channel A, set MEASUREMENT .
FUNCTION to the ef position and INTEGRATING TIME CONSTANT
to 0.1 sec. Turn RANGE VOLTS swifeh (2) counterclockwise
until meter reads between red mark and 0.1 on upper right
scale. Select time constant so that meter deflection does
not fluctuate. ﬁTurﬁ GAIN control‘(l) clockwise until meter
needle deflects to red mark. )
v) To normalize the signal eon channel B, repeat the procedure
explained in step (iv):
vi) To measure the cross-corfelation function p, set MEASUREMENT
FUNCTION switch to the CORR. COEFFICIENT range providing
.greatest possible meter sensitivity. Select time constant

\
s0 that meter deflection does not fluctuate.
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Fig. 89 - DISA Type 55001 Anemometer Unfit,

Fig. 90 - DISA Type 55D70. Analog Correlator
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APPENDIX III

PHOTOGRAPHS FROM THE

FLOW VISUALIZATION STUDY

€



Photograph 14.

Photograph 15.

-

Smooth Flat Bed.
Ripple Flow Condition.
D =5.00 in., Q = 0.13 ft3/sec., T = 0.75 ft./sec.

Smooth Artificial Ripple Bed.
Ripple Flow Condition. =
D= 5.00 in., Q@ = 0.13 ft?/sec., U=0.75 ft./sec.
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Photograph 16. Rough Flat Bed. ,
Ripple Flow Condition, ’

>

D=5.00 in., Q = 0.13 ft?/sec., U= 0.75 ft./sec.

Photograph 17. Rough Argificial Ripple Bed.
Ripple Flow Condition.
D= 5.00 in., Q = 0.13 ft>/sec., T = 0.75 ft./sec.
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Photograph 18. Cast of a Natural Ripple Bed.
Flow Conditions Less Than That For Ripples.
D = 4.25 in., Q = 0.07 fc?/sec., U = 0.45 ft./sec.

-

Photograph 19. Cast of a Natural Ripple Bed. ¢ *
Flow Conditions Less Than ThaE'Fé} Ripples.
D =5.50 in., Q@ = 0.09 ft?/sec., U = 0.48 fr./sec.
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!

Photograph 20. Smooth Flat Bed.

Flow Conditions Exceed Ripple Condition,
D= 4.75 1n., Q = 0.14 fr¥/sec., T = 0.85 fe. /sec.

Photograph 21. Rough Flat Bed. ' ,/

Flow Conditions Less Than That For Ripples.
D= 4.75 in., Q = 0.10 ft¥/sec., T = 0.61 ft. /sec.

N

/
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: L
Photograph 22. Smooth Flat Bed - Filter OFF.
Ripple Flow Condition.
D =5.00 in., Q = 0.13 £t3/sec., T =0.75 fr./sec.

Smooth Artificial Ripple Bed - Filter OFF.
Ripple Flow Condition.

o -
D=5.00 in., Q = 0.13 ft?/sec., U=0.75 fE./sec.

Photograph 23.



APPENDIX IV

TABLES



~2.5 Inches Above the Bed. .

- - ; ‘: * = .
» - ., —.—-—’k :
- - - 4 Y - -
’ \.'I - > - -7 - o
-. N TABLE 1.. -_"rransver_sé Mgasurements of Longitudinal Velocity
“Z . . - - - s
-4 . M
. . At Different- Section:.s Downstream The Screen At
- - - - *

268

-

Distance-Df;S_ -

ETE R

~ Sloping Manometer

e

Location ;3 Velocity
tpe Screen |-~ Pitot-tub - " Reading v
inches acrass the Ah ams ft./sec.
. e width of : )
- flume .
inches
14 . .0.5 ' 29.0 0.68
. 1.5 . 39.5 0.79
) 2.5 . 45.0 0.84
3.5 - 37.5 0.77
) 4.5 26.0 0.64
31 0.5 31.0 0.70
1.5 37.5 0.77
2.5~ _ 42.5 0.82
- 3.5 35.5 0.75
! 4.5 28.0 0.67
&4 9.5 33.0 0.72
1.5 36.5 - 0.76
2.5 38.5 0.78
3.5 . 35.5 0.75
4.5 33.0 0.72
U = 0.1258 vAn



TABLE 2.

Velocity Measurements Throughout The Depth Of

Fiow In The Mobile Béd Using The Pitot-Tube

"Location of

Relative Sloping Velocity u
the Pitot- depth manometer U 7
tube above d reading ft./sec.
the bed "a" D Ah mms. .
inches
-0 0 . 0 0 0
0.0625 ' 0.0125 15.0 0.49 0.65
0.1l 0.02 17.0 0.52 0.69
0.2 0.04 22.0 0.59 0.79
0.3 0.06 23.5 0.61 0.81
0.4 0.08 26.0 0.64 0.86
0.5 0.10 28.0 0.67 0.89
0.7 0.14 31.0 0.70 0.93
1.0 0.20 +34.0 0.73 0.98
1.5 0.30 36.0 0.76 1.01
2.0 0.40 37.5 0.77\\; 1.03
2.5 0.50 38.0 0.78 \\ 1.04
: ™
3.0 0.60 39.0 , 0.7% 1.05
3.5 0.70 41.0 0.81 1.08
4.0 0.80 43.0 0.83 1.10
5.00 inches

Ly = depth of flow =

U = mean flow velocity = 0.75 ft./sec.

~

U = 0.1258 /an.
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TABLE 4. Ripple Lengths and Heights

Along The Flume

Ripple Ripple Ripple
. Ne. Height Length
Inch Inch

1 0.52 3.86

2 0.45 3.83

3 0.40 3.52

4 0.42 3.32

5 0.44% 3.35

6 0.43, 3.55

7 0.38 3.45

8 0.24 2.48

S 0.20 2.28
1c 0.22 2.156
11 0.18 2.25
12 0.16 2.22
13 0.18 2.20
14 0.22 2.18

* The tested ripple in the cast of the

natural ripple bed.



208/°33 §£'0 = £3y00T2A mo[j uvdd = a

$aIUY Q0'G = MOTJ 30 yadop = @
I

i

€Y'y '€  88'€ (6'0 T6'T €€'T SOT” ZT' 981°0  €L° WLt Lt €Lt S'wE ewg g€l St 6
v0*'9 T0°% £sy 90° T 0L°'T {0°¢ 1T’ AN 00 08 0g° I8° 6L° crov £9°8 Yh° L Wt L*
AT A _mm.e 12°6¢  6S0°T I1TL'1 60*2 1'TA N Syt £Z°0 6L 6L 08° gL’ ¢ 6t 19°8 lett | g
0€* G iy 19°S BO*T  9L'T  yU'C SETY 91’ st 8L® LLe 6L° 8L -8t LE VAR el €L £
8011 L'y l6'9 - 00T ¢g'T  SsT°i YA T1Z° e 0 T £l L Sl S'ee 1 ] 9¢ L A GLT®
65 TT 6e*y  95°9 68°'0 9T1° ¢ %9°Z ST* 1N T.°0 £9° c9° 89 89° 0°L2 Ge'8 91 L 1L s¢0"
) - - o < 3 2« 0« O H® <t <t - n
1 v (753 J n < o R o N = [¥) o m n
. L) [ od e ) » o Fio b= P s A 0 [ — s
. = = o = w 7g 0 AR o DO oo - - o ] £
nq_n_ (X} (=% o ow 0.0 0 0 P pe 1] 2] m e
o< cl)jd dife - = ~n o Do O s 3= ¢ o o
- -~ P & < < % ge L2 RE RE O° @ ® it 5
¥ VR T S & 5 2 Er e ome g3 & T e
[ o I ~—~ e o __u.L ] ) p r s " or =t = gis | - ] N
o o o ) .& (7} 7 o] £y Q- o - 0 < -t 3
o~ N [ ] rt r ~ ] ~— |2 H H o Q -] rn
s . * <) P 7] " g m n P b rag wr

~ —~ o) rr ] 1 v rr ol "
. w 7 = i [¢] MO -0 ] [y (7 o,
0 ] " » ) " . o) ~—
0 N ...S\ =

) ) t
g1uswd INsvIy 9qoad-A 2YI woeig paurslqo pog ITTd Wicoug Yy J0J  UaaIodg ay] woajg
‘e-q¢ AT4VL

weoa38UMOd SOYDUT %Y IV mu«um«uuuummmso aouangany puy K1F00T9p TEITIIIA JO BITNSAY



LI

* -h‘ .
(4] ¥
A *328/°3) GL°0 = A1700T0A MOTJ UBDU = m
. goyouy Qg = #0TJ 30 yidep = (
he'Y £9'¢ 66'€ 66°0 98°T1 Le*e oﬂﬂ. 0Z1° oN.o oL’ 9L* LL” Lt §'ot cc'g ot L L7 6°
8t°9 60'y  £9°Y 80°'T "L9°'T €0°¢ ottt YA 12°0 18' 08’ 8 18° g oY 09°8 (A A A £l L*
{9°9 gty AN (07 69'T 90°C SIT’ A £¢°0 08° gL” 8’ og’* A A ce* L L S’
9 gE1'y vty 7201 08°1 T4 AN OLT’ At L SL® 6L LLt - S§°St 0¢°8 oLt 1¥A £
649 Z6'¢ g9°Y L6°0 16°T 19 24 ocr® . Gwt’ 626G €L 0L gL’ gL 0'T¢ ov*g sl TL SLT
6Z'IT. T9'Y Ly'9 £8°0 ge-¢ | T6°2 SLT” 0sZ* 08°0 29’ 9¢* %9 99° 0°0¢ g0°8 s0* 4 0L 5z0*
_ = = o c 2 T 0« 0« H oW < «<3 - »3
i n v v “ e agn R o - o) o) m o
, (&) - I ] ’ Mmoo Il re b= rt = 0o - - =+
= - [+ 9 _ 7] 4«/: (0] rrH rt O WO w o [s¥age ' [ o 5]
n.:_n_ ‘ to t . . on = 0 e 0 B ) 33 o re
[X] K cijd4 aiile < < ~13 o B Do oo n o ] e
‘ - - [s) o] “ 0 m | r 0t s [y ] [} n s i
= = <t < ) s e e T ()
: b " w cl |« I ol o [&) - n < c =4 tm m c
} 7 1) = (= fos} . 0 o e rhn o D (& - ] n.
[ | | oy — — (34 " %) [ Rt Hort H ot > 2] 1] ]
o o o rh " 7 » [] = o 3 =0 A ] 0
&~ %] 8] re [a] —~ n ~ 8~ B~ 2] [} [s] -] o
. . < - ) i wn m ) = = 3 o
o S o r i) [ R 1oty (ad (3 [aJ
f w n | d ~ (g} N0 - O . w [h] [a¥
w ..ﬂ.w ﬂ . . . P .rqlt
W ! L] 3 . fl\n!v
f7udwd INgedl 9qoaJ-A UL woig poutwdqo ped deld pouaydnoy-pues v 104 uso1og 9yl woid
weda3suso( §94ur %% IV mUﬁumﬂumuoqam:o DouUdINGan], puy LagooT2A TEOTIARA IO g3[nsay  *q-¢ ATIVL
~




IS
t~

¢l .

AN

*098/°3] G/ 0 = AIFD0TIA HMOTJ upoW = [

8aUY2UT 00§ = #OTJ 3O Yidop w @

. . L
ey 6£°t ,£8°€ %6'0 20'¢ 9%°Z 01T’ 1 TAS 1¢2°0 L oL’ £Le 0L 0°T¢ 968 L€t 8L 6°
18°6 68°'¢t FARS 10°T £8°1 we'e STIT £E1° ) €i°0 9L et gL’ 9L G Yt £9°8 gyl LL L
£9'9 -md.c 0g'Y 70'T 0g'1- 0¢'¢ ozt o%1® 9¢°0 LLe 9L 6L’ 9L* ¢ 9¢ %9°8 gEn L 9L G’
¥9°0 6E° Y 08°'s .wm.o 981 FRAA 10 SLT £y 0 Gl (AN 9L L 0'te 168 Shl 9/ £
' ]
FAAN A | GE Y £6°9 £6'0 mo.w 6y°¢ oyt £e” FATEY] oL’ oL’ 69’ 1L 0°'T¢ L8 YA A SL Gl
20°'ST [0S 18°4 cg'0 8Z°¢ LT A €qT”’ YA ¢6°0 %9 19° 99 69 Cte 8¢°'8 L1°L Yi nwo.
. . 2 = ' ax < 0< 0< HO - < 3 o3
\ n” e o v, me SR SR OBR B9 o o g A
ST : = B @ a’ TS 88 L8 B iy 0 & B =
o)< ctid eule <t < - VA R GRS -0} * bt 5 4
- - vOI. —ﬁ.vL - < ” .\ 1 rr [rEnd _-v»_\su n " (1] 0 4] <
® o ® ol e o o m“ o H B - MWA fure oy ot m g @
= o [ -~ ~ " " 13 "R " e Ao Wuw i = M W
'S o S o o @ @ ~ m uw.... m“e,w mw.; * 8 & 5 0 S
T . t o = bl y o
o7 s & 8 wEwi B 8§ % -
B o 3 . oor 5
ta
§3UWI INBEON 0quad-A OUL W0l pauyuwiIq poy oTddry TEIITITIIV Ylooug v 104 U214
oy WoIj WrdIjsuMO(l BOYDUI 4% IV EIFIETIVIDBICY) 20udTNGINL PUY LIFD0T2A JO HITNEAY  TI7E ATAVY



[Tg

(9]

008/ §£'0 = £IF00T2A MOTJ uUBIW = (]

gayouy Q'S = #0TJ Jo yidap = (

9 nm.m SiLty T0°T 8T [A A GIT’ v1* YA 9L £L’ £Le gL’ ¢ te 0L°8 AR 6L 6°
'8 Ey'y 626 L0'T  69°T  90°2¢ AN meaUy 0Lto 08" 6L° 8L’ £g’ S'6¢  (9°'8 T19°L 8L L
166 0g'% ©8'¢ OT'T ¢9'T 86'T &IT cer 87'0 £8° £g’ 8’ vg* Gg'gy  Git8 £9°L Ll G*
N ]
26°ST |y g8 £0°'T gL°'T gr-e SET” we" (S0 L 9L* 08°* G’ 5°9¢ T8 9y L LL £
19°ST 10'S oy 8 ¢6'0 80°¢ ye'e S9T° G8¢” L0 69° 89°* ot 69’ 0°6¢ ¢h8 oLl 9L GLT"
Ah.na. oﬁfn 68°'8 88°0 0¢'¢ 0L'2 S6T’ rA%N 06°0 99° v9° L9 9 0°9¢ ze's (XA Sl (YA
= 2 o e = 0 = 0 < H v - <l 3 -
v ) ) < g o, TP oo o) o) o
! () - o _ adb + o He P YR} - [ m [
E R < ¥ %) s a0 bo PO [SRLY) o o o £
i —n_ ) [ o) t [« ¥ [ on po £} e 0 B [ [A] o ad
tolg a4 clie «! - ~7 R 9o D 23] e 0" H e
- - W. -...w. » < » Ma ..n..u _w.h m.,ﬂ 03 Ce [ [ w M
# " X <t e .c.“ ﬂ ..w. m..... m ..JA M.I_ [sial hrh ...w 23 o 2 Cu
5. 5, 5 O S T G L PR
&~ (X (XY - ot ~ o -Ma... B> 0~ g 5 s o ™
. ~ ~ o n. o Mo me m = - o s il
® n b4 - N6 -0 ) (4] 0 o
o L1y 7T . . . « i ~—
0 1] .W..\ )
: ’ ) to
[}
flUsLM ARSI} 9qoad-A OYJ woxq pauyeiqp pog oTddiY TUIDFITIAV pouay3noy-pueg ¥ 10] Ud3I2§
Y], woaJ WedAIBUMO( SOYDUL pHy IV 8OFIBTIVIOBAVYD d2UITNQAN] pUY £1T00TOA TUOTIINA JO EITNSIY  °P-§ HTAVL



*D9B/°313 G/°0 = AITOOTaA MOTJ URdU= f

§9OUT 00°G = MOTJ jJo yidop= (

“ c
TAANA YA 18* % BO'T L9°T £0*2 ¢1T” €T’ ¢Z'0 18° 1t 18° 28’ S OY £ELg 65 4L 8L 6°
£0'6 95 Yy gZ'S  .60°'T %91 00°¢ (A% VAN FANEY] AN o8- €8’ £g- S0y {L'8 19° L LL L
29'6 vy A% £0°T LL°T {1'¢ YA 91" 0%°0 8L 9l* 08’ 8L §*9¢ 9989 YA A ¥ G-
T€°0T, L€' £6°G 660 {8'T 627 €T’ 8T’ gv'0 VI £l 9" el LA 258 £EE" L SL 1
Sy 1T ey 00°¢ ¥6°0 20°2 oe.m. vt ce’ €60 TL" 0f° €L 0L 0°'1¢ 9v*8 Ll L A
Y11 ce' Y LL'9 68°0 gr°¢ © 99*¢ . &T° XA 89°0 9" 99° QL° 59" §°Le 0%'8 4 A Ve YA
CT'ET 1LY €0 L ¢80 82°C2 8L°T (1 9z’ 68°0 Ve’ 9’ 9 69° 0°4ve 0z g AN gL 9290°
by o1 9¢°¢g L6° L 8L°0 gS*'¢ -91°¢ A4 aee” se°1 66" 85" 09" 66" 0°'TZ 00'g £6°'9 2L GZo-”
o 3 1 o 3 W‘A 0 « "ot % % = “ =
_ NN a/__ ° ] o] LE Fp gE wE ey T % g &
4 = [+ [ (] A "o Do [¥ ] fu 't A e 4]
[~{ 1 [ o, . o0 b 0 b0 He [ & 0 cr
O ) s 3 w o= oqn B beogE @ a8 b
- bt pt < < ' © - [ R o &
% ox ens @@ § B g 8s BN L . SR8 & & .
g 2o = S~ ~ lsd [sd ] I~ Al ot H ¢t Wu e (]
o o o rn [ 0 » o Cy Qo o =0 « < ~J
=~ ¢ - T R - T

— -~ o r Iy MR o m o o Ind
" ) 1 @ 0O KN O = n o ® w .
[p] (] rt N . . . ~.
0 0 s &)

L] N [ ] Z
FIUdUDANFBIR 9qOIJ~A DL wox] poureiqQ pag 27ddyy TwanleN y JO'188) Yy 103 UIaaId§ DuUJL
*a~¢ 41aVY

et

WOl WeIIISUMOQ SOYIUT 44 IV EDFISTIOIOBABY]) DO

[

uzTnqan] puy £3Fo0Tap TUOFII0A JO 83ITNS2Y



I~
i~

©1

*098/°3F GL'0 = AIJOOT2A MO[J UWDW = (|

E3YDUT (Q0'S = #OTJ JO Y3dap = (

¢6°0t  tT'L  L0°TT 60°T %9°T 00"z S81° 66T’ so'T I8° 8L’ vg* vg* G*'8t 6.8 €9°L LL 6°
12°62 LS8 €€ 6 00°T $8°'1 YA YA ge’ £6'0 1Y WL BL® £L G he Z9°8 gL 9L Le
1 A 186 LT°0T 60°T %91 00°¢ 9z* Lee 00°1 (AT 18° £8” 8 G 1Y (978 6y L SL 6°
LT %E €16 £Y'TIT 00°'T {9°1 €0°¢ shvee T€" SO°'T 18° 08’ 6L° vl ¢ oY 65°8 €6 L Si £
L8 %2 16°1L 9¢' 6 SO0'T 71 60°¢T B1Z® 9¢’ t8°'0 6L 8L’ 6L° 08" S8t 65'8 Sh° L vi ST’
"OE ST Le's 96°L £6°0 £0*¢ 6h*'e AN A 64°0 0L £9° Lt TL° 0°8¢ 8" 8 %'t 194 60
| i 4 /_ S €% 55 85 $5 B¢ 8 5§ &
N Lol 1] _ a7h . o s b S e S ] o ] — e
2 = (=] 52} [¢-] rH ro S 0o Q. T e r o ]
ﬂ__n_ () o L) o0 e 0} 0 VA [ (2] e "
PN B cl|d alle - c ~09 o = B = oo «© @ r ot
- - o] [8) . b 0nn I 0 oo nn n n 2] <
. H ) < < v e A A 5 'E)

" E] »® cil |2 r rn o) [e) - 0 < i tr 1 «
n [ - - o 0 o mm o o o b N i H o
o | | — S~ t r L] = o qHr "ot = 3 o 2]
o (] o Hn H n 73 o] zs 3 O+ =0 - - s
&~ 8 ] N (ad I ~ 1] ~ H 8 2 [+ o -] r
. . <} e n t Vi 4] [l L ey | =

S S o] (a [ o0 Mo m r [ad rt
" " 1 i 0 o o o 7 w o,
w _.-.N HS* . . » » H 'n...uw-
. L] f.\w/v
27UdW3 INSEI Iqoad~p 9YJ wolJ paurevlqo pod 3Ivig Ylooug Yy 10 U22a3§ 9y woay
IV B82F18}2930uiry) 9ouUd[nqan] puy L3I}00TdA TEIFIIPA JO siTnsay ‘J-§ ATAVL

wed 3IsuMsoq soYOoUug

ALS



*098/'33 /"0 = AI1TO0TA MOTJ UBAW = )

g2UouT Q0°'GC = #01J Jo yidep = (

167 L€ g0'8 AOWNH 60°'1 Yo' T 00*Z TZ® . (4% 82°'1 AN 18° i8° £8" e 1Yy G9°'g 1674 se 6*
6L°1¢ 168 S8'0T wO°'T atL°1 Y1'¢ A ¢’ oﬂ.w gL’ @N. 18°* VI S°6¢ £9°8 el Sl L
LETH TS°'0T 88°T1T SO°T L' 60°'2Z 6z £e” SE°T 6L gLt 0g* 6L° S8t 198 WL 44 G’
8L €08 60°0T 66°0 98°1 L2'¢ VA Got* 80°T 6L £l LeLe Gl 6°gg 06°8 1L L ¢l £
0e°02 00*L 19°8 S6°'0 00°¢ ce.N L TAA A 26°0 T 69 AN ¢l 0°'0¢ ge°8 9¢' L €L CLT®
omwmﬂ het's 89 { 68°0 91: ¢ %9°2 81’ {e! 68°0 L9 VN 69" 89°* 092 LZ'8 B L (A4 YA
H = i) [l 23 ] Q = 0 H -3 =] ) w
) (%] [7¢] 4 v < o+ N} qp oo 0 = o] Q m e
] | o (1] n . 0 e ry rr = @ 0 b4 = =
- 1 =9 7] 1] rr A O <L ] o [a V6] rt n hav) A
gl SN A OO A
< H__A.. n:__,..... OA .ou.. Hd ) _1_4_..-.“. OU. o " n ] [+ %} <
5B 5 5. p BLogf RERERL L o8 @
# ¥ ® at = ﬂ : o W. e o ¢ o ) Fhh  FhFn > (3 [ H (a9
Pt ) [ ~ ~ " o+ [ = e e = 8 - - o kE)
e S S N_ _u. @ @ ~ m T m..l m..... " H o o o o
. . ’ . -3 o 7] w ] ma b | Hy o
-~ - To) ) ) Mo W n " o
7] 7] | ) m.v [ %) MU [ ol -3 : m . 0 ...D.....-
g 8 g S
L] [ z
T ST e - = Q, o wae [ —

mucoauwsmnax 2Q01g-A YL wWolg pouyeiqQ Pad eyl paudydnoy-pues y I04 UdaIDg AL wWOij

3

wpdI13sumMod BOYIUY yY IV moﬂummuuuumwaso aouaTnqany puy A3joo7ap TEDPTIIIA JO 83TNSdY  '3~¢ AT4VL



!
*298/°1] G/'0 = AITO0TA HOTJ uBAW = ()

S3YDUT Q0°C = MOT3 Jo Yidap a @

96*2Z Y¥°9  wy'6  %0'T  9L°T  YT°T 81" £g* 98°0 8L 9L | Ltes 18 S°9¢  69°g  LS*L 8L 6’
96°'1Z €1'9 €¥'6 96'0 S6°'T 6£°T  61° 0¢*  S6°0 oL .ON. yLe Lt 0'TE 89’8 Iv L Ll L
89°h€  9L'6 LT°TIT 66°0 (8T 62°T S6T° AN Y SER 7 A Y A Y A ?Lt s°sE S5t 9t L 9L S”
18°LT mn.c‘ 6°9 €0°'T 8T 81I'T SET™ 0Z* 09°0 LLc 9Lt 08 6L S°9E  T19°8  9€°L 6L £
60°6T 88°¢ 65'8 660 (8'T 62°C SLT” 9t 8’0 wet €L° 9L+ €Lt §°€€ &8 Le£rL  SL ST

%€°6T 2TT'S  S6°L S8°0 8T'T BL'T S8BT 6z 96’0 %9’ 9’ 99° %9° 0'y¢ 8Z'8 S1°L WL ST0°

2 2 0 e 0O« 0O H -l . < ) e
1 7 7 o < <N u.m; <0 ol [s) [+) m e}
nd (%) ] 1] () . Hh (D He ct bt s o H i 4
H 2 =9 1] m [ 2 T o B+ [A e Do [aViy ] [nd rr v’ 4]
ot = - [ ;&) [« B o {3 on PN N [ o 2} 2] Ie] el
[ cl|ld alle - - ~m o 8o 0o g0 00 o r{ b
- - o) [s) " 0o I r o o " ] [r] (3] <
= - <3 =<3 11 rr4 Q.d [« W] rn 0

b b 3 al = od 1 %) [2) [ n < o B 1 [} c
. [ 7] -4 et o « M o' rh Frh Fhh [ () I " n,
o = = ~ -~ lad rr [N [ Rt o oy fogis | n (]
o (=] o ) Hh [ n (o] a3 [ O =0 <t <l w3
£~ 38 ) N rt " ~~ n ~~ B~ |3 H o] [#] -] ']
' ' ! < - n n 7 o — T. vr3 =y

™ S Q rt n [l [ lyd T T [ad
i " - A 0 N0 0 "l [ o 47
4 i3 Fi) fai . . ] s H e
. 0 N n o
L L] L] o
M

#IUDWAANE LA ©q01d-A 9YL WO PIUTLIqQ pag :aTddTy TLTOTIFIAV YIoous v 104 uI3Id3 2],

' woag weaxjsuMo( €dYOUY #T . 3V S8OFISTIIIDTILYD IDUITNQANL PUy A3F00T2A TUOTIABA JO 63TN82Y  ry-¢ ATAVI

MW

ol R X iay Ak



-
!

280

*088/°33 G{*0 = AITO0TOA MOTJ UEBOUW = n
’ §aY2UT QQ'G #0TF jo Yyadep = @
\
£5°'62 S%'9  96°6 B8O'T L9°T ¢€0'2 AN Lz €60 18"  6L° T8 IZ§ S'G6E  SL°8 6S°L LL 6"
9L°2C l2'L S0'6 S6°0 16 MW|ﬁmw Z €l 62 [A VR SR 4] TL [44 ¥4 0°¢e €S°8 €y L Ll L’
0662 (4%} wo.oa L6°0 T6°'T oc 2 s6e” e £2°'1 €L £L* Wi* L g EE £s'g 9¢€° L 9L G’
9% LT LY AR (AN L6°0 16°'1 £EE€'T  SLT 692 STL*0 L L GL* L 0'te 668 9¢° L 9L £
g0'6T 68°S c8°'sg 26°0 802 VA 6T oe* 96°0 69° £9-° 0L oL 082 oy'g XA St SLT”
(AR S 80°'s 6L 08°0 8v*'e - %0°¢ oz’ zee ST'T 09 66° 19° 09° 0°2¢ £1°8 s0*L V74 YAt
¥ : o “ _ ol CE% S5 &F 8F ®@  § 5 o 5
. b Ll n n . I_R e rr ke re = D o b= Lo m L.
a SN BN B B B - S -2 N S S B
-c_A_ <t < cit |e . -l 3 T3 o 3 5o =i « o] 2l e
- - (o) o) B 90 | ot fv 7 (el ] 1] o <
® ® H al o oy oy % % — 8 « e A< At =g i 3] £ ¢
» 2 e = o P oM me s C 0 N — H o,
5. 5, 5 S & M F o mr grogr Zg < ° 8
©r S S r o —~ 0 T B~ B~ ] 5 o o =
. * < o 7] g%l v . " - = )] o
~ ~ o) rt o me Mo m r o rr
) v s - N KD - N ) t » o,
1y [r] rt . . . P ] ~—
0 0 L @
[$54

BIWOWRANZUOY aquiad~p Y)Y woxy paureiqo pag o21ddry TeiorIriay poauayfnoy-pues y 104 Ud910g

oy, woay anuumckoc.mm:ucH %1 -3V 89T168FA210vawy) 2dusInqany puy £1700TaA TEITIIDA JO 8ITNSdY  *y-C I14VI

.

¢



I/Il -

o _
] . ’ !
) . = '098/'13 G/'0 = AIFO0[2A MOTJ ugdw =
‘ © B3YDUY Q0§ = #0713 3O Yidep =
6227 08°'s s¥'g 70T ow.w qﬁnw 91°* Ye' SO0°T gL LLe 18° 9L° S*Lg - 8L°8 €574 6L 6°
65°9¢ T6*L 9¢°¢T 0°T 69°1 90°¢ 0z’ ve* 6¢°1 08" 8L 08 (AN ¢ 8t 1L°8 65°¢L 8L L®
Ly*zy  L%*8 ZT'ET. 60°T 99T 00°¢ A GE’ 2°1 AN 0g° fmwu, vg* oy L8 £9°L
Lv*9%y 00°6 9£°€T T0*T " 28°T TAANA 9z mmm.. S6°T 94" vt wﬁ. 9L S %e 29'8 A4
gL' TE 8¢*L 66°0T 26°0 80" ¢ VA ve* e w1 69° L9’ mw. 1L 0°8z AN we* L 9L A TAN
80°6Z ' 8%°L €9°'0T T18°0 £y e L6°2 6¢" oy c0°¢ 19° 65" c9° At 0°2¢ 91°8 01" L YA 520"
2 2 f oP . a0« O H b < 3 -
) ZS -LS o ll o v, I..M UuW. mn. N."w. W_.m. W. .....u.__ m “.w;
s SRR R NG N S T S-S S -
Z_A N —{ |- ot <3 ~7 rT o DR 9 oo o o 8! =
T o S8 s g g oo ogrogg we b B @&
S ® x it jex e I ) L ot 6 g . . =8 t11 o) c
0 [ = «© v o' m MM Fh We N ] H o,
= | g | - ~ Ind rn [ = o H o "o . =} 1 n
< o Q Hh (2] 7] [s] = 0 O . =0 ] -3 . s ]
-~ N~ 28] re ﬂw. ~— 0 — B~ B =] [+) Q -] re
) ¥ < - - 7] [ 4] H = b= =y =
o~ ~ o r 0 i Mo B (54 r
n ) - « 0 N0 =0 ) © -0 O
. m ] re . . . P ~ .
: e 0 J <
N ' . ’ %Y ,

.

OYL wog wediasunod SAYSUI §T Y 8IFISFIOIOEABY) 9oUITNINT puy AIFIOTIA TEOTIIBA JO SITNSOY  * F-¢ 31EVL

silioweansvo 2qoag-p oYL wo1g paureIqo -pag 2TddTy teanyey v 30 389D V 104 WIS

;o

*

-

[



‘998/°33 G['0 = A3IF00T8A KOTJ uwom = [

‘mm:ucﬂ 00’'S = #0713 30 yadop = ¢

~_ . .
. E6°vT 66°Yy ' 12°4 SO°'T TL'T 60'2 CET" 0c¢* 090 6L° 8L T8° 8L S ge 8.8 Ls*L 6L 6°
88°'87 £9*g 69°L {0°T 69°'T 90°2 STt - 12t 08°0 0g’ 08° £8° gL S0 6L°¢ 25° L 8L L
AR A 12°9 S0°6 60°'T $%9° T 002 9T1* e S0°T A 18° €8 i8° S'1% L8 68 L LL ¢
£Y°1¢ 60 L LETT ¢0'T 8L°T 8T°¢ 0zt £e* Z°T LLe gl .mw. LL*, §°'6G¢ .cn.w 0s*{ LL £’
6G5'8¢ S6°9 9L°'0T S6°'0 00°2 A AA FAAN 3% 71 1L 0L £L” oL 0'T¢ 16’8 rAnli 9. SLT
89° 8 LT°L NmMOﬁ mw.c YA A 8L 9z 6L @mwd %9°* 9 99° 19°* . 012 €L g 1 ¥ 9l Geo°
2 3 ) o =g 2 < o < 0 <2 H .
] %) [ %] -t [ txy
a s N p; o %l mE EE OSE SE E2 OFE 0 5§ %
RIS e al e N a® 7L 58 B B§ & * e E =
- - 5 5 w ~m b 5 S ol o a S ] Fr
% x % al g m m M s - mm" mﬁ &< &g NM N .N m 5
% 5 8 S 3 & F ¢ TR RF ogpoER ER N %T x .
[ o1 r? - ° ~ 0 T mnl mnl *§ -5 5 o =
=~ o> 5 s o i Mo m e - . h ™ =
m m “ - .D N D N Y w 7 o
' 0 0 4 ) o0 =y
. (Z '
8IUdWDANTLIN GOIJ-A PYL WO3Z PaurwIqo pag 2Tddyy Teaniey v 30 I8ED Y 104 USIdg YL
L .

. WOLl Wedalsusoq €9YDUI 17 IV SOFIEFI2IOBABY) D0ULTNQANL PUy xuﬁooﬂmb 180F3394 JO 83IINs2Y

.

"A-G ATAVL



L]

Results Of Vertical Velocity And Turbulence Characteristics At 31 Inches Downstream From

TABLE 5-1.

.

+

.

The Screen For A Cast 0f A Natural Ri

pple Bed Obtained From the V-Probe Measurenments
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S3TopA T A
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SITOA 2 A
J
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SATO X "9. 9
z( ToA) Zor
s *V95/°33 N

"A3rd0Top 93e1oAy

y3qN3-30314,,
IECE YRR A31o079p
23 woxy %aurczqo
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sitop g 23eat0y
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a/p yadop JATILTOY

75 7.10 8.20 23.5 .62 .63 .61 62 1.65 .38 .25 2.91 2.38 0.83 9.80 6.60 24.25

.025

76 7.27 8.48 29.0 .67 .72 ..68 .69 1.20 .33 24 2,54 2,08 0.92 9.75 7.20 24.39

.175

7.39  8.55 33.5 J4 75 «73 .74 0.80 .29 .18 2.29 1.87 0.99 9.49 6.05 20.80

76

7.61 8.79 39.5 .83 +84 .79 .82 0.62 21 .14 2,00 1.64 1.09 7.89 .5.40 17.19

77

7.48 8.71 38.5 .76 .80 .78 .78 0.50 .19 13 2.14 1,76 1.04  6.67 4.65 12,16

78

79 7.53 8.65 37.5 .76 .75 vy 76 0.40 .16 .12 2,22 1.82 1.01 5.43 4.15 8.89

.9

U = mean flow velocity = 0.75 ft./sec.

D = depth of flow = 5.00 inches

-
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Results Of Longitudinal Velocity And Turbulence Characteristics Along The flume At 0,125

TABLE 6-a.

Inches Above The Floor For Smooth Flat Bed Obtained From The V-Probe Measurements
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5.33

|

16.41

.70 0.90 - .25  ,172 2.49 2.03 0.93

.69

7.29 8.40 30.0 .71 .70

74

i
L]

7.57

75 7.20 8.41 28,0 66 .71 .67 .68 0.75 .225 2160 2.58 2.12  0.91 6.55 4.76 12.34

13.5

ey

27.5 «62 .67 .66 .65 0.62 «205 135 2,72 2,23 0.87 5.67 3.84 9.05

8.37

7.15

76

18.5

77 7.30 8.45 26.0 .66 .68 64 .66 0.51 165 .12 2,70  2.20 0.88 4.64 3.45 7.11

23.5

77 7.32  8.47 27.0 .67 .69 .65 .67 0.49 160 .12 2,66 2.18° 0.89 4.55 3.48 6.90

28.5

/8 7.37 8.42 28,0 .70 .67 .67 .68 0.58 .20 .13 2,61 2.13° 0.90  5.77 3.87- 9.39

36.0

78 7.30 8.47 27.5 66 .69 66 .67 0.69 .21 A4 2.66° 2.18 0.89 5.95 4.07 10.29

43.0

D = depth of flow = 5.00 inches

.75 ft./sec.

U = mean flow velocity = 0
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TABLE i0-a. Results of Velocity and Shear : ¢
Stress Thr;ughOut the Depth ~ - ]
///5 of Flow at 44 inches D/S From )
_ - thre Screen for a smooth flat \\‘
bed. Obtained from the Flow . ~ c v eams
,)’x - Visualization Analysis. k
Distance Between ' Relative Tringe e U
Successive fringes depth Number x 10 -
Inches . 4 4 "N pU 2 U
*D
= )
0 . 0 9 17.28 0
0.10 . ' .02 8 15.63 . 0.11 )
0.15 .05 7 13.44 - 0.26
0.15 .08 6 11.52 0.39
0.20 0.12 5 9.60 0.54
0.15 \ 0.15 4 7.68 - 0.63
0.20 0.19 3 5.76 0.72
0.30 0.25 2 3.84 0.82
2.50 ' 0.75 1 1.92 1.32
0.70 0.89 0 0.00 - 1.37
0.55 1.00 0 ~0.00 1.37
" D = depth of Flow = 5.00 Inches. )
U = Mean Flow velocity.= 0.75 ft.]sec. .
T = Shear stress = § %%— = N.f.
¥ = dynamic viscosity of milling - pellow solution
= 1.75 x 15° 1b. sec./fr.% at 71°F.
du _ Veleocity gradient .
dy -
N = fringe number. 1 ) <

f = Sensitivity factor = 2.10 x 16* lb/ftz'
p = density of milling-yellow solution = 1.54 Slugs/ftB.



TABLE 10-b. Results of Velocity and Shear

Stress Throughout the Depth

of Flow at 44 inches D/S From
the Screen for a sand-roughened
flat bed. Obtained from the flow
Visualization Analysis.

Distance Between Relative Fringe - T 5 U
Successive fringes depth Number | - 7 X 10 —_
Inches d N pU u
D
0 . 0 '//i 13 25.23 0
.144 .03 11 21.35 0.23
. 144 .06 9 17.47 0.43
L1464 .09 7 13.59 0.59
. 144 .12 5 9.71 0.69
. 144 .14 ‘3 5.82 0.77
.14 .17 2 3.89 0.83
1.38 - .45 1 1.94 1.11
1.38 .72 0 0.00 1.19
1.38 1.00 0 0 1.19

.00

ol o

A
]

depth of flow = 5.00 inches

wmean flow veloéity

dU
shear stress = UE_
. - y

0.75 fr./sec.
= N.f.

dynamic viscosity of milling-yellow solution

1.75 x 10°2 1b.sec

velocity gradient

+= fringe number

sensitivity factor

/£t2. ar 719F

= 2.12 x 10°% 1. /£c2.

density of milling-yellow solution = 1.94 slugs/ft3.

T 316
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TABLE 10-c. Results of Velocity and Shear

. Stress Thrdughout‘the Depth

of Flow at 44 inches D/S From

the Screen for a smooth artificial
ripple ﬁed.'Obtained from the Flow
Visualization Analysis.

Distance Between Relative Fringe T 4 v
Successive fringes .  depth . Number —5 x 10 —
Inches 4 N pU U
- D
0 0 10 15.09 0
0.18 .040 9 13.59 - 0.18
0.18 .070 8 12.08 0.34
_0.1% -llp 7 10.57 0.48
0.18 <140 6 9.05 0.60
5.18 - 380 °5 7.55 0.71
0.25 -230 i 4 6.04 0.82
0.25 .280 3 4.53 . .92
-0.35 . .35 2 3.02 1.01
o135 .62 1 o151 1.22
1.35 . -89 0 0.00 - 1.29
.55 L 1.0 0 0.00 1.29
D = depth of flow = 5.00 inches
U = mean flow.velocity = 0.75 fg./sec.
T = shear stress = ugg = N.f. . .,
W = dynamic viscosity = 1.75 x 10 'lb.sec./ft". at 71°F
§g= velocity gradient | .

N = fringe number

b 1b./ft;2.

p = density of milling-yellow sclution = 1.94 slugs/ftBu

f = sensitivity factor = 1.65 x 10



TABLE 10-d. Results of Velocity and Shear
Stress Throughout the Depth
of Flow at 44 inches D/S From
the Screen for a Sand - roughened
artificial ripple bed. Obtainedy

from the flow wuvisualization Analysis.

-
Distance Between Relative Fringe T 4 3]
Successive fringes . depth Number — x 10 —
Inches 8 N pU U
D
0 0 9 25.92 0
-15 .03 g 20.16 0.24
.15 .06 5 14.40 0.41
.15 -09 3 8.64 0.55
.21 .13 2 5.76 0.64
1.54 -44 1 2.88 1.11
1.40 .72 0 0.00 1.24
1.40 . 1.00 0 0.00 i.24

A ot o
t

=
1

depth of flow = 5.00 inches
mean flow velocity = 0.75 ft./sec.
shear stress = ugg = N.f.
y
dynamic viscosity of milling-yellow solution
1.75 x 10°% Ib.sec./£t%. at 71°F

velocity gradient

fringe number .

sensitivicty factor = 3.14 x 10_41b./ft2.

density of milling-yellow solution = 1.54 slugs/ft3.
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TABLE 10-e. Results of Velocity and Shear
Stress Throughout the Depth
of Flow at 44 inches D/S From
the Screen for a cast of a natural
ripple bed. Obtained from the Flow
Visuvalization Analysis.
Distance Between Relative Fringe T 4 3
Successive fringes depth Number —35 x 10 T
Inches . d N pU U
D
4
0 .0 11 27.23 0
125 025 9 22.29 0.21
.125 .05 7 17.33 0.39
.150 ’ .08 5 12.38 0.54
.150 .11 3 7.43 0.65
.250 .16 2 .95 0.75
1.300 .42 1 2.47 J.09
1.500 .72 0 0.00 1.21
1.400 1.00 0 0.00 1.21

ol o
I ]

-
R

depth of flow = 5.00 inches
mean flow velocity = 0.75 ft./sec.
du _
shear stress ua§ = N.f.
dynamic viscosity of milling-yellow solution
1.75 x 107% b.sec./£e2. ar 71°%.

velocity gradient

= fringe number

sensitivity factor = 2.70 x 10—4 lb./ftz.
density of milling-yellow solution =1.94 slugs/ftB.



Tsble 11.The Calculated Shear Stress Based On The Cemputed
Velocities At 0.125 Inches Above The Bed Of The
Mathematical Model In The Laminar Flow Condition

Relative Velocity 3] T 4
. —_— x 10
length U - -
1 ft./sec. U N
L .
1.00 0.23 0.31 17.68
0.78 0.21 . 0.28 . 16.18
0.54 _ 0.21  ~  0.28 16.13
0.30 0.21 0.28 16.17
0.06 o 0 0
D = depth of flow = 5.00 inches
L = ripple length = 2.50 inches
U = mean flow velocity = 0.75 ft./sec.
dy : .

y = dynamic viscosity of the milling yellow
= 1.75 x 0% 1b.sec./ft? at 71°F

p = dengity of the milling yellow
= 1.94 slugé/ft?

—= velocity gradient



Table 12. The Calculated Shear Stress Based On The Computed
Velocities At 0.125,Inches Above The Bed 0Of The
Mathematical Model In The Turbulent Flow Condition

Relative Velocity U .
length U - i 4
1 ﬁ _2}.10
I ~="fr. fsec. p U
1.0 0.60 0.80 27.63
0.78 0.47 0.63 24,42
0.54 0.47 0.63 24.40
G.30 0.47 0.63 24,41
0.06 0 0 0

= depth of flow = 5.00 inches

ripple length = 2.50 inches

cl o
n

= mean flow velocity = 0.75 ft./sec.

dau
(v+e)o. &

~
n

€ = eddy viscoéity

p = density of water = 1.94 slugs/ft?
-

v = kinematic viscosity of water

= 1.06 x 10> ft’/sec. at 70°F

—= velocity gradient
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TABLE 14;a. Application of Boundary Layer Theory
. In Determining Shear Stress Distribution

Along The Rough-Artificial Ripple Bed

=35 NIT IR = e N o X

;% 1 0.8 0.6 0.4 0.2
U fer./sec. .
From Table 7a 0.64 0.59 0.57 0.58 0.60
- ) ’
-:r“t\
ul.8 0.4478 0.3868 0.3636 0.3751 0.3987
.U‘ 2
= x 10
U 7.4 B.2 8.5 9.1 7.1
From Table 7a
£ . 0.2
( —Livple , 1.040 1.061 1.069 1.084 1.031

 flac

1 = L+ x
X

fr 0.385 0.343 0.302 0.260 0.218
1x°-2 0.826 0.808 0.787 0.764 - 0.738
To -

— x 1o% 29.4 26.6 25.8 27.8 29..2
pl
£ . u' A
- _ripple _ ripple |, “‘ripple
Cf1at Y flac Metae
' Ll
() & 6.64 x 10 2 (Table 9b)
U flat
‘ —
( %E Yflat = 4.72x 102 . (Table 9b)

£ yrippie = 5.15 x 1072 (Table 94)



RS 2

TABLE

14-b.

Application of Boundary Layer Theor}

In Determining. Shear Stress Distribution

Along The Cast Of The Natural Ripple Bed

-11: 1.0 0.78 0.56 0.39 0.22
U ftr./sec. ' - .
From Tabie 7b .5 0.55 0.56 0.56 0.57
ul-8 0.3868 0.3409 0.3522° 0.3522 0.3636
u|
= X 102 . .
v - 7.6 8.0 8.5 8.9 7.1
From Table 7b

€ ionte 02

( 2 1.077 1.088 1.102 1.112 1.063

“flact
Iy = L*x 0.3465  0.3055  0.2655  0.2325  0.201

fr. '
-1x°-2 0.809 0.789 0.766 0.747 0.725
<

TO
— = 10% 26.9 24.6 26.4 27.3 27.8
pU
£ ', AL

ripple ripple ripple

L

“flac —~£lat Mlar

[} \"‘
(=) = 6.64 x 10 2  (Table 9b)

U flat
(Eyfrar = w2x 1072 (Table D)
(A yripple = 5.98 x 1072 (Table 9¢)

D
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TABLE l4-c. Application of Boundary Layver Theory
In Determining Shear Stress Distribution

Using The Mathematical Turbulent Flow Data

% 1.0 0.78 0.54 0.30 0.06
U ft./sec. .
From Table 12 | 0-€0 0.47 0.47 0.47 0
yl.8 0.3987 0.2569 0.2569 0.2569 0
e . 0.2
( rlgnle )
€f1ac 1 1 1 1 S
Assunmoed
ly=1+x 0.385 0.340 0.290 0.240 _—
ft. -
zxo-z 0.826 0.806 0.781 0.751 —_—
TO
—r =x 1l0% 25.2 16.6 17.2 17.9 0
pU »




Application of Boundary Layer Theory

In Determining Shear Stress Distribution

Using The Mathematical Laminar Flow Data

TARLE 14-d.
e __‘4’—'1"\
1
- 1.0 0.78
U ft./sec. 9
From Table 11 0.23 0.21
yl.s 0.110 - 0.096
l,=Ll+x 0.385 0.340
fr.
1‘:0-5 0.6248 0.5827
TO ’
- x 10% 9.6 5.0
pl

0.21
0.096

0.290

0.5381

9.7

0.21

0.096

0.240

0.4895

10.7

321



APPENDIX V

COMPUTER PROGRAMMES



FLOW CHART

1]

N

Analysis of Hot Anemometry measuremerits

DIMENSION
AND READ
STATEMENTS

|

Q{NN, MM} = C.0
NN = 1,3
MM= 1,3

|
SWJ) = 0.0
J=1,3
I

I

'

P

/

CALCULATE
€1 (I), C3 (1)
c4 (I}, C5({I)

- |

ASSIGN THE
VALUES OF THE
MATRIX [Q]-* -

1

CALCULATE
AES(1), AED(I)

.

S(1) = AES (I)
S(2) = AED(I)
S(3) = -0.02%R(I)

T [ AGD: o (Na,Ma) |

-

322



-Analysis of _the Hot-Film Anémometrv Measurements:

" a)
tw

S B io S BT L SRR D IR AN 9.0 XD BFE S AN IV B

DIMFRSILN ﬂt3,3)'R(,),rI(?OJl.AZKZUOJ,A(OJ
PIYENSIGH ARSI200) yAEN(200)

DIMENSIGIT C 1 (2:00) 4720200 43 (2W) 404 (200)(5(20))

11

LIMEMSION SE(3)

KM=16%

READIS1IFUL) 4ES(T),ED(TI)SAL(T),A2(1)171,K¥])
FIPHMAT (5F10.5)

PRINTIL (=LY, 2SUI)HED(]) 'Al(I lva(I Jel=ls¥M)
FIFPYAT [TX,5F19.5])

Ll

nx 2 Mr=l,3 ]

) 2 Av=1,3 . ' -
O, =0.0 ’ :
CINTINUF

P 3 J=1,3

$(J)1=7.0

CINTINUE

DO 4 I=1,xk™
CICIy=(ALL1)+L20]))%%2
C3LI)=(rl{I)-22(1) ) ==2
Ca{I}=2.0F{(PL(T})=x2-{22(1))=%2)
CS{1Y=2.05{C 01 )+C3(1})

C{Ll.1}=CLl{1}

Cr2+13=C301T) ;
Q{3,11=C4(1) :
QlLl.2)=C4ll) T oo s T
Ql2+2)=C061 :

C{3,2)=05

Ql243)=C1
Cl3+43)=C4!
AT S(T1)=F 51
ATDOLY=EDILL
S{1)=eR8&{1)

I

{1
QUle3)=0301
(1

!

I

ma D
<

)
)
}
)
)
)
) ¥%2

S(21=AEP({ )

S{3)=~.02%F (1)

1l=1 . <

P 7 YMA=1,.3 - R : e e .
D) 7 MAT1,3 L L
LFUTT)=0(84 M)

TT=TT+1 -
CORTINUL

CalL SIMD {4A,S 0}
PRINT 5,15(K), 13} o
FORMAT (TX,2F }

SS011=APS(S0L))

I TEARSISTST)

RMSU=SOR TLSS(1)}

PUMSY=SORT(SS{31} 4
FIFPMAT 17X, SHF MSU=F15.7,19X, SHRMSV=F15.7 )

PRINT 64RMSU,FMSY

CONTINUE

S0P

END

d‘ li-

Y

i T .
!l:...‘!.' ! r
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3L

A e

r CTuws
c ..0.‘....'....'...l.'.."....-..........-...-.lI.C..O..I....‘...tﬁoslu"
o ) Sfvwo
C SUMEY yT Iy Sl MO STV
C : Srwun
o PURPOSE- - . . S1vdD
C OPTAIN SOLUTICN OF A SET OF SINMULTANFCUS L Jybar EQHPTINS, SEmp
C A X=R . SIv2
C , STwAn
C USAGE . ' Spvn
C- CALL SIMNEA,RZN,KS)- RN
C o I 8 QIV‘\
C DESCFIPTINN (OF DAFAMETE LS SIven.
o A = MBTREX OF COSFFICIENTS STGRID €0 Jrenplss, THESE ART Siwn
C DESTOOYED IN THE COMPUTATION, THT SIZ2F QF MATRIX & IS  SJfw-
C N PY N, . Sivwn
C R o= VECTAY UF (RTGINAL CONSTANTS (LEFNGTH V7. THESE papF Siw”
c FEPLACED RY FINAL SOLUTICM VALUEFS, VFECTOR X. ST¥n
c Fl = NUMETE A5 EAUATIANS AND VARIARLES. N MUST BF LGT. ONF,  §Iu~
C K& = 0UTOUT DIGET ’ SIv?
C O FNE A NORMAL SOLUTION Stv?
c L PR A SINRULAS SLT 0F FOUATICNS RIvn
C PR : Syun
C rREMARK & : o SImo
C MATRIX & MUST RE GENERAL. SImM2
C IF PATRIX 1S SINGULAR , SDLUTICH VALUES APE MEAMINGL Feg, STw~
C AN ALTURMATIVE SOLUTION “AY RE QRTAINTD BY JSING MATRTX SIvn
¢ TUVEE ST (NMIRVE £MD MATRIX PEQRUCT (GMpRny ., N 1w~
C . _ STvo
C SURFDUTINMFS ALD FUMCTION SUBPRIGRANST REQUIRED SIMa
C NUKE R Siun
¢ Spun
C METHOD : SIvo
C MLTHDD 0F . SULUTIGN 15 BY ELIMINATION USTHG LAZGFST PIURTAL Qw7
C DIVISCR, EATH STAGE NF FLIMINATICL CONSISTSE NE INTFRCHAMG ING ST
C ROWS WAT ™ NEZESSAPY TO AVOID DIVISION BY 20k 79 SMAaLL Siu~
o ELEMEMTS. Sju~
C THE FORWARD SCLUTION TO CIRTAIN VARTARLD ™M 1S DONY Iy SIm™9
¢ N STAGFS. THE BACK SOLUTIGN EOR THT DT HER VARIARLES |S SIv2
C CALCULATZD BY SUCCESSIVE SHASTITUT 108, FIMAL SOIUITOM SIv:r
o VALUES 7% OTVFLNPEDY TH VECTOR By w7 VARTARLETT N B(1)y SI170
C VARIABLE 2 IM Rl2)%evueaeeay VAFIABLE N IV R{N ). Simr
o 1F NO P1VOT CAN BE FOUND EXCEENINA A TOLERANCE 0% 0,0, 9 RN
' C CTHE MATRIX 1S CONSIDERED SIMGULAF AMD KS 1S SET T2 1. THIS gIwn
C TOLEPANCE CAN BE MODIFIED BY REPLACING THE FIRST STATEMENT, Sivw-n
C Slu~
C - lo.-.-.o..-..ttt-‘...-..-...0....-.-..-....l.._...-..."..--'.-o.SIl.-r.‘
C . ) L SIvr
SUBROUTIMNE SIMA(A,8,N,KS) Simn
DIMENSION A(9),R(3) T STve
c SIM .
C FORWARD SOLUTION Sfud
C STWZ
TOL=0.0 SIv-
K$=0 Siw~
- JJ=-N SIMo
P2 65 J=1,N . SIvr
JY=J+1 SIv-

.\‘.'i;._jtfr-.."-u‘."' L

Smries



il ool

FERPPRESIPON | SN TCRRT VIVFFT TIPSR

. . 1325
ERAERREEIS ¢ Sywe
nIcA=0 Slur
1T=dJ=J 51w
- . DI 20 10,0 STu-
c SIvY
C SEARCH FOR MAXIMUM COGFFICIENT IN COLNMN SIvn
C - SIv2
1J=17T+1 SIvw?
IF{ARSIPICA)=ARSIA(TIJY)) 20+30,30 Sivo
29 elaa=al1J) . SIM:
. TMAX=1 SR
30 CoNTINLY : STvn
¢ ) , - Grun
.C TEST FOF OTVT LESS THAN TOLEPANCE (STINGULA? MATRIX) Spamn
C gTv?
IF(ABSIRIGA)=TCLY) 35435442 SIvn
35 KS=1 . \ SR
RETURN 1w~
C ) : - SI¥D
C INTLFCHANSE WS IF MECESSARY STwn
C... SIv
40 11=J+8s{2-2) SIvT
TT=TFAX=J SIv?.
0 SO K=JsN . , SIwD
I1=11+HN ! SIu?
12211477 o R A Qpun
SAVE=A(I1) SIw”
ALTLY=AtI2) ) M
A{12)=SAVE (’ SIMm?
- C ' SIun
C RIVING £OURTION RY LEADING COCFFICIENT /// S
C ’ - ' SIvo
SO A[TLY=A{TL)/MINAT Sjue
SAVI =R{ 1" X) Siw>
BCIMAX)I=0(J] SIv¥"
B{J)=SAVE /RIGA SIvn
C SIv>
C ELIMINATE NCXT VARI ABLE SIvn
c SIwn
IF{J-N} 55,70,55 3fvn
T5 135=H={J=11 STwo
DD €5 IX=JYeN SiuMe
IXJ=INS+IX STvO
1IT=J-1X Siu?
N 60 JX=JY,N SIvn
IXJIX=T(IX=1)+1X STun
AREERS RIS S1v>
60 ALIXIXI=ALIXIXI=-(AT{IXI)=A{IIX) ) SImM2
65 BUIX)=B{IXI=(R{JIFALIXI)) STun
. c . e 4o
C BACK SOLUTION Siun
C SIwn
TO liy=n—-1 . Tivr
I1T=N%®YN SImn
P 80 J=1,NY STV
- 1a=1T-J SIu~
1R=N-J Siu-
I1C=N . . qrun

ShHEE v



%
PY A vel,y S1w
BOIR)=R{IBI-ACTA)*RLIC) © gyun
IA=TA-N wo
80 I1C=IC-] -
KETURN q}vn
END SpMo
&
[
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Input

la 241000 C.>150¢ LS 2 R UCI TRl 2.1 7T
V200U JLDGL0U QL1000 2. T0000 2. 2¢ead SN
» Ca85000 0.2626C C.180VUY  2.58000  2.12¢uJ R
0.RQCLY  9.255Cu  -0.1750C0  2.64000 2.1602)
). 723900  0.2559C  €.17J0d 2. Touco 2. 20000
D0.7%30u0  €.250C0  C.1600C0  2.78000 2.28000
T0.75000  0.24500 0.16509 2.86000  2.34000
1441000  C.32000  G.31000 2.27900 L. 2000y
l.23000  C.3100C  ¢.28700 2.1%0G0 1. 780D
0.70000  0.23529  C.21000  2.09000 l.71u0)
D.5JU03 0.19080 Q.185GY 206900 1.6900)
0. 38900  Q.172G0 C.16500 7. 04900 1.AHC0D
D430000  C.15200 C.13700  2.06000 1.5
Je24200  C.13203 0.12000 2.03CL0 1.67000
0.8000C  C€.25C0C 0.175u0 2.91000 2.38000
0.28000  £.1%500 - C.12003  2.33900 1.910990
9.25000  $.13300  0.123¢9 2.20900 1.3000)
LeZ300C  0.12500 G.115C3  2.06000 1.690))
0.21000  C.12500  0.1100%  2.03000 1.67000
0.20000  C.12030  0.11000  2.27000 1.36009
0.89000  0.270CC  C.180C0  2.64000 2.160uU)
0.92000  C.28C00  0.22500  2.44000  2.30009
1.68002 D.205430 $.240u0 " 2.27100  1.86090
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RMSII= C.C691035 RMSV= 0.04 74657
0.0035C364% -C.0CC966R2 0.00163626 ‘
AMS Y= 0.0591515 RMSy= 0.0634%07
0.0U2701321 -C.0C3T74532 0.00132256
RMSU= 0.0519742 RMSV= 0.0363670
0.001747632 ~0.000541C03 0.C0109837
RNSU= C.C4LlBC47 RMSV= 0.0331417
0.00357663 -=(C.0C092534 0.00161948
RMSU= C.C558C49 RMSV= 0.0402428
0.00277388 =Q0.00073777 0.00124747 o
RMSU= 0.0526676 RMSV= 0.0353195 -
0.00257¢3C ~0.0CC6448T  0.U01063056 >
RFSU= 0.05.7573 RMSV= 0.0326046
0.0027518C -C.0CC64382 0.00107648
RMS= 0.0524576 RMSY= 0.0328098
© 0.00197821 -0.00057957 0.001073%3 .
RMSU= C.0444782 PMSY= 0.03276322
0.00174763 -0.00054103 0.00109037
RFESUE NS I TV FRSY= VeU3S1417 <
0.00156822 -0.50053755 0Q.00!17188
IMSU= 0.C3965C8 RMSV= 0.0342327
0.00130373 -0.00043610- 0.00103272
RMS= 0.0361C72 : RMSV= 0.0321359
C.0uU634505 -0.00163595 O0.00314783 - :
RATU= 0.0756561 RMSV= 0.0561055
0.00673583 ~0.0C176542 0.6C298338 )
RMSU= 0.0820721 RMSV= 0.05%6203
0.01003233 -0.3C261400 C.00456103
RMSG1I= 0.1001615 RMSV= 0.0675354

‘ it 4'!‘{ P
s vy T



P fU.:Cﬁﬂqla R N TETEYE 13k
NaTLNYIS L =Ca JUMRS TRT Cel U1 685 )
oMtz Q.3%27130 L RNV Qe 0562748
0.004013132 -0,2012%356 Q.00185229
MMSI)= 0.06235)% ‘ FMSV= 00434059
UaDE23100 =CLC3161280. £.0528§1315
R¥SU= 0.C7ES367 FM3V= 0.0538344 -
0.006506LC -0.2C160767 0.00270990 :
M SL= C.08C656H FMSV= 0.0520567
0.00727271 -0.20L1768C4 0.00283374
RHEy= 0.08529,2 RMSV= 0.0532229
C 0401234 —2.)C14554T  J.03CP17373 - (
LMSU= LaQOT31T72 FMSVy= U UG 066232 Nl
0.00332823 -V016230 0.CIL77722 ™
= 0.05W6S14 eMSV= V.0621571
0.00292400 - C.00033960 G.uc0l40uUR0
RMSIj= 0.0540740 FMSV= V.0374273

0.02540857 =0.0{13A352

0.00245234

i

0.CU3SUIESL =U.0LI06682

RNSU= 0.6735437 PMSV= 0.0695211
0.03534622 -0.00137153  0.00291372 \

RMSU= 0.0731170 RMS Y= 0.0540252
0.0650675C6 -0.26117¢40  0.00205 o

TMS I 0.0712395 K/;ﬂ?ﬁishﬁ\\ 0.0453522

0. £V163¢26

R¥Su= | Je 591615
V.00249520 =C.0CU068430
RMSU=

Q.0UahEICS =0,.0011173289

PMSY=. ¥
lo0i220re—/

0.0459520 _
0.001658C0 ~0.000%9988 0. 00096500
RN (g C.0437180 EMSV=

RMSV=

Cc.(5225950

D.03L0EAG.

o= C.JCB32690 EMSY = C.0% 74303
0.0034%051 -0.3CLC1355 Q.0L0L755%5 .

KMSH= Ue 0SS 340 eMSVy= LU 041041
0.00340760 ~C.UiCN2737T 0Q.¢0LT712T)

RMSU= 0.0583772 ° RMSV= U.0414573
0.00270131 -C.vud74532  0.0%1322%06

R SU= 0.0519742 AMSV= Ve 036367)
0.00167485 -C.J00059%24 0.00123226 :

RMSI1= 0.044 45393 PMSV= J. 0352031
0.00134032 ~0.006044462 0.00107275 -7

RMSU= . 0.0366103 RMSV= 0.0327529
0.00311382 =C.ICOTHRRE U 00149618

R sT)= Ua.UbHY 1) RMSV= N.U3IB6RYS
0.00376098 - 0.0%)90118 0.C00158L02 :

RMSH= 0.0613268 RMSVY= 0.0397621
0.004097S)1 -C. 00053725 0.00187481

RMS U= ¢ 0.0640149 FMSV= 0.0432990
0.0U460562 -0.3C1C38063  0.C0203158

RMSU= U. U6 T804T eMSV= Ve 045073y
0.002799% -C.00C73362 0.00143279

RMSII= éé}.0529132 PMSy= 0.0378522 .
0.00327)56- ~C.00088777 0.00154899 :

RMSU= 0.C571575 RMSvV= 0.0393573 ° -
0.C0357201 ~0.0CCB8529 0.C0L61673 : :

THSU= V0597713 ENYE 0.04020806
0.004015C4 -0.2C101017. 0.00188789 :

RMS U= 0.0633¢643 - RMSV=

- 0.00210654

D.00448185 -2,33113¢ :
RMS U= C.0669406 Y )
J.202804%10 ~0.3C374545 .M01213%9

RMSVY=

V. 0434498
<

0.0458971

R PI EE 1 e gt
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LY AT V.u52150

Frovs 0J034P 06 | .
SeNNN2E2T5 =D, 00036088 D0 34 . '
SrS= 0,03554%% kv V= V. 0294340
0.00141451 ~0.00041702 C.0J098508 - -
FMS= . 0.03761%3 RMSV= F0.0314338°
0-0015569C ~3.0¢C55188 Q.0N119086,
RMSU= L0e3234576 RMSV= Je0331747
0.C0174763 -0.00054103 0.0901 09827 _
RMSU= 0.3418847 RMSVY= 0.0221417 .
0.00189393 -0.0CC59253 0.00123860 ’ ' &-
RMSY= 0.0435194 PMSY= Qa0347649 X
0.07206993 -J.05C6%338  C.0CL27105
RMSU= 0.0454¢65 ) RMSv= Y 1356517
.\
e
53
’ >

] o : LI
uRar Uies s iag
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. Finite Element Solutioh of the Turbulient Model: :

s

- 0

CTMENS TON !(:‘.‘“loJ(?LD)cK( '\ﬂle(?G')l VIEC’).M(? 1)

—

-~

il

DIMENSION O51(s Rc}.xtasrl.vtaa,}.XLtQSTl.YL(aRa).t C33).YU(ZD)

DIMENSIUN LL{=) M) os.(ao“) sHHe 0 2

DIMENSIUN 3(T3C485)+XS{20C0).YS{2CQ) W XY{Z0T ), A?ZA(2T0)
DIMENSIUN CMU3+3)oLCLIaMU(3)RI(270)4CCLEDNN)RIDC R,
DIMENSION VIR(220)JALPHALL PT2) o X53(2C0) o YG( 20T l.llt'f".).\i(.".nrj

CoYan{?30) s FS0)

DIMENSTUN F{20I ) IV(200)+IVI200) oKV(2ZE _ (
-DIMENSION X_V(125).YLV(1I2C) s XSV(2CT) s YSVITAC)XYV{ZIO0) aW(R257).

DIMEN AT S

TL20C) 2L IC0)

K XV(-II.-T-)-..YV_(];’JJ 2 (B3)

"]'CV(EDK‘I.G 2?3).‘(!.;01])'&-*(1 M4 ].L?("* .,I-\"_’(\“'\)

DIMENSICN D¢ --.’...a")oVL’ll—A(:O"‘)ad’lV(""‘l-'Hi('!"}oYE("'“) Ll'l“l(’GJ)

DIMENSICN CE{2C2C),AVT{220)
READ 1 4 ME JTIMJMNT o NNV, NNTV_
FORMAT (GSXe515})-

-

-

-

READ 24 (I(TL}+JCIE)WKIIE)SLILE), \A(IC)»\J(IE) -IV(IL)-JV( IC)-KV[Ir)-

2IE=1.RF])

4

.0\)

FORPMAT (5X,31%)

READ 39 (PSTUIM) W XTIN)SY{IN)sINS l.vnrl
FOMMAT (<x.aF1,.5)

READ RBe (XVIIN}YV(IN)}IN=1,NNTV) .
FORMAT {(2F12.5) .

READ S(YUIIE) o IF =T NT)

FOIMAT (172Fr3.2)

READ 94 (XU(IN}YOUINTF,IN=1,30)
FORMAT {2F12.5) .o
"READ 3 .COMEGA COS.NT,EPSV,
FORGMAT (TX,aF13.,2)

ORINT 78 1%ND o NM o NNT o NNV o NNTV

02

FORMAT (7Xhe313)

PRINT 7C2+.0T1(010 ) J'(l")-K(I"loL(I")-“tI:).‘J{!C).IV(}"’]-JV(I"}.

SEVITIE) . IF=14NE) -
FORMAT (7X+915})

PEINT 7C3+(PSTCIN)eX{INYo YUINDy IHZ14NNT)

FORMAT (7X,=F12,.51)

704

705

706

PRINT 7044 (XVIIN)oYVIINYLIN=Y HNNTV)
FORPMAT (7X42F12.5)
ppxur?os.(vnkIF).!E:l.NéI-\

FORMAT (7X»12FS5.3) .

FRINT 7Cs, (xﬁ(IN)-YO(IN}-IN 1.36]
FORMAT (7X.2F12.%)

16

17

PRINTEB,OMFGA L PSyDTEPSY
DO 16 [E=1.NZ
VORATIE)=C.0

DO 17 IN=1.NNTV
DWlIN])=C.»

KT=1 ",

Aol |

a1

15UR=1
CONT INUT

. DO 41 IE=1.NE ' .

DO 41 10=1.6
ALPHA({IO.1E} ="
1E=1

13

IR=1(IE} .
JR=JCIF) - :
KR=K(1E) A .

CLF=L(IE)

MR=M(TE)
NR=N{1T)

F ZAD



LY -

XGOIL ) ={XCIR)+X (ER) +XIKF) }/ -,
Yol =Y (In)+Y (LB} (<L)} -, v
XLEIR)S(XUEE b =Xal1n)) /s . ' . :
XL (OR) = X{JF)=xGLIF ) ) /22, -
] TXLIKRY=(X(KF)}2XG(IZ)) 22,
S XLELRI=(X(LF)-xGLIE}IANNZ,

XL LMR )= (X () =XGIE))r1l..
XLINF)=(X(NR)-XGCIS) ) 1z,
YLOIR) (Y (IR)=vu(ie)) /1 e,
YLOJR)=(Y(IT ) =YGUIE)) 12,
. YLIKR)=H{Y(L?)=?5( I })r12.
YLELR)=(YILR)=-YGIIZ)} /12,

YLER)YZ(Y (M) =Y GOIF) ) /12, -
YILAMNRIP=(YINER)=-YGLIC)) 1D,

C{l,1})=1, LI

ClYl 2)=xL (1) :

Cll1.3)=YL(TF)

Cllea)=XUCIR )X (1i2) -

ClL+SY=XL{IR)eyYLtiR - | - .

Clla5)=YL(IR)}AYL{ IR)
€ Cc(2.1)=1, .

TCU2v2)=XLLJUR])

C(2,3)=YL (J3?)

TCt2.AYEXLAIR) EXL(IR)

€(2+3)=XLLJL)=YL(IR)
C{2v0)=YL{JR}AYL(JIR)
C(3|1)=1. L .
C(3,2)=XL(KF) ) -
Cl34)=YL(KW) ;
s ClTya)a=XL[KF)aXLIKD)

Cl3.85)=XL(KF)ayYL {KR) .
ClA 5 =YLIRF)SYL(KR) :
C("!l}:!o =
Cla,2)=xL{Lw)
Clas2)=YL(LP)
ClAs4)=XL(LP)xXL{LE)

ClA WS )=XL{LFLEYLILR)

ClAH)=YLALFY®YL(LR) . -
C{Sa.1)=1.,

C{S+2)zxXL(MK)

ClS5.2)=YL(MR])

C{S3a)=XL (4R ) =X { MR}

C(S+5)=XLLR) =YL (MR)
c:5.65=YL(HFL§YL(MR)
C(s+1)=1, K
Cl6+2)=XL{NR)
ClE3)=YL(F)
ClEsa)=XL (NR) XL NR)

ClOWS)ISXL(NR)FYLIND} <t
ClO+B)=YLINR)3YLI{NR]}
CALL MINV (CeleDolLoMM])
. L CFCIE)=Cll01)#CI1421+CC1+3)+CIL48)4C(2,5)+ s 0)
DO 52 I0=1.¢8
JN=1 .

51 CONTINUE — ///—
GO TO (43+44,45:46487,488) ,40 ’

" 43 IR=IR -
GO T 42 .
aa 1R=Jgo . ' . %
GO TO 4P :

T P.NAS



LN !ﬁ;ﬁn N
Gy T oA . 339
f.;,_ Ife-=1 " -
GO TO uo ’ -
‘a7 IR=wpp .
U190 uf . -
. a% [L=pe . —
. 82 ALPHA(IU-l'luﬁLFHA(Iﬂslt)+C(IC.JU)?“ =)
JUSJIT+ Y
IF(20=) B1ed1.57
52 COMNTINW
UOTL )= ALPHACT 15}
. V{I=Z)==2L001A r-I’)
' II(K -1) 4317 47
1028 A(I=)-(x(l:}‘(rcxm) Y(nn})g“«uj—(v(wp)-V(anJr)(q")u(Y(1Q)-
aY(\a)}}llua.
XE(Ie )=l {lh)oXL{IR)+XU(KR)¥XL(KR)+XL (VR sXL(2)
YSCIZ) =Y (15 0aYL IR+ YLIRRIAYLIr R)+Y (M} wYL (M)

XY{IE)=XLOTR JuYL{ TR #XLEKR) *YL(RR)+XL (ME) =YL (M2}

MO- %
IRT=1 .
I5T=1 : :
T OAMMSARCA(IT)E(CIZWIRPT )} aC(2.IST) ¢+ . exX3(10) . :
C(a_:_l__‘__.[_l_:_r_._("" IC'T }+( l /14.)“‘( \( i.. )*C(..IQ 1 \T) *‘((“_ _X_S_a_")"__ (._!é".‘-_]________'
o¢XY(I"}»(L(~.I’T)*\(A.IQT}+C(c.lejﬁc(ﬁ.taT)]j

AMMz ARE AT ) S{C{ R IR TYAC (34 IGTI+L1 ., /71:. e x2(11 )= S -
BCAS.IRTIAC( S IST) # (1 /3. )Y SUIT)eC &, IRT)eC(~.INT) -
B+(1 /760 0xXY ({1 )5 (C(a s IRTIHC(S+ISTI+CID.IRT)I=C(54151)))

HITFETLISTI0 J s ARN+AMM

GO _TO (70 2l o ll P 3alPl s B0l e270 2109432221, 32437, 3¢

HaiD. $3%.30077.F5
2,30-&93.MU
<20 18T=2
GO TO 1&
15 MU=#M[1+1
G2 12 7
21 HOIST,IRTWIE)=H{IRT W IST, 10
16T=2 A N T T
GN TG 1t
22 HUIST W IFT W1t J=H(IRTLIST,1E)
18T=4
6N 10 15
€3 HUISTWIET 16 )=l IPT,IST,1E)
159=5 )
GO, 10 1S
24 H(IST.IFT.[L)—H(IRT;IHT.IL)
1ST=6 ‘
Gn 7O 1% b ) v
25 HUISTVIRT Wit JoH{IRTSISTIC) '
To1s8T=2 .
18T=2 - :
GO 10 15 ) ° : .
26 1ST=3 ' - . -
GO TO 15
27 HIIST+ IPTLIE)=H{ IRT.IST.IE])
15T=4 g TN
GO TO. Pt { .
23 R(ISTeIRTLIE)=H{IRT,IST,IE) ‘ \ , -
1sT=5 \
GG YO 1% . '
29 HUISTVIFT W17 )=l IRTIST, 18] i T

r-309%



I1oy=-

1yt ]h-lf 3390
S HOTAT AT T i )= 1Y o INT L 1t)
18T=3
IeT=3
GO T 1¢ )
21 ISTza :
ol 60 Tu 1F )
32 MUIST IR T eI )=l IRTIST 1)
a I15T=35 .
: GU TO 14 : 3 .
I2 HOISTLIFY eI =01 InT«IST S I )___, e i e
— Tisten :
GG TN 1= .
24 H(IST'I‘:TQI?}::’!("]HT.IST‘IE'—)
15T=4
11°T=a
G0 TO 1%
35 18T=5 . -
G0 TO 1%
36 HIISTWIRT IT)=HIIRTLIST,IE}
. I1IST=# .
) G0 TO 18 : b ‘ -
ST HOISTIRT 1L} =HUIRT,,IST.IF) _ it _
IST=¢& .
1RT=5 i .
i GHh TN 15
36 18T=%
60 TN 13
S NI Ty TR T A I = I T W IST 15
1I871=6 T T e
16 T=¢,

GO T 15

4C CONTINUD
LE=1F +1
IF{IC=-NT) 13,172,014

14 CONTINUL - T T
DO 6 IL=1 N )

54 F(IF)=V0RA(IFJVALEA(IE)*CF(I&}

< ASSEMILE EOQUATIONS

DO 19~ IP=1 GNN
Wilir)=9," _ .

D190 3= a4t
22024701 .
Iw554,223

192 R(IP.JJ)=".0
Coip=yt
195 1£=1
2C0 TF(ICIF)~1P)
. 201 IFCJCES)=12)
2C3 TF(RCILI-1)

)
- W3
P

2
:'f"'—t:-.ﬂD!EPS L
205 IFQL(IS}=-1R) 727,208,207 \
227 IF(MCIE)-1P) 220,210,209 {
209 IF(N(IE}~=12) 211,210,211 |
211 Ir=12+41 B
IF(IE=NL) 213.213.218 ..
~ 212 6U TO 260
02 IP=I(IE) ) >
IRT=1 -
1ST=1

JRP=0(Ir)

KRP=K {JE) “§T

L1 1]




2

(o'

Lis=g (1)
bz (14)
IR RN (N R AN

Gr 10 1w

=gt 1F)

1072
I157T=2

JE=R(IE)
K=y {17)
LP=pr(1e)
MR=N({IZ)

NE=TCIE)

6N T 216

Im=Kn{1F)
ILT=x
T18T=3
JP=L(IZ)
KE=mM({15)

e e e ——————— .

0

2e8

LE=N(1F5)
MR=I{1%)
RR=J(1F)

G2 Tu 218

In=p (e
IRT=4

1S5T=a

JE=MI11)
KR=N(1E )}
LR=1(Ir)
MR=0(1v)

2

19

NFE=K (i
G TO o
IF=x(117)
IFT=9g

IsT=s

JRP=N(TF)
Kk=T(1L)

Lizd
Il‘

LR=2{1L}
MR=K (]}
MNR=L (1)

GO To 214

TR=M(TE)
IRT=#

e

I1ST=n

JREI(1E)
KR=J(I5=})
LF:K(IE)
ME=L(1L)
NREzM{IF)

W

[4M]

L
an

WOIP ) =—F(T= 4wl iF)

Mx=1

JJI=Z3+1p-1p

B(IP-JJ)=U(IPvJJ31H(IR
G0 TO_(Z?I.222;223.

IP=UuR

| S
T.IS‘l".IF'}'._,/’I

22&.2&5-226).Mx

J

MX=MX 4]
1ST=15T+]
IF(IST~¢)
I1sT=1
IF(IR=-NN)

~

2321.231

1754220,240
KOIP)=w Iy =HeTInT

¢ ISTVIR)EPSI(In)

A



4 e m—— . m e e - .

GY TN (271,202, *:n.*?ﬁ.é ) o X
e IUmRE
» »
7 T ;A
222 IK=LK X -
GO TQ 227 ’
Py ]l":!.'_fg ___________ _
G Y0 zoC — 3
225 1r7=no .
o TO 222
226 TF(TE-NT) 211,018,714 .
18 IF{IP=NN) 2614247 a2 ’
£a1_IR=IP+y e
G(?_:.TH__-}'T:- T T T e
242 CONTINUE

SILVE FCR PSILIN)
1TER=1 .
DU 27 TH=Z1 oNM

. S

IC0 N IN)SONMTGAZ Al TN, 2 ) N
BIT=(1.-0MFEGA )
INT ITER=ITER+]
PRINT G¢,1TLE
SC FORMAT (7TX+I7}
7¢C CUNTINUE’ *
D1=2.7 i
Terr=1 - T T T
302 Ex=0.0 -’\
IT=1
IE(WEIN)=C.2) 373,306,303
302 Ex=w(in)
204 CUNTINUL
265 JF(IT=23) 3)5.3074375 "_ . ST T T T e e
265 IN=IN= 31T
15 (IG) 3074307, 300 ] )
360 TFL1D=-t&) 31,701,307
251 IF(RUINGIT)=2,.C) 762,363,340
2e2 rx-rx—uttw.rT}«P&xtzu) )
YR N ([a-a_.;-)— T W3R AR h T - TTTTTTT
C7 1T=1T+1
-GN TO 267
308 EX=RO{TIN)*EX+IT PRSI IN)
IFCADSIPSTIINY=-CX)=N1) 320,320,321
321 DI=ARS(PSI{IN)=-X)
35C PSICINI=oX i 3
370 IFCIN=NN) 320,321,331
330 INTIN+1 '
GN TO 3¢z )
331 IF(D!-Tre} 3Aa¢,340,3~1
340 PEINT ZS50.(H35101IN), I Nz 1)
350 FURNMAT (7X.tF1 . G77X.5515.5) o
IF{KT=1) 230,830,831
830 CONTINUF
DO S7 INZ1 .06 .
S7 VOR(IN)=0,0
831 CONTINUF
VlQ(QT}‘ln.=Ut1§/(YG{11-YH(1)) - ) - N
DO SA ITMN=1,15 h
IM=IN+ST h
1S=12%IN=112
VOR(IMI=12 30 IS )/ {YGITS ) =Y H{1S]) )
S¢ CUNTINUL

[-1.13



aACr

4}

I T T s e E—— s - e e eh e me. - ——— atia. = b - e ot e —— - — —
1= ' . : __%\\\\
17:1v0ii) . ) 3hn

Jz=av(l )

KZ=kV1H ) -

VUPATT T = (VUr (17) #VE2(J /) +VOIR(KZ) 173
ALVLZ)=txvIZ)=xul1E )] 12,

XEv(JZ)=(xv(JZ}=-xGtIc)}r1a2.
XLVIKZ)=(XVIRI}=-XGIIE})r12,
YLVCIZ) =YVl I =YO[TS )12,
YEV(JZ)=(YvI{al)-YGULIEY) 12,
YLVIKI)={YVIR/Y=-YGUIEL)) /22,
CMtlst)=ty

C{l2)=xt.¥v(1z}
CHM(Yle3l=YLVILIZ)
CM{2.11=1.
CM(242)=XLVIJIZ)
CVM{ZeR)=YLV(IZ)
CM{3,1)=1,

Cw(3.?}—va(K‘l
CM{3,2}=YLVRZ])
CALL MINV (CM,3.0.0LCyMC)
un(1?)=CM(:.1}¢v0Rt17l+CM(2.a!*v0R(Jzi+Cw(?.=lvvnukmz}
CC{IT)I=CMII, 1 avnNR{TIZ)+CM{3,2)=VOR(JIZI+CA(TL3) avOnN(KZ)
AVETZI=XL VIJZIAVLVIRZ)=XLVIRZ}BYLVIJT)

AT LI ALI S INATTS

AVIJZI=XLVIRZYEYL VLT L) =XV (T o)y viag)
AVIRZ)IZXLVITIZY=YLV(J2)=XLVJZ) =2y VIT12}
BV{lZ)=YLV{JZ)=YLVIKZ)
BVIJZI=YLVIKZ)I=YLVIIZ) . )
BEVIKZI=YLvil2)=-YLV(J7)

CN (21X L VL7 =XLVINg)
CVI{KZ)=xLVIJI)=XLVII2)
AVTIF )Y sav{i7yenVv iUl J+AV (R )
IF {KT=1) 2000 20504419

e250 CoONTINUP
Z{IE)=YG{IT)-YS(1R) _ L L
CONCIT) =3 .7((. fPl*‘“’(l'l*ll.—?(IL)/R.l)+.CJC“1rn)
XSV IS )=YLVITZ) XL VIZ) +XI VA7) s X VIt 2V /) 2xXLV K7
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C{2.,1)=1,
C{3.2=xLxz)
Cl3,3)=YL {(K™)
Cl3,a)=XL i} 3al (ki)
C(J-\}—YL(&f)“YL(K‘) .
Clismioyl i )nyYL{wn]) —
C{arsl1)=1.

Cla,2)=x (L}
Cl{as3)=vLlL?
Cla.3)=xi(Li) X {Lr]

C(4a3)=XL{LR)"YLILR)
Cla.5Y=YL (L) &Y (LR)
C{%s13=1.
C(3.2)=xL(42)
C(S+3)=YL(as)

Cl5sa )AL (M) X {M2)

Cl3.3)=xL L)y (M)
CISARI=YL (i) ayL (M)
ClEL1)=1. ' ’
CLEH+P)=XL(NF)

Cln, )=y (N

Cimaa ) =xXL (N3 ax_ )
TGS EXL (e P RV (NS
C{Se )Y N PYLINRY)
CALL MINV (CaAmalasll o]
CRFUIC)I=Cl1+1)+C 12} +CLLl+37¢C(2+3)+001+3)+T(1s0)
DO S2 I0=1.0

Jo=1

51 CONTINUF

GO TU (43:483:a5,486,47448),00
a3 lIw=1w

GU T3 &2
24 1r=J0

GnN T3 a&n

La-2_ 51



——— i e ——— —

a9 FT s
AT .- * 268
4% liemyp ) -
Gt VD &2
&7 IR=l; )
G 19_4C : > .
a8 IR=N2 ' i

82 ALPHA(IN.TI)= A PHALTIN,IC)4C(IU.J0) 2SI (17)
JO=Jcey
IF{J=n) S14T1.5
S CNT INUL
eV MMIE )= AMPHACT L)
V0io)2mrL Pt oot} _ )
TEIRT=1) 43,107,680

thy

138¢ A“’A(IL}—(((I‘I=(Y(K?) Y("h))*((&%}"(*(“h)—Y(I21]+\(””)*(Y(I“)- )
av{(Kw}lisiaa,
XE(IT)=XLUIRY=ALLIN) e XLIRR) eXLIxX P 1+XL(“r)¢\L{%H] \\n~
YS{13z)= YL(I’)«YL(I"Jrr_(-s.:‘)»-YL(-:n}q-rLtvu}*YL("?J .
XY CTE) aXC TR I YL S TR T+ XL (AR ) SYL(RR] RRL (M R YL(ME) -
M=) . .
I1eT=1 . . )
IST=1
T OANMZ AR AL ) H (LW IRT)I*Cl R ISTY L e/ )axE (T )
_ R R e R A S A TS EAC RS-SRS S R PRI S IS EA R KL 5 RO A .00 N
T J*F‘\!:);(C(i-E”T)*C(“.IbT}+L(GolhTJiL(L'IaT))}
AMME AL AT = S (C{ T IR TITC( 22 18T)IH(1o/12,.)nXSC(I " )n
BCH{GIRT )= (s INTI+{] . /3 1Y S (IS %C W IDT) 2C(ma 15T )
BECL W/ X T )Ly IRT JRC (S IS3T)#C (D IRTINC (e IST ) })
O IR T TS T L 17 = anMedna
. gq“7g_;5_L¢LL?r.:;.fﬁlés.ai.zr,?d.::,i:.:;t;g,;=g=i.;-15?13?.11____
i SEIPALY RS
20 137:=2
GO T 1€
15 wI=ro+
GO TN 7
21 H{ISYIRT L1 )SHOIRT,12T,10)
- e - e e e e e i
G Ta 15 T
22 HITIST, 1F-T-1|) SHEIRT, 1ST 18 )
I18T=4
/s GC To 15
/23 HOIST 10T 17 )=t 18T 137 .15
, 15T=% T T
| . 6N TO 15
<) 28 HOIST,IRT 1§ ) =Ml IKT. IST,12)
I1SsT=nA -
' GO T 1S
ES_MOIST 101,16 ) SHUTIRT L 1ST . 1E) B
1sT=p . X '
IFT=>2
GO TO 1u

6 157=:

hzﬂxg GN TO 15
27 HUIST W IPT I8 )=H(IRT,LIST,I=)

—_— Al loTsedrtadogc . i .
ISsT=a ] » - -
GO T2 15 ' .
25 H{IST+IRTICY= H{IRT.IST, 1)
15T=% N
GO 10 1%

29 HITET WIRT Izl TIRT,I18T.15)




1’Tr~ )
el T 3. A .

A2 T L T Wl e ol v TainTe i
1eT=3 :
IxT=" . _ ‘
G T 3= T

31 1uT=3 - -
G0 T 1E -
L3P MHIIST ol nT .l =H0INTInT, 10}

(LI
L

"
—
)
-(
-4
1
e
1]
...
-L
A
I—I
~
"1

.
L
¥
_'

.
..‘
-
\

. en TO
34 MUTISTIRTLIR) =H{IRT(IGT .18}
- ICT=2 .
IRT=4 -
G0 Y0 3¢

3% I1S8T=5

GO TO 1%
3SA MEISTIRT S IF)SHEIRT .rs +IE)
ISsT=6 L

GO TS 15

TlEHCIRTL ST 1)

37 M{IT&STLIRT.
18T=% T o T e
1PT=5 F‘ .
w GO IO 1% '; .
IR IST=S ;
: T e T :
S HMOTST ThT Tl slinY W IST 157y . _ e
J.Sl—’) -
110724
6o OTO e
a4 CONMTIRUS
IE=1F 1
1P (Ia-™e) 12213414 R e
la C"r’l"\ll-
DO HSa 1927 M7
84 FLIU ) sVvaRA(IS) oAl LACIE) "CF(15)
ASSEMULL £ auatTLNS
PO 150 19=1.rm .
w(le)=3. o
DO 107 JJnl-QS o~
167 H{IP,5J)=C,0
1P=1
195 1F=1 )
00 IF(1(IT)=1P! T01.292,201
P61 TFLUlIL)=10) IT9o3,374,2033
203 IR n{te)—-10) 3Gy oRnm.0C0 T - ‘
205 JF(L{1S)-12) 237,208,207
207 IF(MULIFY=1D] 278,21C0,289%
2C9 IF(N(IC}=1P) 211,212,211
211 lE=1E+1
IF(lr-Nhl 213.213.214 3

a02 IR—I\IE]
I*T=]
157=
JR=J0TE)
KR=k [ 1)

rorne



. .-
- IvT=2 . .
=~ 1 57=2 ‘! N ‘

T URsL ) oot . o b
KEzu(IF) o _;_\__1 S
LR=N(T:) . . .

MRz 1077} -

NE=J(T=) - : . .
G TA 15 _

208 Imzp(1-} . -
IRT=q e ____'_‘_._____________ L
1sT=3 - T N )

JEzm(]7) X . o
KP=a(1e) ,
Le=1(1:) 1 -

ME=g(IF) )
N =k { 15.)_ L . _ e S e
I — 6L 14 F < )

SIC Iitziqre . : ’
1Tz
ST
JR=N1 D)
KNI (1:2)

TaT

—— e —_——— S ——l - —_ - ——
LR=yqIr)
MIzk (10
NE=y (17
G0 Ta 21y
212 IRsr(1L) )
R ]l?'T:-')
1sTar  —TTe—— T T
R T (1T)
KR=Jl1¢)
: LR=K(1E) ‘ . .
MRI=L (15 ) '
NR=n (17 ) .
T RS w(IET?ZET?EfTEFiFi B T T T T
Mxz]
PR, JI=ASIR-1D - ¥
UIIP.JJJ=Q(iD.JJ!+H(i€T.IST.IE) -
GiJ To (2?1.222‘.223.220'225.226}.Mx
221 1nr=ge ' :
230 MXZMXIT
IST=1S5T+1
IFUIST—¢ 231.271,212
22z FsT=
221 IR (1=ry) 2ef.2.C,pa% A
Tanr w({p]:;—.(!D]-H(I'\T.:S.’.I.’?)*DSI(IQJ




\ H(AW‘;(PHHI‘J)—F—X} =001
01-An3(r'1(1w} -Tx)

""2\»-32(:-3

21

I(IH}"( -
lf-( IN-NR] 370,351,331

1 W h!l ]
W~y Py
D e

= 60 TN {Tr1,200 .00 j.:?§u“°' ZL) .M ) T am- '
237 Je=pe . . “p
LN Tu - _— , ‘ :
« 223 Iezmen SR ST )
B oI {- B A cos .. '
z26 IR=mi_ - - . .
T 6D YL .23 . : .
225 19=KhR - ’ ) . :
- GG YO 23 . - ‘ . '
226 IF{1E-NF) «'1.3 14,216 , .
’ Pla IFLID-NM) 241,225,740 , -
a3y _1P=1r+r ® -
N G T 1A - . R - T T/ T/
242 €ONTINUL -
¢ SOLVE FOR DRI(1n) . ) .
' ITewr=} )
) 1001 LN 227 Im=1unn <7 .
: 305 UOCIN}SU" " AAZ N INGC ) _ . _
GIT={1.-0MZGA) - ,
301 ITERSITER+1 )
TPRINT 23,1716 . ’
00 FOIMAT (7X,173) o
TS OLONTINIUL ’
o1=r,”
T TNy T - - T T Tt
. 302 £Xx=C.0 .
17=1 -
IFtb(Iwﬂ-\.;) 373,324,303
303 FX=w(1IN) . .
3Ira CONTINNT
2e0 1Ft;¥fivi Bn L T 305 T T LT
ING IDzYN=DEFTT _
1F(10) 207,347,703
REC IF(ID=NN), 36t 31,308
361 TFIOUINLIT)=2.2) Z00e30343623
o 262 FEX=CX-f{ 1t 1Ty (D) . e o i .
363 IF(17-238) 307.30R.308 T T T T
7 17=17+1
. 6O TO Fe0
308 EXTROCIN) 2 I+n1T=RSICIN],

IN=1N+] -
GO 1M 2¢2
331 IF(D1-CPS) 343.%ar,I01
340 PRINT 300, (3310IN),IN=1,NN)
26 FORNAT (72 L F1C.E778:0710.28
CIF{KRT=1) P3J.2933.83)
830 CONTINULD
DO 57 IN=1,731
S7 VOR(IN}=0.9

CONTINUE

DU 53 In=1..

IM= TN+ ’ .
IN=261424%1IN

VO IM)=Z,. 7727 11)
VOR(IZ)=32.3001 ) /70YG{1}~Y2{1) )
D0 S IN21,15

¥ 303



N A B 5S TNERNEIITR SN FAS S ES AT E 23 I - T
Ty COFT TN N L ) A : . - ; -
ac~ IE=y .. T 0T . T A _ '

_anl_ FATIVeTL) - - B :

JL=JIVITL) - - - : o R -

KZ=hVv{1L) L . ' : w )

VORALTIE) 2 (VL2 LS ) sVL (7Y avn () ) s, » -

XUV{IZY=(XVvOETY=xat 12 ))s712. .

XLVIJZR={xvIIZ)=26010)) 12, i - ;

XUVASTT20XViasl =2 a1t d1 /12, ' |
YUV(TZ) =y vii7)=yaiic 11717,

- YLv{JdZ)Y={yvwlJ, -yl I- )}y 22,

YLVIKZ)= (YR -YG(IZ )2, .

. CM{l.13=1,

CM(TelT=2LVIT7) . .

- i 2)=vLvlr) ' -
CMl2it)=1, . . :
LMt22)=xLvil/) )
CMlZ2)=YLVII?)

C{3.1)=1. .
CME-242)=%NLVIKT) A
NN *5, 1 TR IR RSN £, U
-~ CELL “IMY {CveTeMenCe™I) . )
BEOIF )= {201 svnRUI 21+ C{ i 21 VORTIZIHLMI 2 5 ) ek )
CCCIT)=Cn (31 oV RCI 2R+l 2)avOR{I7) ¢CM( MICH EVERI AN G ’
AVIIZ2) = XL VIS oYL VINZ)=XLVIRZ Y YL V(gL
- AVIZI =X VIR I e L VLT Z)=ALV{IZ )ayLVInG])
Avﬂf?}LXLv(i?)rvLV(J?)-ALv(leavatlz)

T T TN A AN I VIUs ) =YL (A7)

MV JZY=YyLVv{nZ)-YiLv{lIZ)

BV(RZ Yt v{I7)—YLvV(J7]

LVIIZLaxXiviars)=-xLwvilaZ)

CVEIF)=XL v I7)=XLVvIKT) .

CVIKZ) =Xt VviJ7)-XL V(1) : -

VIl

AVT (T7 | AV (T 2+ AV(07 ) 4AVIRZ) T ' ' :
IF (KTS1) 2257,2100,81r0

225C CONTINUT : |
CON(IU)=1G4al0, /1,73 '

-

XEVOIFE)ISXLVITZ) «XLVUIZ) #XLV(JZ) 2XLVIIZI+XLV (K7 JAXLV (R 7}

YSVOIE ) aYLV i T YLV I Z) YL vIJZ) ey v {J2)+Y VIRZ)eYLVIn)
Y VT s LV 7 TRy LV T T I T an LV I Z T sP LV (a7 Y+ XUV (R 2 nY iV (R Y 7
MY= ]
12=1V{TE)
IY=1V{1E)
1zT=1
IyT=1 i .
A0S BRCUIIT L AYT T S W T 2 =BV U IY ) e CVIT I VIV ) /e Saar ity 7 77
. POIZTOIYTLIE)RCONCTIE )2 LAV(TZ AV IIvY) #1212, )exSVITIFY A3V ).
SHERVOIY]IH01./712.)03YSVIIE)%CV(1Z)#CVIIYI4 (1. A12,)8XYV(IT}av(l7) -
S2CVIIY))/(a  8AREALIC)) : ' ) ‘
GO TO (485,806,807.803,409,410) 4MY .
4CS 1YSJIV(IE) . -

. IYT=2 . .
; GO TO 4C3
40T MY:MY+ _

GO TG 4C°
A0 BPCOIYI W 1ZT .10 ) =0PC{IZ2T.1YT,1F)
POIYT 12T .10 )= 0127 .0¥T 1)

y)

¥. RS



TIyevgr ) T L L :
A S ~ N R v
RO PR N ~
CTT ML LINi i) tistelyr,g oy R SR
SRR A I N R AL S L2 S ' '

SRR & TS £ - L o

T rzziver. ) T I e e e e e
. Iviz= . ) S ~ S o o
- 172T=> e ) ] . . . R 7 : - k
BTG oAl ) ) - '
ATe Iv=evrro}y : : -
IYyr=1x ‘ ]
T TR A L T e e L T TSy
AT SPCLIVYTLiaT . I S AV SRS BT '
H SRS REENINIt EENG R I 2 T
IZ=uv(1-}
177=3
Gr T o4 x
T ;f&“j;'—"'{,—-—_” T TUTTITE T e e B T ) T T T
LA IS L R O P R i ) . -
411 CUNT NS . ) : - -
RS A e
41e p(IF):fIV{I’1:(H(IVI~P3(171+V(T')5(C(IF]}uivT(IL}/:.
NN ALY S L S AL B : ' :
- (‘I :‘:J - . . - o eee __.-.A_. . —e “_ e e aw Ca e e e m e e o
o DY oL1F ogJ=rot e
<17 AlTrieud)=l L ”
Th=t
L1 T-z .
...... LITTRCIVEL =ty iy ne : : ‘
G20 TTUOVEI) =it ) et gasaia el ' . ' CoT
SR L R G A B N e - .
A S SR e ' ‘
R e T PR o - \
LY EaTN (YT e PRI
el Irniv(rt )
N T T iviey - T | .
RIS ‘
SAdN0 )
RS e VT
GIV i s
L 1% lzruvie: ) 5

N . . A S L
1777
Joskwv
KJIzIvt(
Gy T

R YT sakvL
e s . e . | _ e
17v= 3
JZ=Twetio R
Koz Javil: ) . -

et Iz h
NxX=1

S
TV e
’

-
—
r

T CERE g il aiieqr. ) i T T e e e
e e Y=t ) art Loy N
w5 A(tL.JJ)-ﬁ(In.JJJ--tfv:.i:r.xf}
G, T 4- 2
ay " I-(I!“‘..!J)=1(l-‘!-..‘.J)i-"‘l.’(‘VT.I.fT.I‘)1-(_"./.‘_,])¢’(TYI".I.7T.T")
e o T, { e ¢ BT ) G- .




S A TL VS S : e I S o0 T ?__r:-'
e i ° !i'TI.‘:.|; . _N ' o T < . . ’ ." C N ’ .
) 101z ...‘-"}' B PRI P o X ' 2 : - . T
cov frazy . Lo LS TT e g
-—_.-'-‘_"“ . ." .'.C- ;r (v 71 - , u‘:;-‘_.' v - i ..‘. “ . - . - . o . .

AT . W S et el LS
LA N & PERXNIYS B S P e L. S LT
S IS | SN & IR IRRVEY T Tty

.'j._a_if.. BN O RED RE RN I RN IS M ;'\ R I R IR - joo. -'_( TYi ol Tl )Y v ey
. TR T oA o

S BTT DY) -t‘!':.l—( _’:(1-‘:"‘-1."..‘;1‘).'-:‘./-.-') -('1.\,:'.:,--1.1— )].'-,‘_-; ti.’]

——— -

- IS SR R R P R L N R AL B I T E S RS

MR £ T S i) erin . T
LA I L ' : .
. Q‘"Gh A ] " : - . .“
SR I S __ .
R e O T T T I
Al IN=TrR4 . . -
et TR ‘ ] IR A i
T ann COny gy’ ‘ T,
* IR I SAT RS
RIS TR T )
2 A N AL'S G20 I LU I N I RS | - .
TITYSY e,
RS R R I T
SR S :
Ir €370 =0 ) e o e .
C1] CiNTI .
DHryo~ - -
L e e T -
A (AR R R Y . ’
R N A T
Wl n) s .
SR T T N
R ]
S Sl R
- ;.;!__ TR
Ty . .
) LI QR O D R AR O : . .
Cla vz s
53 R SN A B T
SRS LA O S BRIV S
R EIVES P ‘ -
v erev)  rel v, .
TET IR D ov- ) e vy,
BEYL IR (AT LTy )=, Yo 1-'-'5".';!
N1 TXVECZyaA{ ] ) {1v}) .
IR A O I XS AV TS NP

S1T T Te T4 ' ; : Coe
fal) "3__‘ ~1. .

FINOLXVEILVOILY v 2 1y (1) '
TR (ave . gy ) AU Y= NIV ) O L oy

28 BERPS UL SR S
TTE (MY 1 oL .

P20 DR ) = s 0 v wu- )Y L G o ' ST T

WS v ey X

LT O R Y e

RUBCEE SFES FYFE
G©oTEe

TEAY P ves vrg) L ety o K .




- S - ot -~ e

- - —— - e i e -
3 BE PRTAT Ted (o #e (- !“‘ )& ..-T.-N"‘ R -
- g Ffiiea n {7 NS e y - "l . _. - - R : . : . '\"I"\
1F (K Fm 3 .xr L. \) o -
(96T DO @& IhEierYy-  c Do s N7 :
o2 DWlTIN)=ww{IN) - : . N
_RT=KTEI RS . .
L. 0 ‘i“-" ST LT . -
S50 PO cA T 1r«_1.r~w.- S e . L. .
L S€3 vanin)suriing | S
- PRIMT ﬂ*!-(tm(;r\).n\ I.NNV\; -
L : rsur=tcuf el ° - - .
1F-CI3Ur=72) 2081428 - . I
QCs PRInNT nt..,(t,fl'l.x"-' % Nl -
) S OPPINT P10 ,(VETE), I9=1.M0 ) .
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PRINT 810 (Y GLIF e =m0} .
. BIC FORMAT (TR E 11,6/ /TX6F11 o5) :
: DO PES In=l 27 . .
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£AL FUPMAT (T7X.F1Z.8) ®
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. Output- Laminar Mnde:\h"-\\

— 0. 011397 0.015834__0.027779 ——r

0.015266

0.017019

0.017108

-0.015506
. 0.017299

0.0i6750

0.018278

0.019T16
0.017047
0.014867
0.0i5962
0.017113

0.017154

0.015883

0.017316

0.018282
0.019117
0017047
0.014867

0.017030

_0.015962

0.017154

0.015883

. 9:017305

e
.3
4 "7 ¢ mEirst rime step” .
:."
6 - )
0.000335 " 0.00C1844 0.003346 0.006598 0.010381
0.039551 c.cT4C04 0.116702 0.204940
0.C00485 " G.col712 o, 003601 0.005975 o, 009736 0.014240
0,04C736 -c.075318 g, 116884 5.205474
0.001234_ 0, 0C2631 __0.0C4940 _ 0. 007526
- 0.042134 ¢.076489 . 117347  0.206020
0.001111 o.0c2352 o, 004744  0,007434 0.011915
0.042262 0.076834 g, 117628 0.206221
0.0011C7 (¢.002408 o, GC4893 0.207715 g. 012077
0:042072 0.¢76504 9. 117745 0.206294
— 0.901268__p. 002476__ 0. 066613__0.007153 —0.011155_ 0
' 0.04199g C.C76354 0.117307 0.205800
V.001189 ¢.o02618 0.C05004 . 007n82 0.012348
0.042405 ¢.C76518 o. 117902 0.20625
9.001359 §.0¢2737 o. 005030 0. 007780 0.011691
0.042548 c C76755 0.117723 o, 20613]
2.001257 " C.1302727 Q. 005239 o .008056 giqlasqe
0.042312 ¢c. C76S565 '0.1179465. 206301
0.CCL5C8 €.902520 0. 005496 o 003384 0.013508
0.342158 0.07698¢0 J117787  0.206320
C.00111: ¢.9c2352 0.004748 0.00744] 0.011932
0. oqzﬂow 09.377C25 (©.117818 o. 206332
---0.023572_ 0.001776 .0.003858__3.006271 ' D.010223
C.0425 64 c.o77062 0.117804 0.206329 .
0.0C1244 ¢.yC2620¢ 0.004%7% Q0.c07570 - 0.011488
0.042567 0.C77C83 0.117815 206332
Q.CO0LICT GC.QCpacln 0.004894 0.007716 0.012089
D.042108 C.076963 0.117814 '0.206333
0.00CsCe 0.002364 _ 0.204326 . 007461 9.011800
T T ban T c;t77037 0.117994 3. 206317 °
0.001281 (€,.202535 0.004688 0,007276 0.011370
0.0425S4 - 0,277103 0.118014 0.206323 .
0.0C118% 0.002519 0.C08005 0.007885 G.012354
0.042484 c.(77023 o. 118013 0.20632
V001359 c.002742 . 385038 0. 007793 0.011728
- 0.0428387 C.c77c04 V.1180217 G.206323
0.0G1257 c.oc2728 0. 005289 Q,0u8057. 0.012587
V.042332 3.€76596 0.118003 0.206325
0.0C14C3 0.062920 0.005496 0.008234 0.013509
C.04216¢ 0.C70997 0.117810 0.206333 ’
0.001111 _0-002352 0.0c4728 0. 007441 9. -011932
T 0Y0424Ce TUJ0TTICeT gL 117846 0.206343
Y.000572 c.0C1776 oO. 003858 0.006271 0.010223
0N0425¢4  C.C77C66 oO. 117811 0.206334
0.0011C7 0.0C2492 0.0048£9 0.007695 0.012034
0.042149 C.C77202 0-.117982 0.206498
C.001244 0.0(2639 0.CC4974 0. 007570 o. 011488
““"“"6'042668 0.077085'_0.117817 0.206333 7 -
0.0C06CS  0.002364 0.004326 0.007461 0.011800
0.042723 C.C77C46 0.118006 0.206325
0.001281 0.002535 0.C04688 0.007275 0.011370
V.042956 ©.C77106 0. 118018 0.206324
-0.00118¢ c 0C2615  0.005005 U.007884 0.012350
. . ’Qi;f =80t 0.0123¢

V.016839

_0.028734
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o.ozfaaa
0.026082
0.028643
0.028758
—0.027549__
0.02904‘ :
0.028930
—0.029929 _
0.029%64
0.028736
1 0.027493 _
0.028145
0.028777
0.027158
0.628257
0.029090
_0.029109 _
0.029938

0.029968

s

0.02745¢4
0.028709
_0.028146
0.027159
0.028257

0029067

{



0.04248% 0. 0TT121

LW N

gl

0.76C711 =01
0.681250v~G1
0.9%482r-C1
0.S5¢6340-C1
0.8C820f-C1
0.61245[ =01
0.£35821~01

0:$84505-01

0.981C4F-C1
U.79178E-0Q1
0.63745E-01
0.81£38E-C1

T 0.10223F 00

0.958166-C1
0.80C327-C1
-0.153300 02
-0.16045F €2
-0.20109i €2
0.97518% (1
0.80050F (1
0.648385 01
0.81615f Gl
0.10187% (2

0.96186E C1

0.81666% U1
0.€2333t 01
0.83572E C1

-0.20030F 02

0.984%2f Ci

.. 0.8%270% C1

’ - 0-{18092
V.CCT 5% SCC2762  0.00%039
U.042638 Q.07707%%  5.118025
" 04001226 €.032692 -0.005179
, «D.042352 C.C77476 0.118201
. - 0.001173 . G.0025)3 . 0.0C4941
0.042276 0 C77825 0.115153

g l 3L St=0
. _0.77232E 21 -3.34395F 00
‘0. 78455 ¢l -C.19¢73% ¢l
= 0.101€ELF C2° -C.923C4F 00
. 0.97518[ C -Q.15419€ 01
- 0.80050C 01 Ca6THG3E Q0
0.64838E C1 - -0.498C2C 00
o —._0b.8lE15E €1 -C.7485Q0F (0
0.19187C 02 -0.93743L 00
0.56186L C! -0.11579F 01
0.816660 U1 Caef2S03E 00
0.62333F 01 -0.6227ST 00
0.83572¢ €1 -C. 816758 ¢
L JB.98C72L €1 -C.l26470 Of
0.98462F Q1 -3.83R780 00
0.842700 (1 -0.97884F QU

Y

and 1YL
=J.252538=-02
-0, 84755:-02
=C.12022E-Q1
~0.53787-02

Ce307C4E~-02
=L.40L9840-97
-C.G262%E =02
-{.12C008 =01
-L.97568F-02

C.29303F-Q2
=C.244860-02
-€.10582E-01
-G.B8171%=02
-Ca12942E-0)}
-L.36772E-02
-C.34395FE Q0
- La1D06T3E Q1
-C.92306%F Q0
-C.15419% pn1

Ve 6HTHG3L .00
-C.49802F 00
-L.54855F QU
-C.S53743L (O
~C.11579f Q1

J. 64903 Q0
—0.6227%E QO
=0.B8106758 QU
”001264?& 01
-0.83B78% Q0
~C.37884E

90

0.307698

0.206386
Q.07 Tun
04206321 °
0.007889
0.206670

0.206911

s

b}

- 0.93827€-01
0.20804E-01
0.22984E 00

~0.18565€ 00
0.19£64F 09

-0.4370E 00
0.3C195F 00
0.51651E-01
0.66052E-01
0.2725%9% 20

-0.14359E Q0
0.32861E 00

-0.18673F c0,

0.32227% 00
-0.41321E 0O

G "first time step™

C.17470F-02
Ve274B35-23
~0.472378-03
0.30810E-02
~0.18993r-02
0.50328€-02

 =0.1783%E8-02

D.72865E~(3
3.590340-03
~U.26627E~02
Ual6272E-02
-0.20529£-02
0.35104E-02
~J.s197030-02
0.51574E-02
J.93827t-01
V.206045-01
0.22934E 00
-0.18585% (0
0.19¢54% QO
-0.48470F Q0
D<30195E 00
0.91651%-01
. 0.660582€E-01]
0.27259F 00
-0.14359% 090
0.32861F (0
-0.18672E (0O
0.32227E QO

.=0.41321% Q0

0.011728 C.0l6R39 0.029110

-0.13131F 00
-0.8%284F-C1
0.32346F 20
-0.133695-01
0.iJ110F 00
-0.25998E GO
0.22846E 00
-(-.80322F 20
0.27038% 00
0.66571E-01
-0.11675¢ 00
0.51025E 00
-0.35164€ 00
0.35576E 00
-0.28717% 0O

0.23265E-02
D.%43G670-03
~3.327725-92
U0.06B5410-04
-0.100815-02
0.25881E-02
-0.23514%-02
0.79479L-02

=0.275926-Q2

-0.0663895£-03
C.11585F-Q2
-0.516915~-32
0.34352F-02
—0.36546E-02
0.23251€E-02
~C.13131E 20
~-0.842847-01
0.32346% 00

-0.13069E-01
Q0.19110F 00
-U.259985 60
-U.22846E 00

-0.803228 00

0.27038¢ 00
0.665718-01
~0.1167SE 00
0.51025E 00
~0.35164F 00
0.35376E 0O
-0.28717F 00

377

0.012326 ©0.018022 0.029822

0.012903. 0.01863E 0.029875

-0.44925E ©C
0.14035%S 00
~0.50L21¢ 90
0.3464RE 00
0.19042F CC
0.13603F C0
0.56%7RE=-0C] °
-0.14062% 0C
0.274545 SO
-0.94197¢ 00
0.23137F 00
0.237175 QO
0.98236E-01 -
-0.502907F 00
0.627815-01

0.52736E-02
-0-145405—02
0.501368-02
=0.345828~-C2
-0.19047%-02
-0.13593E-0Q2
~0.56679E-03
0.140925-02
-0.27409E-02
0.94124F~02
—0.23084E-02
-0.236835-02
-0.97873&~03
0.53278E=-02
-0.621495-03
-0.44925E €O
0.14035E 00
-0.50121% 00

0.34648% 00
0.19042E 00O
0.13603& Q0O
D.5H9TRE-Q1
~-0.14062F 00
0.27454€ 00
-0.94197€ 00
0.23137E 0C
0.23717% Q¢
0.98235E~-01
-0.5027208 00
.0.62781E-01



2 : .
-9.93¢219 C.CC0600
0.039€653 (.074583
=0.0C12G0_=C.0CLl249
2.041544 C.C76788
., —0.006C92 C.D80547
0.04540G2 0.07947¢9
-0.200033 0.000562
0.0465699 (C.280795
0.000042 C.0CC852
0.047042, 0.081385
0.00037% C.0CL794
0.0%42%6 (.078333
0.00C0829 0.002768
0.047C85 (C.051182
0.00CB61__ 0.002685
‘0.046441 0.080293
0.0011C5 ©£.0C3154
0.047305 CG.C81589
0.001244 0.0C2815
0.047276 0.081697
-0.G00CL1__ C.C00595
0.047590 0.081885
~U.0C362T -€.200075
0.047653 C.J81875
0.000069 0.00C782
U.047779 0.081927
_-0.£00046 _ €.000858
0.047351 C.0B1842
0.0CC311  C.0C2240
0.047717 C.J9818615
0.0D0722  L.0C2413
0.048001 0£.0819332
) __ 0.000835 _ 0.002787
T 0.047640" 0.381886
0.0C09C8 0.002756
0.047510 0.031938
0.0011C7 0.GC3158
0.047507 0.081873
. 0.001245 0.002816
0.047387  0.081877
-0.00C011 C.00Q0593
0.047661 0.082043
~0.000627 -C.C00075
0.047495 0.38195]
0.000032 0.000812
0.C475C1 D.082212 7
0.0CC069 0.200783
0.047816 C€.081938
5 0.000312 0Q.002240
: 0.047790 ~$.0BL925
;_ 0.000722  0.002413
0.043038 0.081996
0.000830 0.002778
0.047728 0.0B2133
0.3C05C8, 0.002796
U.047655. €.C02041
0.001028 0,003044

$ "last time step”

0.005723

0.121565 0,208875

0. C06501:

0.010038 _

0.005883

.0.009503

0.013013

0.014379

__0.015116

0.011969

0.01510%

---0.013745 _

0.015665

0.016713 "

0.012328

0.013877

C0.015179

0.014392

1 0.013573

_0-015234

0.014195

£.015700

0.014614

0.012332

0.015070

@
0

.013879

0.0143%99

0.015192

0.60248R5 _
C.116621 0.205396
0.002044 __).005169
0.117268 0.206370
$.004595 0.008453
0.119089 0.207575
0.004881 0-003928
0.120196° 0.22819%9
_~0.005411 __ 0.009719
0.120783 ©.208514
0.004197 0.007241
0.118484 0.z07040
J.005906 0.009552
0.1206728  0.208370
_0.005585__0.008979
0.119938 0.207916
0.CU6708 -0.010261
0.121I22 0.20859¢
0.006854 Q.010643
0.121072 0.208666
0.L04967 _ 0.009059
0.121272  0.208780
0.00276% 0.007414
C.121204 0.208738
0.C05047 0.0090617
0.121259 35.208768
0.005430__10.009750
0.121273  0.228783
0.035020 0.009016
0.121313 0.2087Q3
0.C05067 0.0086382
0.121402 0.208751
0.005946 " €.00%627
0.121429 0.208779
0.005765 0.009277
0.121429 ~ 0.208771
0.006717 0.010278
0.121424 0.208781
J.006858__0.010650
0.121274 0.208785
0.004962 0.0209048
0.121469 0.208943
0.003769 0.007415
0.121298 0.208797
0.005356 _ 0.009641
N.121671° 0.229161
0.005048 0.209017
0.121357 0.208836
0.005021 0.009018
0.121440 0.208785S
0.005068 0.008383
0.121 0.208806
0.005922 0.009595
0.121709 0.209033
0.005764 0.005275

0.014192

0.015474

0.014628

0.013581 _

0.014958

TR

Q.324654

0.014275 .0.027089 . _

0.018076 0.030746

0.020287 0.032760

0.020885 _0.033386 __

0.016831

J3.029651

0.020728 0.033470

.0.019440__0.032582

0.022086

0.03%665

0.023100 0.034731

-0.020639_

0.017869

0.031910

0J019167 0.032643

0.020986
0.0205890

0.018893

. 0.020948

.Q.033428 __ _

L 3

0.033607 _

0.03L610

0.032696

0.033853

0.020143 0.033714

0.022156

0.020628
0.017876

0.020899

0.019170

0.034792

1 0.023133 _0.034801

0.03344¢

0.031933

.0.033611

0.032657

0.020595 0.031644

0.018899

0.020913

0.033866

0.020142 0.033729

0.021977

_0s032715

0.034795



TR P T Dy g

—————— 379
. 047639 V.J82432 0.121917 0.239326
J.CC0S74  0.C02328 0.006152 3.013u93 0.016295 0.022833 0.034823'
0.047573° d0.c32701 J.121924 0.209533 '
2 .

O.E4T744E~C)

_0.76434[-01

-C.10026E-01

~3.23269€-01

0.41247€~02
0.48165E-02

0.13246E-Q2
=0.31297€E-05

0.51491E-02
~0.10574E-02.

0.956%4k~31 -0.265678E-01 0.27140E~02 =0.45409E-02 0.51823E-02
0.92345e-¢1 -0.18122E-01 0.56852€E-02 0.45599E-03 -0.27950E-02
- 0.81654E~01 -0.55248E-02 =J.108%08-¢c2 - 25349F-02 -0.21G77F-02

. 0.53281k~01
0.767635~C1

—_—  D.938S53F-01

0.955360-C1

=0.15732¢ (2
-0.20109E (2

~0.124395-9] -
~0. 244148 =01
-0.26629¢-01

-0.22393E-01

C. 27502 Q1
-0.923C6c OO

V.92834F-02
0.20755€E-02
. Vex1T15F-02
0.23767F-02

0.20804E-01
0.22984E5 Qo

0.28292F-y2
~0.40850E-02
V.81786E-02
~0.239940-02

-0.34284£-01
0.32346F 00

—0.58248E-Q3
~-0.19187%=02

0.203%53¢&-C2
—0.306875-02

0.776326-C1  -G.539118-02  -0.1905] E-g2 ~U.21034E-02 0.907376-02
0.55984E~01  -0,85249t-02 0.54246E-02 0.95464%6-03 0.98727E-03
"«73030E-C1  -0.27934F-01 0.S80156-03  -0.63979F-02 ﬁio 28639£-02
0.99731E-C1  -6.212518-01 0.86526E-02  "C.37121€-02 -6.508216-03
0:92355€-C01 _ -C.28871E-01  -9.14240E-02 ~U.50276E-02 0.45757E-02_
0.B78S3E-01 -~0.212256-02 9.6002¢E£-92 0.32379€-02 -0.396358-03
-0.16751F @2 0.45624E-01  _0.10429F 00 -0.13131F 06 -0.44925E 00

0.14035E CO
-0.50121€E 0¢

D.97518E Ol  -Q0.15419F 01  _0.18585¢ go ~0.13069€~01 0.34648F 00
0. aqpser“c1_hm C.67663F 00 0.19€54F 00 0.10110E 00 0.19042E 00
0.648388 Ol -C.49802€ 00 <0.43470% o -C.25998E 00 C.13503E GO

O.BlclSE Cl
0.10187€ @2
0.9¢6186E (1
O.8l666F Q1

0.62333E ¢1

0.83572¢ Cl
~J.20030L Q2
0.984S%2E (1
0.84270c 01

-6.5485Ct 0y
-C.93743F Q0
- =C.11579F 01

0.64903E 09
-C.62279E 00

€.26032¢ 01
~0.12547E )
-C.8387BE 00
-C. 97885 09

J.30195E 0o
0.91651¢€-01
0.£6052E-01
0.27259E 0o

-0.14359F Qo0

J.32861F 00
~0.FB6T3E 00
0.32227€ 00
-0.41321F 0o

0.22846E 0Q
-0.80322€ 00
U.27038¢ 00
0.66571E-C1
-0.11675F 00
0.51025€ 00
~G.351648 Q0
0.35976E 00
~0.28717€ Q0

0.56978E-01
-0.140625 Q0
D.27454E 00

T -0.94197E 00

0.23137€ 00
C.23T178 00
0.98236F-01
-0.50290E 00
C.62781E-0Q1

0.C24841

0.077829  u.278089 ¢.293223 0.329312 0.370379
—-.C.500949  0.532370  g.735089 0.776018 0.894640 0.94491)
~0.011100 0.164255 C.249837 0.269710 0.363205 0.415505
0.49C83¢ 0.543Cs51 0. 695131 0.745255 J.£86283 0.9329¢44
0.C97502 204023 0.335922 0.40379¢6 0.417405 0.45335¢
0.52C88¢C U.568056 0.687545 0.743537 0.879321 0.92659]
C.104741 U.2C3350 0.361212 0.425324 0.447450 0.485274
_0.545050 0.58453C  0.0894%3 - 0.743545 0.375617 0.923382 N

Tl 148361 0.271555 G.395172 0.435278 0.474466 0.501294
0.56C855  0.555049  (,691858 0.743517 0.87384a8 0.921841
0.112335 0.155165 U. 364669  0.367802, 0.448865 0.448370
0.549514  0.574429  0.£89117 0.742184% 0.872933 0.921137
0.052859 0.1%63G3 0.306921 0.399262 0.414327 0.45049¢4
0.528661. $.570535 0. 686574 0.741649  5.872512 0.92083%

T 0105577 0.2C9779 0.3469772 0.412080 0.433671 0.456994 B
0.536372 J.57192C7 0.687843 0.742713 0.872401 0.920736
0.105824 C.2(4833 0.363846 0.427442 0.452476 0.489787
Ce551677 0.589797 0.691063 0.744123 0.872429 0.92070¢4
0.148573 0.271735 0.395767 U.435812 0.476096 0.502783
0.563457  0.5973)2 0.692914 0.743985 0.872474 0.920699

T T 0.112361 0.155159 .0.36482% 0.367865 0.449336 0.448711
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RCMENCLATURE



NOMENCLATURE

1

Comsonent of the Light Vector
Overheating Ratio

Heat Transfer Coefficient
Chezy Coeff%cient

Constant

Drag Coefficient

Calibration Coefficient of the V-probe
Specific Heat at’ Constant Pressure\
Depth of Flow

Distance Above the Channel Bed

Equivalent Diameter of'the Hot-Film Sensor
Inside Diameter of the Pitot-tube

DC Voltage

Subscript Denotes an Element

‘Root-Mean-Square of AC Voltqg?

Sensitivity Factor
Drag Force

Gravitational Acceleration

Reading of the Orifice Meter Manometer

Ripple Height
Reading of the Sloping Manomece{3 :
*

Electric Current

'
!
.

Intensity of Light

Size of Sand-Roughness
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At

|

o

Prandtl Humber

393
Heat Conductivity of Fluid
Bed Roughnness

Ripple Length

. Distance Along a Ripple Measured in the Downstreanm

Direction

Porosity of Sand

Fringe Number

Nusselt Number
Index of Refractien

Pressure at a2 Point B

Rate of Flow

Rate of Sand Transpert

Electric Resistance

Reynolds Number

Roughness Reynolds Number

Reynolds Number Based on a Representation length lx
Sensitivity Factor of Hot-Film Probe

Standard of Deviztion

Specific Gravity’
femperature

Time

Time Step
Velocity Component in the X-Direction

Mean Flow Velocity

Velocity Vector

—



W

[ 4]

Shear Veloeity
- - -

ion in the X-Direction .

Velocity Fluc
Turbulence Yatemsity in the Xiﬁirection
Ripple Velogitwy
Double Correlanjon of ~the Velocity Fluctuations
Velocity Tomponeht in the Y-Direction
Velocity Fluézzziion in the Y-Direction
Turbulence Intensity in the Y-Direction
Fall Velocity

t
Cartesian Cc-ordinates
Distance Measured from the Reattachment Point
Distance above the /Sed
Stream Function
Eddy Viscosity

Macro Scale of

Micre Scale of
Wave Length of Light
éorticity

Circular Frequency of Light
Dynamic Viscosity
Kinematic Viscosity
Density

Specific Weight

Summation

Temperature Coefficient of the Electric Resistivity

Shear Stress



Form Brag
Bed Shear Due to 3kin Fric:i'on
Total Shear

Laminar Sublayer Thickness
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