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ABSf&ACT N '
. . . T )
Stormwater treatment ponds have praven to be an'effec-
tive method of reducing storm-related pollutant loadings on

)

receiving water bodies. Reduction of pollution is achieved

by dilution of shock loads as well as by prbviding.a deten-

tion volume in which the poliutants are allowed to settle

and decay.

-

The objestives of,thig study were to characterize mix-

ing patterns, which influence time for_treatmenyl/

length to width ratios, widths of inlet and ocutlet channels

at various

and various flaw rates in rectangu{ar ponds.

Hany models Have Been proposed and used in evaluating
the trea£ment Efficiency of these ponds. Unfortunately,
many are  too simplistic and ignére tge-actual mixing pheno—
mena; or too complicated, and require much experience and
knowledge on the part of the modeller. To alleviate these
problems, a review of various mixing models was performed. A
three—parameter modél developed for stabil?zation ponds was
chosen ‘and found to best describe the actiial physical mixing
pattérn in rectangular stormwater retenéion ponds. The phy-—
sical model ‘which had a smali depth, prumnted  two
dimensional flow, which accounts for the majpr influences on
mixing. The modél combines a central active dispersed flow
zone and recirculating cnmpletély—mixed side sections.

Theory was developed and verified to pravide a deterministic

' approach to replace the trial and error method of evaluating

€
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the model 's barametérs.' This enables a madellEr to predict
Eﬁow pattefﬁs and' Effﬂuent vcnncentratiun$ of ﬁnlluﬁants.
given their decay rates. . The _mddel"s‘baraheters are best
éerived frém ‘the peak Loncehtratiun and from the ratio of
}ecycied dye to unrecyéledrjhye an tﬁe output dye tracér

curves.

Model studies were performed f0llowing the Froude Law
criteria while maintaining turbulent conditions. It was
nutgd that in some instances an exaggerated mud?l may be
nécessa?y; Dye tracer curves were aobtained for Various flow
rates, lethh to width ratios and width o; inlet and outlet

channels. These curves were then analysed and reproduced by
J

. Pl

a’ computer program using a Crank—Nicholson finite difference
formulation of the anerning partial differential equation.

The principal ’ findinds of the model studies are that

the width of the active zone increased as the length to

‘width ratie increased, as théiwidth of the inlet and ocutlet

channel increased, and as the flow rate increased. Also, it

was found . that the dilution ratio in the active zone of the

model increased as:the length to width ratio increased and

as the width of 1inlet and outlet channels decreased. The
. .

.dilution ratio appeared to be independent of flow rate. The

dispersion coefficient increased as the flow rate increased
and as the width qf'the inlet and ocutlet channels increased.
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CHAPTER I

INTRODUCT ION

Fuﬁ- many years, it has been recngniiad that
urbanization increa;es the peak flows and the amount of
pol'tutants associated with storm runuf%. Stormwater
reten innwpnnds (SNBR) have beeq used with succegs in
attenuating peak flows by temporarily storing runoff. It
has also been recognized that these ponds can reduce the
amount of pollutants associated with this runoff. Ponds
provide airelatively effective method uf dealing with runo¥f
because of . their low construction and maintenance costs.

‘Ruuting rainfall runoff through a pond has been shown
to decrease total' sugpended saolids, biochemical oxygen
demaﬁd (BOD) ® bacteria and ,nutrienf loadings on the
receiving water body, thereby increasing‘ its overall
quality. The effectiveness of ponds in treating stormwater
has fed to the use of stnrmwaéer treatment ponds, (SWTP);
that is, ponds which are bu;lt priparily for mitigatihg the
impacts of runoff pollutants. Reduction of peak flows by
these ponds is Dg’secondary importance. .

Ponds vary in nature from undergrgund storage tank= to

flooded wurban lakes. Accordingly, there is great



va;iabilit in the geometry of SWTP's, size and- their design
peak flow. Ponds may be operated as batch processes, or in
continuous \mode. In continuous mudg; the inflow may be
steady state ‘or vary with time.

Ponds are an efficient wéy to reduce storm—associated
pollution by providing a detention time which is large
- enough to allow BOD exhaustion and bacterial dieoff. Also,
flow rates and degrqﬁl of turbulence are low in ponds, thus
Providing a medium in which suspended solids and nutrients
can settle out of ' the-runoff. |

Of major importance in the design of BGWTP is the
evalﬁatiun of their treatment capabilities. Studies héve
been undertaken in which researchefs have tried to define
Ehesé by means of trap efficiency curves, or simple mixing
models such as the A}lug flow (PF) model, the completely
mixed (CM) -model and the dispersed flow PF madel. fu date,
these anglytical methods of assessing the efficiency of
pnnds ig treating runoff pollution are overly simple and
results are inaccurate. The difficulty lies in assessing
parameters such as funn{f quality and treatability of the
runoff as well as the hydraulic mixing_properties of the
pond itself. . B

The gquality of stormwater varies depending on such
parameters as the season, jEime interval since the previous
storms, magnitude of ‘the _previnus storms, physical

characteristics of the land, the land uses in the watershed

and the intensity and duration of the storm. The



treatability of tHe pollutants is a Ffunction of théir
nature, origin, quantity, degradability and their settling
properties.

The parameters that inflﬁéncé the mixing patterns in
. BUTP are its geometrical .shaﬁe, -length to width ratio,
roughness-and type of bottom, inflow and outflow rates, type
of inflow and outflow structureé: the depth of water and the
flow rate.  These factors ultimately determine how far the
pond’'s mixing pattern is from the ideal ca&ditiaﬁs‘of PF or
CM. To account gxa:tly for thé non—ideal flow conditions in
a SWTP requires detailed kna&ledge of the flow pattern of
the fluid within the‘basip. B
The hydraulic wmixing properties of SWTP arev also

—~

related  to . the density, temperature, and Fflow velocity of
in%luent water, seasonal &Dnditiuns, and wind as well as the
pond’s mode of operation. In the continuqus steady state
flow mode, an effective and popular characterization of the

mixing properties of basins is by the use of output dye
tracer curves. From these, one can easily assess the
distribution of residence times of all elemental fractians
of the influent which is thef most important parametér for
.determining the pond’s capability of treaéing BOD and
bacterial loads. In determining a pond’s ability to settle
suspended>solids and nutrient loads, it is required to know

the flow velocities since it is this factor along with the

degree of turbulence which controls the rate of settling.



. Two more very important parameters to quantify in SWTP
are the amount of dead spéce and short-circuiting that exist
under specific conditions. If these 7re néglécted, serious

1l

overestimations of a pond’'s treatment capabilities will

result. '

The objectives of this reseaEch are to characterize the
mixing patterns in SWTP by means of a laboratory mndél. The
study has ‘been limited +to rectangular ponds of iength to
width ratios of 3:1, 2:1 and 1:1, with varying widths of the
inlet and outlet channels and was conducted at steady flow
rates. ‘ " -

The -inlédt and nutlet- channels are centered on the

longitudinal .axis of the pond. This configuration is the

most general one although results from theseé studies canriot

be readily extended to other pond configuratiuns. !

The-depth ~in the model-was maintained small-eﬁaﬁag/;;
ensure twn-diﬁensinnal flow whicp is an improvement over
existing one-&imensicnal models. Three—-dimensional flaow was
not considered. Thus, the effects of density currents, wind
currents, channelling, and stratified flow are not
investigaféd. However, lateral and longitudinal transport
and mixing are the major influences on dispersion compared
to vertical mixing. Therefaore, the two-dimensional model is
effective.

A suitable mixing modei T was té be fitted to jthe
labgratory results to dgfine the parameters which allaow one

to describe the residence time distribution of the effluent
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¢
water then, if- the treatment kinetics are known, the
effluent concentration ;f a pollutant can be calculated.

The influences of length to wiatﬁ ratio, the width of
the inlet and outlet channels and of flow rate on parameters .
of the miking model were investigated. The conclusions

]
drawn from these investigations, aléhg with the section on

_dimensional analysis that is presented enables the extensian

of this work to actual SWTP, and thus can heli?in designing
more efficient SWTP.

(e



CHAPTER II

LITERATURE REVIEW

L

2.1 Prototypes

'Table-2.1 lists the important parameters obtéined.frum
a few SWTP installations. This list is not meant to be
exhaustive, but mé}ely to give an overview of the
genmetries,.capacities and peak fldw rates of these ponds.
It can be easily .seen that no correlation among the
chagécteristics.uf these ponds exists. In some cases, such
as in ﬁolla, Missouri, the pond was developed frnm_ an

" existing lake. The city of Milwaukee built a tank for their

stormwater treatment facility.

=

In this table, the Reynolds number (Nr) is calculated

by Eq. (2.1) and the Froude number (Nf) is calculated by Eq.

(2.2).
Nr =4 U Rn ‘ (2.1)
v !
where: U = flow velocity (m/s)
Rn = hydraulic radius (m)
v = kinematic viscogity (1.5 x 10=% m2/s at-5°C)
Nf = U ' N (2.2)
(g D)l/ﬂ

where: D = depth of water (m) 3
= gravitational constant (9.81 m/sZ)



Table 2.1:

g

Important Parameters of Some Stormwater
Treatment Ponds

Kennedy— City of Hawl ey, Rolla,
Pond Burnett Milwaukee>° Bondelid Missouri>=
FPond=s & McCuen:™
Length:Width 18:1 5:1 1s1% 1318
Ratio
Length (m) 422 128 112» 151#%
Width (m) 24 23 112% 151 %
Depth (m) 2.4 5.0 r' 0.3 1.0
Volume (m=) 24 , 4600 14,760 3,800 22,710
Surface Area (m®) 12,870 2,950 12,460. 22,710
Cross—Sectional 58 ! 115 : 33.5#%
Area (m=)
Hydraulic 1.835 3.9 0. 3%
Radius (m)
Feak Flow {(m=/g5) 3.5 11 7.1
Peak Velocity{m/s) 0.060 0.096 0.212
Reynolds Number 294,000 900,000 170,000
Froude Number  0.0124 0.0137 0.124

s
L S

*Assumed wval

ues. ‘ //’\ .



Lt

N

!
2.2 Methods of Analysing Treatment Efficientv of SWTP

.

Vad

2.2.1 Observation Without Any Model

In their paper, Oliver and Grigoropoulos™2 have simbly
* measured Fhe quality of influent stormwater runof+ (BOD,
88, P, N, Hardness) to a small lake and compared these to
the quality of the lake’'s effluent. Although large
reductions in pollutant loadings were.nuticed; no attempt of

predicting treatment efficiency for future storms was made.

"2.2.1.1 Sediment Trap Efficiency Curves — I

A jeneral method jof evaluating treatment efficiency is
. by use of perfnrmanqgjcurve5=°-4°. These curves relate tha
amount of sediment trapped in a basin to the inflow rates
and és such, these curves are limited in application to the
specific pond for which they were drawn. It is impossible
to design ponds from these curves as they can only be drawn
once the pond has been built. Also, since no information on

the detention time can be obtained from these curves, they

have no practical use in evaluating pathogen dieoff.

2.2.1.2 Sediment Trap Efficiency Curves -~ II

This class af sediment‘ trap efficiency curve is
distinquishable from the others in that the amQQnt of
sediment trabpéd is related to the sur%ace overtlow rate

J
wh;Eh is the ratio of the basin’s area to the outflow

rate**., Thus, these curves are more general and can be used



¢

for basins in general. However, flow variation will affect
the effective surface overflow rate which is not accounted

A

for in their models. -

v

2.2.2 Uniform Flow Velocity

A simple apprualh to the analysis of the sedimentation
process is to apply discretg particle settling theory to a
basin assuming a uniform +flow veincity‘-"-““. This
assumption overestimates treatment efficiency since it

ignores dead space, short—-circuiting and turbulent

Chen®, however, deals with the turbulent mixing factor by
applying the Camp—Dobbins* model for discrete particle:

—_—

settling under turbulent conditions.

2.2.3 Completely—Mixed and Dispersed Flaow

Medina et al.2® proposed various possibilities for flow

conditions in SWTP:

1
(1). CM, constant volume,

Sr

(2) CM, variable volume,
{3) dispersive variable volume. '

The latter which is a more likely representation of
flow conditions in SWTP implied a discrete convolution éf
the variable dispersive term and concentrations as the
volume and the inflow rate of the basin change with time.
This model ignores dead space and, therefore, assumes all

ponds of the same volume to behave in the same manner.



10

Chapter III

/
» THEORY
-
3.1 Introduction
The SWTP's studied were rectangular in shape with
inflow and outflow channels centered on the longitudinal
axis of the pond. The general shape of the flow patterns
for punds—of this configuration is showp in Fig. 3.1,
!/r
Figura 3.1 Typical Flow Pattern of Rectangular Pands
Carner circulation is inherent in these ponds. This
circulation’ was described by Abbott and ‘Rasmussen* as
- follows:

“Since the flow discharge across any section is
proportional to the velocity while the resistance
is praoportional to the square of the velocity, it
follows that the flaw tends to transform from a
flow that is uniformly distributed across its
ingoing domain boundary to a flow that . isg
uniformly distributed across its outgoing domain



boundary. ... However, by virtue ¢ the inertia
intrecduced in the model through the convective
s momentum terms, the flow cannot follow the wall to
~ the left of the expansion but muast expand to meet
the wall further along «the-flow. ... so that a
revarse flow is induced along the wall to provide

the circulation."” : ’

The inflow enters the pond at a relatively high

velocity and goes througH a jet—type expansion in which

significant dispersiao of the pollutants occurs. During
this expansion, sqﬂﬁ/gluid from the circulation zone flaw is
entrained. Following this expansion, the main stream

continues down the basin where it is subjected to more
mixing due to lateral, vertical and turbulent diffusiag? As
the stream approaches the autlet channel, it 1s partly
contracted and partly split.. The part that has split from

the stream returns in the recirculation zone.

t

3.2 The Une—Dimensional Conservation of Mass Equation "
The ane-dimensional conservation of mass equation for a
constant flow velocity and a uniformly shaped channel for a

conservative substdhce € can be written as:

aC = ~ U aC + E 3=2C (3.1)
at I Ix= '
where average flow velocity (m/s)

U
c mass concentration of substance

£ dispersion coefficient (m2/s)

t time (5}

x =-distance along the longitudinal axis (m)
ac

il IL')!I i

mass accumulation term
at .
U aC = convective term
ax
E 32C = diffusion term

)
x
N



The mass accumulation term represents the rate of
change of mass with time. The convective term represents
the movement of the substance due to bulk flow. The
diffusion term quantifies the transport of the substance
acﬁording to Fick’'s Law. The&hispersion coefficient in this
case is mainly representative, of turbulent dif#usion. Since
the flow will be maintained in the turbulent regime;, the
influence of molecular diffusion on thé transport phenomena

is negligible.

T3 Mixing Models

There exist saphisticated three-dimensional "finite
element and finite dif?erence models which attempt to define
the flow velocity vectors at numerous points within a basin
and from these, calculate the dispersion of poliutants or
other substances as they prcﬁagate‘ through 1t. Tﬁese
. methods are very difficult to verify practically and their
results are difficult to analyse.

Common practise in evaluating the perfcrmancéf of
chemical reactors ‘is to use a suitable mixing model to
characterize the mixing pattern in a basin. These models
predict the/ residence times of matter in reactors by making
various general aésumptiqns an the flaow pattern.

The different mixing models ultimately lead to output
residenﬁs time curves from which one can readily determine
the FreaﬁmEnt efficiency of a pond given the reaction model.

Today, there exists a vast choice of mixing models varying



.

in basic .principles and in complexity with which one can
madel most physical situations. The choice of the praper
model for the situation musf be based on its suitability and
its representation of the actual mixing process, while
taking into consideration its level of complexity. Other
hydrodynamic podels , wb;th mentioning are Schamber ‘and
Larock 's®® model and Imam and McCorquodale 's®%F model. These
models are two—dimensional matéematical solutions of
Qelncity profiles in a vertical plane from which the amount
of sedimentation can be calculated.

In generai, it can be stated that the complexity of a
mixing model is directly related to its accuracy of simu—
lating the actual pond‘s wmixing process. However, it is
also true that the more complex the model, the mare input
parameters it requires. As the number of parameters in-—
creases, more sophisticated and computationally expensive

solution techniques are required.

Ta choose the most suitable model, a detailed study of

them is reguired. The theory presented below follows pro—

cedures outlined in Grady and Lim2%, Levenspiglzﬁ, and
Levenspiel and Bischoff=2%, Models utilized to describe

reactors can be classifiedrunder the following types:

-

1. PF model,
2. CM model,
3. dispersion model, » .

4. CM tanks in series maodel,

S. combined model.



The important characteristics of these ‘models will be

briefly discussed.

3.3.1 Plug Flow Model

The PF * model assumes that each  unit volume of water
travels in single file through tﬁe basin. Each elemental
vnlume.remains in the basin for exactly one-detention time.
The detention time, Ta, is defined as the volume of the
basin divided by the flow through rate. The response
output tracer curve for an instantaneous slug of dye from a
PF basin is shown in Fig. 3.2. The slug input of dye will

<

tend to propagate through the reactor at the 'same speed as

14

the fluid and leave the reactor all at once, with very

little dispersion, at a time after input equal to Ta.

Also shown in Fig. 3.2 is the response output tracer‘curve

1.0 _ :
c/co ﬁ\ o/co 0
| v
0.5 | o.st
0 00 Lo 15 0 0.5 1.0 1.5
(a) T/Td (b)

Figurc 3.2 Output Dye Tracer Curves for the Plug TFlow Model
" [(a) Response to a Slug of Dye; ‘
(b) Response to an Input Step Function]




c/Co

for an input step function. No dye will.be detected in the

outflow from the reactor until ‘a time equal to Tu.

’

T_\

3.3.2 Completely-Mixed Model ‘

The CM and PF models represent the two simplest mix-

.

ing madels. In a CM model, a unit incumjné volume is as-
sumed to be instantangnus!y dispersed throughout the en-
tire volume of the>--bdasin. The deéentinn Eime of each el-
emental volume varies althuugh the average deteﬁtion time is
the same as in the PF basin. The response output tracer.
curve for a slug input of dye is also shown in Fig. 3.3.
Since the dye is instantan;%usly dispersed £hrnughnut thg

volume of the reactor, a portion will immediately leave with

v

the outflow. The output dye concantratiun will decrease

(a) : = : (b}
c/cCo
1.0 N\’ 1.0 ¢
0.5 |
0.5 1
0 + 4 + — t +
0.5 1.0 1.5 T/T1d 0.5 1.0 1.5 T/Td

Figure 3.3 OQutput Dye Tracer Curves for the Completely—Mixed-Model

[(a) Response to a Slug of Dye; (b) Response to an Input
Step Function



expanentially with time.
H ' : _ :
Al so shown in Fig. 3.3 is the response output tracer

curve for an input step functian to a CM réactur., In this
case, it is seen that the concentration of.dye leaving the

reactor increases Expoﬁentially with time. At a time equal

to the reactor s detention time, the concentration is equal

, to &34 of the inflow concentration.

3.3.3 Dispersion Model
The dispersion model is a variat{EE\\Df the PF model in

that the slug of dye is assumed +to diffuse or disperse

as it +travels through the vessel. \\The value of the
: Al

dispersion coefficient defines the degree of mixing in the
vessel . ‘In Fig. 3.4, the effects that the dimensionless
dispersion coefficient (F) has o©on the output‘tracer curve
are shown. It should be noted that as the dispersion
coefficient increases, the outpul tracer curve approaches
the CM model curve. 'Also, a dispérsion cuéfficient of zero
results in a PF model. The PF and CM regimes represent the

extremes in mixing conditions.

3.3.4 Campleteiv—ﬂixed Tanks fn Series Model

In thqs model , the total valume of the vessel is

* simulated by a serigs of CM tanks of equal volume. The

»

o

2ne °
_’-"'.:1 g
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T/Td

Figure 3.4 Output Dye Tracer Curves to a Slug Input for Variocus Values

of the Dispersion Coefficient of the Dispersion Model
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_ "
number of tanks to be used depends on the shape of the out-

put tracer curve. In Fig. 3.9, the relationship between the

number of tanks in series and the output dye tracef curve

is clearly illustreted. As the number of tanks increases,

the output dye tracer curve resembles more closely the FPF

>

reactor tracer curvé; Any degr?e of dispersion may be re—.

presented b& dividing the total ‘'volume into the appropriate

number of CM-volumes. If diépersiun is uﬁifurm thrnughout'
\ ' "

the reactor, then each CM tank will have the same volume.

If the mixing {(dispersion) is not uniform, the CM tanks will

"have various volumes.

3.3.5 Cnmb?ned Madel

Cambined models are mixing models in which one or more-
af\g?e previous mnae;s a;é coﬁbined with'shurt—circuiting
and/or deadwater volume tﬁ approj{imate more accurately the
true output dye tracer curves. Shnrt—&ircu%ted flow is flaw
which entirely bypasses the Basin and appears immediately in.
the nutflo;. - The deadwatér volume o% a basin is that por-
tion af the reactor in which no dye enters or leaves. A

-

basin with deadwater volume is similar te a basin with no

“

deadwater but whose volume is smaller by an amount equal to

L

the valume of the deadwater zone. Same .of the mare notable

work in this area follows.
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= number of tanks

Figure, 3.5

he

v

/
Output .Dye Tracer Curves to a Slug
Input fbr_the Cgmpletgly—ﬁixed Tanks
in Series Model2®




3.3.5.1 Wolf and Resnick’'s Models

These reséarchers47 have defined analytical solutions
for residence time distributiﬁns”in PF and CM reactors sub-—
ject to any combination of the following irregularities:

.a) dead space

b} short—-circuiting -

c) error in average residence time determination

d) lag in response. ) ’ '

-Also, the system’'s volume may be split into varying

.

amounts of PF and CM fractions. ‘

e .

3.3.5.2 Cholette and Cloutier’'s Mode >

In their paper, fCholette and Cloutier® investigated
different arrangements of pértial mixing with PF and short-
circulting. The most popular'cunfiguratiqn they proposed
igs shown in Fig. 3.6. This model combines a CM and a dedd-

water region with a portion of the inflow being short—cir-—

cuited.

3.3.9.3 Finite Stage Model

Hoverka=2 and Alder2 have developed this model which
combines networks of modules mad %up of a.CM zone, a PF zone
and a slow-mjxed zone. The slow—mixed zone is considered CM
and to be slowly interchanging fluid with_the CM zone. Nu-
- merous non—-ideal flow situations may be represente& by vary-

ing the number, the volume and the interchange flow rate in

each of the zones. A typical representation is shown in
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Fig. 3.7: annrg§§ and Aider both state that the finitg
stage model 's parameters have physical significance. Any
level pf. dispersion can be modelled by va?ying respective
sizés of .the CM aﬁd PF zones. To date, however, no pre-
diEtivé method of ;ssessing the parameters 'exists without
performing tracer studies on the pond in question. The PF
répresenfatiun of the entrance conditiaon is not tenabhle when

it is known that this area is subjected to a jet~tyﬁe

expansion of the inflow which is more like a CM situation.
)

This model®%, which is presented in Fig. 3.8B, is

-

3.3.5.4 |Levenspiel ‘s Model

divided into ~£wn zones: one in which flow passes fairly
rap;dly (acfivg ~zone) and the other where flow travels very
slowly (dead zorte). The model can represent the mixing in
reacturé whose output dgg tracer curves are characterized by
a high early peak followed by a long tail.

7

3.3.5.9 Ryan and Harleman Mndelg

Ryan and Harleman>* have presented two models to re-
present flow patterns in cooling ponds which could be used
to gauge théir~perfurmance. The first model (shown in Fig.
3.9) divides the flow intoc two regions: a CM section fol-
lowed by a PF section. o . &kf

A
The other model is shown in F;g. 3.10. The volume of

the pond 1is divided. into three longitudinal sections. The

centrai_section is termed the active zone in which the fluid



bypass flow

*
— et
active
zone
stagnant
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Figure 3.6 Cholette and Cloutier Model
- i
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Figure 3.7 ‘Finite Stage Model (CM = completely-mixed; PF

plug flow)
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travels relatively quickly and is modelled according to the

dispersion model. The side sections are recirculating zones

]

in which the fluid travels in the oppaosite direction and is

continuuuély interchanged with fluid in the central zane.

3.3.5.6 Ferrara and Harleman's Model

The second %ndel of Ryan and Aarleman presentedfganve
was subsequently refined by Ferrara and Harleman®*, who
successfully applied- it to waste stabilization ponds. They
found véry good reproduction of the output dye tracer curves
could be achieved by 1limiting the interaction between the
different zones to the inlet and outlet of the active zone.
They alsoc found the dispersion in the recycle zones to be so
bigh, that practically speaking, it could be modelled as CHM.
These simplifications have the benefit of reducing the nu&—.
ber of parameters to be determined to use the model.

This simplified model is shnwn‘in Fig. 3.11. The
active zane 1s narrow rélative to the basin’s width and
handles a flaw rate larber than the inflow rate, thus,fthe
diffusing substance appears at the Dutlég,in a shorter time
than predicted by the PF or dispersed flow models. elsn,
‘'some of the tracer enters the CM recycle zonés and sléwly
re-enters the active zone. The model is very applicable to

ponds whose dye output tracer curves are characterized by an

early peak followed(by a lung tail.
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3.4 Mixing Model Chosen for Simulation

+

To simulate the output dye concentration curves, it was
desirable to - employ a mathematical model that meets the
following criteria:z
1) ability to reproduce experimental output dye

_,:eﬁEéntration curves.

2) physically meaningful parameters.
3) parameters for the scal ed pond should be
e applicable to prototype ponds.

4) easy to apply.

’ It is believed that - the model used by Ferz?ra and
Harleman®“ best meets these criteria. The model employs an
active zone with recirculating zones whicﬁ can be combined.

. The model ‘s parameters are:

1) width aof the activé’zmne. - ’
2) amount of circulation.
3) dispersinn coefficient in the ;ctive zane.

Thq first two parameters physically represent the flnw
patternt Qhereas the dispersion coefficient definés the
degree of mixing in the active zone. Thus, the mcdel does
meet £he criteria of physically representing the mixing
pattern in the pond, described in Fig. 3.1.
| | The madel is also easily applied when one of the
parameter estimation techniques presented later is used.
The parameters can’ then be inserted into Ferrara and

Harleman ' 's steady state solution for treatment efficiency of

a substance which has a first order decay rate**. Under

/



these conditions, the need for finite difference simulations

of the dye tracer curves is eliminated.

It should alsc be noted that these types of models

-

T

with central active zones and "dead” CM side zones, have'

been successfully applied to natural streams®.
In Section 3.5, it will be shown how results from these

model studies can be extended to full-size SWTP's.

-

3.4.1 Detailed Maodel Description

A general description of the model was presented in
Section 3.3.5.6. Under steady-state conditions, the inflow
is assumed to be instantaneocusly mixed with recycle flow at
the inlet to the active zone. The resulting stream travels
down the activecfune and is subjected to axial dispersion.
At the end of the active zone, the flow is split: an amount
equal to the inflow rate exits +the pond and the remainder
returns intolthe recyéle zone where it is assumed to instan—

taneausly mix throughout that zone. This assumption was

used by Ferrara and Harleman to model stabilization ponds..

Since flow rates in a SWTP are normally much higher than in

-

a stabilization pond, Reynolds numbers in the recyecle zones

will be higher, thereby increasing the validity of the

assumption of CM conditions there.

A

3.4.1.1 Boundary Conditions

For axial dispersion along the longitudinal axis only,

LY

the one—-dimensional conservation of mass equation- (Eq.



(3.1)) applies to the active zone (subscript A added to

indicate this).

3Ca = Em 3%Ca - Ua 2Cal (3. 1)

at Ix= ax

The boundary conditions ta be satisfieqé have been
discussed i@ Ferrara and Harleman*>* and Wehner and
Wilhelm**. At the inlet, a concentration discontinuity
exists such that the concentration on the upstream side, of
the inlet boundary [L[i.e., C(O0—)1 ‘s equal tq thé
concentration of the dye on the downstream side of the
boundary [i.e., C(0*)1 minus the rate at which the dye is
diffusing away from the boundary:

C(0—) = C(O") — Eaf(0*) 3C(O™) {(3.2)
UL ax

R ~

where L = length of the basin
No dye diffusion is assumed to occur on the upétream side
of the boundary.

at the outiet, the boundary condition is set up so that
the concentrations of dye on either side of the boundary are
equal. - Since it is again assumed that no diffusion takes
. )
place on the duwnsfream . side of the boundary, the boundary
candition also implies that no diffusion takes place on the

upstream side of the boundary:

C{L-) = E(L™) . (3.3



Therefare,

EafL™) 2C(L=) =0 I & P}

uL. X

“»

3.4.1.2 Digpersion in the Active Zone

‘Several formulae have been developed to estimate the
dispersion coefficient under various ’ flow  condi-
tionsiZ.10,43, The ane most suitable in this case*¥ is

Fischer 's expression.

—

4 E (m=2/s) = 0.2205 U*L," (Z.5)

K2R
where U* = bottom shear velocity (m/s)
Le = characteristic length; (m)
K =

von Karman's constant'.= 0.4

The essence of Ferrara and Harleman's" arguments for
using Fischer’'s equation are as follows. This equation was
developed for application in natural streans where highér
flow velocities exist in‘ the central portion of the stream
than along the banks. The flow pattern in the laboratory
madel, with its‘fasﬁ ffﬁwing céntral active zane and slow

return flow zones, is similar.

3.4.1.3 Mathematical Formulation of the Model

The following parameters must be defined to solve the
ane dimensional conservation of mass equation: N
1) volume of the basin (length, width, depth);

2) volume of the active and recycle zonesj;
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3)-  inflow rate and flow rates in the active_ and
recycle zones;
4) dispersion coefficient in the actiyve zone.

The volume of the basin and the infinw rates are
readily obéainable frnm‘the labaratory setup. The other
parameters are determined by the flow pattern and are
expected to vary from one set' of conditions to anothgr.‘
However, several relationships already exist among these

parameters. The volume of the active zone plus the volume

of the recycle zone must be equal to the total volume.

'

V = Va + Vn (3.48)
where V = volume of pond (m¥)

Va = volume of active zone {(m™)

Va = volume of recycle zone (m>) .

8is defined top be the ratio of the active zone volume

to the total volume:

8= Va - . (3,7)
v ,

The flow rate in the active zone must be equal to the

sum of the inflow rate plus the flow rate from the recycle

Zaneg.

2

~ S (3.8

where Ba = flow rate in the active zone (m™/g)
@ = inflow rate (m3/s)
Qn = flow rate of recycle zone (m>/s)

Da is defined as a dilution factar which may be

expressed as:

Da = Q_B ’ : (3.9
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The dispersion toefficient in the active zone can be

defined by making the proper substitutions intg Fischer's

N
equation (Eg. (3.95)). These are: .

o
-

Le = Wa (from Ferrara and Harleman®=) T (3.10)
2

where Wa = width of the active zone (m)

, U* = (g Rna S)272 : (3.11)

\\47/_ ) ‘

where Rna = hydraulic radius of factive zone {(m)
S = slope of energy grade line (m/m)

Substituting Eqgs. (3.10) and (3.11) into (3X.5) and
simplifying, the fnllowingfexpr255inn is obtained for the

‘"dispersion coefficient in the active zone:

L}

.

- Ea = 1.101126 S173W.2 (3.12)

o
Rrnat”32 i ] -

Another "expression fur:E. (Eq. (3.14)) may be obtained

by substituting Manning’'s equation (Eq. (3.13)) into the

above.

8§42 = __Ua-n ‘ ' . (3.13)

(Rpa) 23 o

where Ua = flow velocity ip active zone (m/s)

‘'n = Manning/s roughness coefficient (s/m*/X)
Ea = 1.101126 Ua-n-bla= ’ ) (3.14)
' Rna”7”* )

The time required to reach the peak output con-
centration after injecting a slug of dye (Tp) in the pond is
the same as the time to geak in the active zone (Tpa).

Tpa = Tp ) . (3.15)

Fﬁr small values af the dimensiunless dispergion

coefficient (F < 0.01),
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where F = Ep _ ' ‘ ' (3.16)
Ua L !

the time to peak in the active zone is approximately equal

to the detention time in the active =zane. In Section

3.4.3.1, a method is presented in wﬁich the detention time

. S \

in the active zonédg is corrected for any dispersion

coefficient. ) {ﬂw-wﬂx
“ Taa = Tpa : C3.7)

The detention time in the active zone is algo*?elated

to the volume and flow rate in the active zone:

po. = y_a ’ (3. i.B)
QA ' )

Substituting from Eg.’s (3.7) and (3.9):

L

Taa = 8V : (3.19a)
Da @ ' ’
= gTq - ' (3.19b)
Da :

3.4.2 Ferrara and Harleman's Method of Optimizing the

Values of 8, Dm and Ea

/

Ferrara and Harleman=* empluy.a trial and error methaod
for finding the correct values of 8, pYand Ea. The det-
. -
ention time in the active zone is .initially q§5qmed to- be:

Tad = Ipa . _ n (3.19c)
0.9

Substituting Eq. (3.18) for Taa and solving for Va:

Va = Up_Tpa . (3.20),

0.9
and usinglEq. (3.9} one obtains:

Vo = Dn 0@ Toa ‘ &;.21)
0.9 : . : '

e
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An initi;T‘*éE::;;Eé\nf Da is made. -Ipa is known from

the experimentai output d;g tracer curve. . en, Eg. (3.21)
can be solved for Va; Eq.xk3.7) for 8; and, Eq. (3.14) #oc
Ea. The model is then cnmplétely defined and a finite di;—
ference solution technique can be used to obtain the output
dye tracer curve. Various values of Da weréwassumed by
Ferrara and Harleman to find the hest fit to their exper-—

iTEhtal data. During this procedure, the relationship be-

}aeen Tan and Tpa (Eq. (3.1%9c)) was adijusted as required.

' 3.4.3 Determination of the Values of ;; p. and Egq

In the conclusions from their work, .Ferrara and

Harleman!“+ express the need for research which may SE'used
to agrive predictive relationships for the model ‘s para-
meters. The trial and error procedure for defining the
muﬂgl's parameters is tedicus and lengthy. The following
" methods for estimating thé ﬁudel'szparameters\are proposed.

3.4.3.1 Estimation of the Dispersion Coeffici;ht from the

Peak  Concentration

Levenspiel and Smith=22 have written an article which
. R

completely charactezi%es the dispersion model analytically.
Useful mathematical relationships may be extracted from this
paper for the active zone which has the chariiteristids of

the dispersion model.
/_—-—-.._-_

The dispersion coefficient may be estimaied from the

péak value an the outpuﬁ dye tracer curve:

o

\
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. (Ca/Coan) mawe= @xp L[1—(F2+1)372/2F] (3.22)
ZAMF) 172 (FA+1) 2/ 2—F13/2

where (Ca/Com)max = largest relative concentration on
the output dye tracer curve

Con 1S QEfined as the area under the unrecycled d&e
Enncentratianlversué reduced time curve (Eq. 3.23). Unrecy-
cled dye ig defined as the dye that passes through the basin
into the outflow via the active zuné wifhnut ever entering'

the recycle zone.

. LY

' w® '
g Catt)dt T
Con = (3.23)
Tan !
Where Calt) is the concentration of unrecycled dye in,

the outflow at any time, t.

At the putset, the detention time of the active zone
is not known. However, if Taa is initially assumed to be
equal to the time to peak, Eq. (3.22) may be solved for the
dispersion coeffiéient,_ F. Levenspiel and Smith élsu pre—
sent the following equation:

Tpa = (F2+1)1372 — F . (3.24)

Taa

Substituting for’  the estimate Jjof F and for the known
value of Tpa in the above equatign leads to a éecond esti-—
mate of Taa which can again be substituted into Eq. (3.23).

The above procedure should converge to the proper values of

F and Tdn- 4
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. 3.4.3.2 Estimation of the Dispersion Coefficient from the
Variance

Also, the variance of the output dye tracer curve may

i

be used to estimate the dispersion coefficient:

F = (8 s2+1)21-3~1 (3.25)
B .

Where s2 is the variance df the output dye tracer curve

in reduced time units.

S2 = ga% . o ‘ ' _, (3.26)
TanZ S ;
. o0 ol =
Where sa2 = f t3Ca (t)dt f £Ca (£ dt (3.27)
S o
(-]
CAG CAQ

or in finite sums:

5a® = E t2 Calt) ItCa(t) . (3.28)
E Ca(t) I Ca(t)

This method also requires that Taa be known but, again,
the same procedure outlined previnusly in which Eq. (3.24)
.is used with an initial estimate of Taa egual to Tpa should

converge to the correct values of Tua and F.

It should be noted that in the above two equations a

knowledge of the partion of the output dye tracer curve .

. which. represents un}ecycled dye is required. This reguires

-

an estimation of the cut—-off point on the curve by thec

¥

madel ler. A cut—off point is used to separate the
unrecycled dye from the recycled dye portions of the output
dye tracer curve. This is shown in Fig. 3.12 where in one

case the cut-off point is easy ~to determine; and in the

[} ’
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other, it is quite difficuld. In this second case,-snme of
the recycled aye appears‘ in the . outflow before all of the
unrecycled dye has passed through it. '

This o&curs when the flow pattern is unsymmetrical and
there exist small recirculating zones in the corners of the
basin. The dye enters these =zones and is éuickly re—

released into the active zone before all of the unrecycleg

dye passes through the outflow {see Fig. 3;135. Whether or

not the dye which enters the small recirculation zones is to

be considered part of the unrecycled dye remains a point of

“contention, however, the fact remains that this ﬁortiun of

i

the dye can create errors in. fhe estimation of the

dispersiaon coefficient for the active zone.

It is impnrtant/ﬂzg determine the cut—off point

;EEurately because it is only the ﬁnrecycled dye that’
Y

should be used in evaluating the dispersion coefficient. It
‘,can also be seen that errors in the estimate - - of the

dispersion coefficient would be negligible in the case shown

C/C0

Cut-off Point " cut-off point

/ra " T/7d f?
a) Cut-off easily determined b) Cut-off not well-defined

Figure 3.12 Cut-cff Point for Unrecycled Dye on the Qutput
’ Dye Tracer Curves o
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Figure 3.13 Unsymmetrical Flow Pattern Showing
) Small Recirculating Zones.



in Fig. 3.12(a), but may become very significant in the case
of Fig. 3.12(b).  However, if the dispersion coefficient was
to be estimated from Eq. (3.22), a fairiy accurate value of
the dispersion coefficient could be ubtgined by locating the
cut—-off pbint by neglectiﬁg the extra recycled mass (see
Fig. 3.14). In this method, (C/Colmax is obtained by
dividing the maximum dye concentration by the total'émuunt
of unrecycled dye, therefore, the relocation fo tl&cut—uff
- point can lead to a more accurate estimate of the dispersion
coefficient in the'active zuné.

At first, this method of locating the cut-—off point may
seem r;ther crude, but it should be noted that at small

values of ' the dimensionless dispersion’ cosfficient (F <

0.01) the dye output tracer curve for the unrecycled dye.is

Cut—off Point

r

c/c

Regions of Equal Area

T/Td

Figure. 3.14 A Judicial Placement of the
Cut—off\?oint

g
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éymmeﬁrical. Thus, the mb&éller can quite accurately locate
the required position of the cut-off point. As F increases
the estimate of the cut—off pdint becomes more difficult.

ngever, this method of relocating the cut-off point
does A;t help when ‘it comes to using Eq. (3.23) sincé it
does not corfect the wvariance in any way. Although it may
seem that using Eq. (3.22) would always be better than using
Eq. (3.25) far calculating the dispersién coefficient, this
is not true when the output dye tracer curve is as shown in
Fig. (3112a). In this instance; Eq. (3.25) would be more
accurate since the variance considers all points influencing
the maximum concentration which may be adversely affected by
experimental errors. J

The expressions given in Eq.’'s (3.22) and (3.35) Qive
two alternative methqu for evalﬁating the dispersion
coefficieﬁt. Ferrara and Harlemani-+ ;elied solely an
Fischer ‘s equation (Eq. (3.14)}), and made no attempt to
verify the accuracy of their dispersion &nefficient, excegﬁ
that reasanably accurate reproductions of the dye tracer

) ’

curves were abtained.

An advéntage of using Eq.’'s (3.22) and (3.25) for
determining F is that it enables oane to use the methaods
outlined in the following subsection for determining’ the

other two parameters, gand Da. e

3.4.3.3 Determination of gand Dy from Fischer's Equation

39
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As noted 'abuve, Ferrara and Harleman®>-24 have found
that reasunably ac;:kate rasults could be obtained for the
disperslnn coefficient pf Jﬁe active zone by using Fischer s
equation (Eq. (3.12) ar (5.14)). * Since the dispersion
coefficient can also be obtéined fram Eq. (3.22) and Eq.
(3.29), back-substitution into Eq. (3.12) or Eq. (3.14)
leads to the values of gand D;. | |

-
(i) Method I ..
Une.can‘combine Eqg. ‘s (3.12) and (3.1&6):

F = 1.101126 S1-2y,= (3.29)
Rnal“ZL Ua N

and from Eq. (3.18):

. Tam = Va = _L (3.30)
Qa Ua

‘which can be substituted into Eg. (3.29) to giver

F=1.101126 S5*72T,.Wa2 (WaQ+2D/Wa D) 272 (3.31a)
L=

The only unknown in the above equation is Wa which can be

found. by \Newton’'s Method”:

Wases = Was = flWay) = F : ' (3.32)

7 (Way )

where Waa initial estimate of Wa

Was+1 = next estimate of Wa
fFlWas) = 1.101124 B =27 .0 Z _Way+2D 272 (3,31b)
L= WadD . )
f7(Was) = 1.1011245272T Woia 272 (2Wa4 +D) (3.33)
' L= Vo (Wast2D) 22

Using Newton’'s Method, the solution is easily obtained

by iterating. Once Wa is known, it is a simple matter to

N\ . ~
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obtain Bfrom Eq. (3.7):

A= Va = UWa
Vv W

Dm can then be calculated from Eq. (3.1%h):

D = 8T .

Tdﬂ
Thus, a complete solution of the madel can be obtained
by using Eq. (3.22) ar Eg. (3.25) with Eq. 's (3.31), (3.32),

€3.7) and (3.19b).

(ii) Methad II J
L
One can also combine Eq. 's: (3.14) and (3.16):
F = 1.101126 0 Wa= ﬂp
L (Rha)77e
= 1.101126 n Wa™ % (W, +2D) 7% . (3.34)

L D7/b
Again, the only unknawn is Wa which can be solved by

Newton ‘s Method (Eg. (3.32)) where:

flWas) = 1.101126 N Wa D7 *(Wa,+2D) 77/ ' (3.34a)
L D?/‘-

and

7 Was) = 1.101126 0 Way (1/Rhas?” * [S + 7Rnaa /D]

L &
= 1.101126 n Was (5+7 Rnas/D) - (3.35)
6L (Rhar) 77 % U

Using Eq.’'s (3.32), (3.34a) and (3.35), the value of

Was can be arrived at by iteration. As before, this

- procedure alaong with Eq.'s (3.7} and (3.19b) completely

defines the model.
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3.4.3.4 Estimation of gand Dm_from the Ratio of

4

Unrecycled Mass to Recycled Mass

The distinction between recycled and unrecycled mass

was made previously. This method is based on the assumptian

that the flow coming out of the active zone and going into
the ocutlet has the same dye concentration as the flow coming

out of the active zone and entering the recycle zone at any

42

instant of time. It is. also assumed that all the dye has -

been through the active zone once before the cut-off point
occurs. Thus, the ratiu of the éctive zone flow rate fo the
influent flow rate must be equal to the ratio aof the total
mass of dye injected in the basin to the mass of unre;ycled
dye. ‘ |

Qn = Mg (3.36)
Q Ma

where Mg
My

mass of recycled dye
total mass of dye injected

H

Since Eq. {(3.34) deals with ratios, the relative units
used far M;T;ﬁd My are not important. My can be taken as
the taotal éfea‘under the aﬁtput dye concentration versus
time curve and Ma can be taken as the area under the output
dye concentration curve before the cut—off point.

Rearranging Eq. (3.3&),

Ba = R{M+/Mn) (3.37)

Thus, Da can be calculated from Eq. (3.9) and s&from Eq.
(3.19b). This method does not rely on Fischér’s equation or

on the determination of thé - dispersion coefficient.



Nevertheless, it does require knowledge of the detention
time in the active zone which, as was shown above, is
aobtained in the determingtiun uthhe disqspsinn coefficient.

It is important to note at this time that thé_variuus
methods developed above for estimating the model ‘s
parameters demonstrate how this rather snphiéticated three—
parameter model can be simply defined by a careful analysis
of the ‘uufput‘hye tracer curve. Therefore, the mu&eller
does not need to bother wifh tedious +trial and error
solutions to find the ‘"bes{f?it" values of Rv, Da and Ea.
These methods also provide, some undersfanding aof the
significance of the various portions of the uutpug dye
tracer curve which is useful in extending the results of
model studies to prototype ponds.

The programming details of the model are presented iﬁ

the Appendix. .

3.2 8Scaling of Ponds

i
//\‘ For model studies to be used to predict the performance
of stormwater treatment ponds, it is necessary to abide by
the proper scaling laws. These laws must be chosen: by

consideration of the forces that control the phenomena which

affect the performance of a pond.

The mixing properties of a pond are a direct
consequence of its flow pattern and of the level of

turbulence that exists in it. The £low pattern ultimately

controls the amount of short-circuiting, dead space in the

L LA
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pond and the size of the circulation zones. The level of
¢

turbulence dictates the amount of dispersion which takes
place. In the following subsections, a brief discussion of

these phenomena and their controlling forces will - be
" }

presented, follaowed by the selection of the scaling laws.

-

3.5.1 Pond’s Flow Pattern

For simplicity, it is assumed that the flow pattern

‘ -
representation given by thd:;;?rara and Harleman model?* is

q.

sufficiently accurate. The model allows for . short-—
Circuiting by its fast flowing, narrow active zone, and dead
space and circulation are modelled by the size and tluw rate
in the Pecycle zones.

Ponds of the configuration shown in Fig. 3.1 areﬁh
subjected to circulation in the corners?®. The amount of‘
cCirculation generated  is dependent on the convective
momebtum of the in+1uent. stream as well as  the level of
resistance to which it isvéubjected as it enters the basin.
These wiil control the expansion of the stream across the
width of the basiﬁ. és Qell as the degree of circulation.
Since the amount of resistance is a function of depth, the
flow pattdrn will vary with depth. The momentum term is
directly related to the flow velocity, therefn}e,,it is easy
to understand why flow rates and the width ﬁf the inlef and
the outlet channels can influence the flow pattern.

The influence of the corner circulation zones on the

chrall flow pattern of a basin‘is a function of the length

‘

o~
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of the basin. In a shurt.basin; the circulation zone can be
expected té occupy a. large pnrtinn‘ of the 1length of th?
basin whereas in a very long basin, the circulation zoneé
become proportionally insignificant (see Fig. 3.139).

To assess the amount of recirculation and the size of

the recycle =zones, it is first neceséﬁry to determine the

flgw rates to be used in the experimgﬂ& model. It is,

‘therefore, necessary to determine the scaling law (Froude

and/or. Reynolds) that applies. Abbaott? conciudes that under
steady state, "resistan?é effects finally :Dme.tu_dumfﬁate
over the dyn#miobeffects". Unfortunately, the operating
Reynolds numbers were not mentioned "in their p;per.
However, it is noted fhat although the bottom's ruugpness
numbers are space constant, they vary with the flow rate.
This implies that the flpw rates used did not generate fully
‘turbulent flow for which - the roughness coefficients becumg\
constant.  This is well illustrated in Fig. .3.16.

In Table 2.1, it was shown that the Reynolds numbers
for the prototypes are greater than 100,000, thus Ffully
turbulent flow conditions exist. Therefore, in the scaling
praocess, it will not be necessary to abide by Reynolds®' Law

as long as turbulent conditions are maintained and Froude’s

Law determines - the scaling ratios to be applied. Thjs is
suppnréed by many"reseérchers: uPlDegaa, Pratte®+4, and
Townsend**. Also, in mixing models of estuaries, rivers

and lakes, Froude’'s law is always used®-21 .33 .34.39,40.48

1t should be noted, however, that in most cases it' is,

Ll
-

o o
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necessary to Juse a distorted or vertically exaggerated
model to btain -Reynolds numbers in the tunbuleﬁt
regime2: 24,31 .3, This is shown to be the case, if it is
desired to .scale down a specific prutntybe such as the
Kennedy-Burnett pond ta a &%buratory mndél with a . width
limited to 1.5 meters.

™~

3.9.2 Prototype Modification

* Prototype data is required to determine the model flow
rates for the;experimental model. For geometric similarity,
thé prototype pon?é—must have the same length to width ratio
as thé laboratory setup. Since no data from prototype ponds
of the le£g¢h to width ratios aesired fnf tasti&g were
availablé, the data from two of the ponds in Table 2.1 was
used as a guide to generate typical prototype data fﬁr the
model.  The modification of prutotype data to satisfy the

modelling needs is justifiable, since the major objective of

1

1_ihi$‘5tﬁdy rﬂésytof;ﬁharacterize the variation of mixing

~

pfoperties wi'th réhﬁhges in flow and geometry of the SWTP.
- ) - c.

Algn, iﬁ . should be kept in mind that the objective of this
S ) . "
‘study-is to represent SHT? in general, not only one SHTP'in
particular.
Thé‘pfésent study involved ponds of three different
length to width ratios: 3:1; 2:1; and 1:;. The parameters
deséribing the Kennedy-Burnett pond and the Milwaukee tank

along with the length to width ratios required by this study.

T are shuwn.in Tables 3.1 and 3.2 respéctively. The origina;$\\

24
.



depths, valumes, surface areas, and design peak flows were

not —changeq but the different length to width ratios
resulted in; modified hydréuli; radii, peak velocities,

Reynolds and Froude numbers. These modifications can be

justified by the fact that in most cases ponds are designed

on the basis of vulumg and detention time

cnnfiguration of the pond usually being defined by physical

£

48

alone, . the

\

constraints, costs and other considerations.

Table 3.1: Original and Modified Kennedy-Burnett Pond Data

LI -
Original _Modified .

Length:Width Ratic  18:1 Si1 2:1 151

Length (m) 422 198 160 113

Width (@)'- 24 &5 80 113 iy

Depth (m) 2.4 2.4 2.4 2.4 -

Volume (m™) 24,600 24,600 (Ek,boq 24,4600

Surface/ﬁrea (m=) 12,870 * 12,870 T2\$7o 12,870

Cross—5ectional a8 156 192 271

Area (m™=)

Hydraulic Radius(m) 1.85 2.23 2.26 2.30

Peak Flow (m*/s) 3.5 3.5 3.5 3.5 |

Peak Velocity(m/%)  0.060 0.022 0.016 0.013

Reynolds Number 296,000 134,000 110,000 79,300

Froude Number 0.0124  0.0045 0.0038 0.0027
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Table 3.2: Original and Modified éiﬁy of Milwaukee Tank
‘Data .
. C.lr'i:‘ginal - __Mcu:lified ‘
Length:Width Ratio S:1 3:1 211 131
Length (m) 128 93 - Ve—. . =a N
Width (m) 23 31 8 54
Depth (m) 5.0 5.0 5.0 5.0
. _
volume (m>) 14,760 14,740 14,760 14,760
Surface Area (m3) 2,950 2,950 2,650 2,950
Cross—Sectional . 115 155 190 270
Area (m=) 1
Hydraulic Radius {M) 3.50 3.78 3.96 4,22
Peak Flow (m3/s) 11.0 11.0 11.0 11.0
Peak Velocity (m/s) 0.094 0.071 °  0.05 ' 0.041
Reynolds Number 700,000 715,000 611,000 458,000 _
Froude Number G.0137 0.0101 0.0083 Q. 0059 ﬁ"}
- »

P,

[



3.9.87 Froude Law Model

Table 3.3 lists the various scaling ratios for Froude's
Law. Thexéﬁird column in this table is a éimplificatinn of
the secupd‘ column assumingrtﬁﬁzfzaéymndel and prutntypeAhre
run .with wqter at the same teﬁﬁerature énd thgt the
gravitational constant is also the same in both cases.
These scaling ratios have been applied to £he KennedQ—
Burnett pond and the City of Milwaukee tank. The results
are tabulated in Tableg 3.4 and 3.5, respectivély, for a
_laboratnry model whose ;idth is fixed at 1.50 meters due to

physigcal constraints.

- ]

Table 3.3: Froude’s Law Scaling Factors

Parameter Dimension Froude Scaling Simplified Froude

Ratio, ‘Scaling Ratio
Length L ~ Lr Lr
Area L= o ALr)= _ (Lr)=
Volume L= ' (Lr)= {Lr)=
Time T | (Lr-‘)"2 g—/= (Lr)2*-=
Velacity L -2 _ (Lr g)*= (Lr)*r=
Discharge L= T2 ‘ (Lr)yss= gt = {(Lr)ys =




®

Table 3.4:

Length:Width Ratio

lLLength Scaling
Ratio (5r)

Length (m)

Width (m)

Depth (m)

Volume {(m™)
Surface Qrea {m=)

Cross—Bectional
Area (m=2)

Hydraulic Radius (m)
Peak Flaw (m=/s)
Peak Velacity (P/S)
Reynnlds Numbef.

Froude Number

<

s

3:1

0.056 ,

0.38%a.

&.95.

0.085
0.052
2B89x 10—
0.0034
470

0.00446

=

231

0.043

0.209

' 4.64

0.048
0.041
171510~
0.0025
270

0.0038

L/‘

Laboratory Model ‘s Parameters (Scaled from
Kennedy—Burnett Pdnd)

74

. 1.50

1.50
0.032
0.074

2.31

0.049
0.03%
74x 10—
0.0015
125

0.0027

51



In Table 3.4 it can be seen that the models’ Reynolds
numbers thafx would be obtained . from scaling down the
‘Kennedy;Burnett poand are not high enough to maintain

turbulent flow conditions.

A
\\\_/ZQEI; 3.5: Laboratory Mudel's}Parameters (Scaled from
: Milwaukee Tank) ) . ' '

tength:Width Ratio 3:1 . 2:1 - 1:1
Il.ength Scaling
Rakio (Lr) 20 29 346
Length (m) 4.57 3.05 1.52
Wwidth (m) 1.52 1.52 1.52
Depth (m) 0.25 0.20 - 0.14
Volume (m™) 1.74 0.93 0.32
Surface Area (m3)} .  &.95 4.64 2.31
Cross—Bectional K .
Area (m2) L 0.38 0.30 0.21
" Hydraulic Radius(m) 0.19 0.16 0.12 -
Peak Flow (m3/s) 0.0061 0.0035 0.0014
Peak Velocity (m/s), 0.0162 0.0117 0.0067
Reynolds Number - 8,200 5,000 2,200
' Froude Number 0.0103 0.6034 0.0057
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The scaling of the Milﬁaukee tank would result in model

“flow rates high enough to generate turbulent conditions.

53

However, one of the parameters whose influence on the mixing

pattern was to be investigated was the flow rate. It was
desired to examine a flow rate of one-third the design peak
flow rate. This permits the analysis of mixing patterns

resulting from storms of different peak flows. Hawever,

these flow rate reductions also 1lead to prnpnrtiunal-

reductions in thﬁ tabulated values of the Reynolds number
which then become too 1low to maintain fully turbulent

conditions. Thus, a vertically exaggerated model is needed

~to increase "the Reynolas numbers in the model .

3.9.4 Vertically Exaqgerated Model

Tﬁfs type of model enables the uses of higher flow
rates ét greater depths, thereby increasing the ' Reynolds
number while maintaining the Froude number cunspant.'; Note
that .the dispersion coefficient as calculated by Fischer’s
equatiuﬁ is dependen£ on the hydraulic radius and on the
width of the active zane, thus accounting for variations due

tq.a distorted model.

The following is a theoretical devel opment of

.

mathematical equations which QPE can use for determining the

" flow rate and degree of distortion requiredlin anel studieg

of a specific pond. The distorted model ‘s scaling ratios

~—are presented in Table 3.é4.
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Table 3.6: Distorted Model Law Scaling Ratios

Parameter Dimensio Scaling Ratio
Horizaontal LengthJ . - L - xr
KVErtical Length i o | | Yr

Valume ' L= (Xr)= ¥Yr
Time | T Xr/ (Yr)1s2

Velocity L T2 - (Yr)2rr=2

pischarge LS 71 Xr (Yr)”?b

-

A proper Reynolds numbgr criterion must be chosen to
calculate ‘the required (dedree of disturFiun. Sharp=>~
suggests that the most reliable criterion is to specify the
minimum ReynDIHS number in terms of the bottom shear
velocity (U=) and the equivalent roughness size (k). This

criterion is of the form of Eq. (3.38).

NrF(min} = U~ k (3.38) -
: 3 .
where k = equivalent roughness size (m)
The stipulated 'minimum Reynolds number varies from

researcher to'researcheE (see Table 3.7). '
T With appropriate substitutions, Egq. (3.38) was mndified
to contain the required model flow velocity and hydraulit
radius. This development féllnws.

The shear velocity ig the ratio of‘bed shear stress to .

fluid density and may be expressed as in Eq. (3.39):

U= = (g Rn S)*7% (3.39)



Table 3.7: Minimum Reynolds Number to Maintain Turbuient

Flow -
" Formula ‘for Minimum Reynolds
Researcher Reynolds Number ‘ Number
Allen= U D 1,400
AV
Chow® .U Ry S00
AV
de Vriegs:? Uub ‘ 400 to 800
' v
Henderson=* U~ k 100
v
Al
Russel =« U Ry 1,000
)
Yalin+*® Uy* k. approximately 70
) .

The slope of the ehergy line can be e#pressed by re—

arranging Manniﬁg's equation as shawn in Eq. (3.40).

99

5172 = (U n . (3. 40)

(Rh)zls

¢
Substituting Eq. (3.37) and Eq. (3.40) into Eq.-(3.38) and

simplifying, one ocbtains:

Nrimin) = g*“ZUd n k . o (3.41)

Rhl/&

Chow?*2 expresses the model ‘s roughness size (k) in terms
of . Manning’ s roughness coefficient in the prototype as:

k = (n/Np)* Kp ' (3.42)

where Np "‘protntype's'Hanning roughness
coefficient .(sim2->)

prototype’s diameter of roughness
elements (m) -

Kp



Eq. (3.122 is obtained by substituting Eq. (3.42) faor k in

Eq. (3.41).

Nrimin) = g*“2 ) n Kp (n/Np)=~ (3.43)

Rhl/ﬁ

Henderson=* uses Eq. (3.44) to relate hydraulié radius to

the Manning's roughness coefficient in a distorted model.

(n/Np}

(Rn/Rp}273 Xris= (3.44)

. where Rp = prototype’'s hydraulic radius {(m)
Xr = horizontal length scaling ratio

Egq. (3.45) is obtained by introducing Eqg. (3.44) into Eq.

(3.43) and simplifying.

Nri(min) = g*“2 I} R,"7=__Np Kp Xr7/= (3.45)
WRpAn-3 . T )
This equation is dimensianally correct. -

Far a smooth earthhchannel with no weed grbwth,
Hender-s.t:mz.l relaﬁes Kp to Np by the following equationa:
v Kp = (26.3 .Np)* : (3.46)
The value of the canstant in Eq. (3.46) ranges from abngt

3.9 to S50 depending on the smuo&fness of the channel surface

and weed grawth. " ] ”\;:J/

Sé6

Substituting Eq. ' (3.46) for . Kp in Eg. (3.45)y and.

Simplifying results in:

U RnR7= = Nr{min) Rp**- S v (3.47)
g*“ 2 (26.3)* Np7 Xr7/= :

{
The depth can be expressed in terms 9¥ the width and

the hydraulic radius:

D = (W+Rn)/ (W—-2Rn) , (3.48)

¢

The Froude law criterion can be expressed as follows

when Eq. (3.48) is substituted for the depth.

J
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U L(W-2 Rn) /(W Rn) 12’2 = Nf gir-= . -(3.4?)
Eg. (3.47) and Eq. (3.49) can be solved simultaneuuslyA
for £hg values of the model ‘s velocity and hydraulic radius
which satisfy the miqimﬁm Reynolds number criterion (taken
-#ram”Tabfé 3.7) and also achieve the desired Froude number.
Two other unknowns in the above equations are Xr and W.

HMowever, thege are related by Egq. 3.50:

T
-

W= Wp (3.30)
Xr

where W = model ‘s width (m)
Wp = prototype’s width (m)
Xr = horizontal length scaling ratio.

Thus, the horizontal 1length scaling ratio must be
chosen‘befure Eg. (3.47) and Eg. (3.4%9) can be snlved.l The
hnr?zontal leQPth scaling ratio’s "value is limited on the
one hand by cust;, and availability qu space, and Pn the
other by the minimum aspect ratio. The aspect ratio is
defined as the ratio of the width to the depth af-th; model.
Yalin+® suggésts .a 'minimum aspect ratid of five Ffor
mainta}ning two dimensioﬁal flow. At this ratio or higher,
‘the side wall effects on the flow pattern are negligible.
Haowever, other reseafchers’*-a’ suggests a minimum aspect

ratio of ten when madelling dispersion. Thus, to maintain
the model study’s costs at é minimum, Eq. (3.47) and Eq.
. (3.49) should be solved for various values of Xr until thé
desired minimum aspect ratio is achieved.

Once the flow rate and hydraulic r;dius are known, the
model ‘s depth can be obtained from Eq. f3.48). The flaw

e

»

rate may be obtained as folltows:



+ [

Q@ = U-W-D _ . (3.51)
The vertical exaggeration can be calculated d@ follaws:

Vr = Lr-D T \ (3.52)
Dp

. where Vr = vertical exaggeration
‘Dp = prototype’‘s depth (m)

~The above procedure may be used by any researcher Jhuse
ﬁain objectives are to ré;roduce the mixing patterns of a
particular SWTP. As with any modelling technique, care
should be exercised in evaluating the factaors which affect
"the particular. pﬁnd‘s mixing properties and the model’s
capahilities of reproducing mixing pattern. Also, in some
cases, the model may be built large‘enuugh to ensure that

. - .
there will bhe no need for vertical distortian.

) : P

-
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CHAPTER 1V : nE

EXPERIMENTAL %fTUP

The model was built in an existing channel in the

hydraulics labaratory'at the Depértment of Civil Engineering

2

of the University of Ottawa.

- Figure 4.1 §h6ws the model setup. The basin width was
fixed at 1.50 m. The sides of the model were apprﬁximatély
1.0 m high. Thelexisting channe} sidewalls were utilize& inl

-

the maodel. fhe endwalls consisted of sheets of . plywood
mounted on anglé.f;un frames. The inlet and o%plet to the
madel pond tunsisﬁed of plywood channels that ran the entire
depth of thé mndei. An  endwall and an overflow weir were
" attached to the inlet and outlet channdf;;v respectively.
Water was supplied to the model by a PVC (50 mm diameter)
pipe assembly connected to a.cnnstané Aead tank. The dié—
charge end of the pipe was fitted with a slotted diffuser.

A1

4.1 Length of the Model

The length of the model was varied by wmoving the

. 7 .
outflow endwall closer tb the inflow endwall. Length to
width ratios of 3:1, 2:1 and 1:1 were investigated fur thelr

effects on mixing properties in pnnéki
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4.2 Floor of the Model T
" The floor of the model was finished in concrete and
made level to a tolerance of 5.0 mm to prevent the flow

pattern from being affected by floor irreqularities.

4.3 Endwalls .

- The endwalls were epnstructed of, plywnnd panels mounted
on angle iron frames. ' The plywund ~ panels Qera
interchangegble to permit the‘ tisting of various widths of
inlet and outlet channels. Three widths of these channels
‘@eré used, 06.20m, ©0.30m and 0.50 m. The far end of the
inlet-chaahel was blocked off with ‘a screwed on plywund
panel so that no water CQQId leave the model at that end.
An overflow weir was attached to the far end af the outlet
channel. This weir was required +to maintain the depth of

water in the model.

Y

4.4 Flow Rates ﬂ\/(’ : .

Table 4.1 shows the modified ‘minimum Reynolds numbers
-

given by various researchers as expressed by Eq. (2.1).

L
o —

This table was cbtained by modifying Table 3.7. In that
table, two researchers (Allen™ and de Vriegti) express'tha
"minimum Reynolds number in éﬁnls of the dgsth (d) instead of
the hydraulic radius (R,). Th:s is mnst llkely due to the

fact that in mnst cases, the width to depth rat1o of mndels

61

of r1vers or channels are so large that the hydraullc rﬁdzus-

N\

—— L3
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is_appfuxi@ately equal to the depth.l.. It is therefore
.ﬁssumed that the depth i§ fully interchangeable with the
hydraulic radius in the Reyn&ids number equation. Also, to
be consistent with Eq. (2.1), éli the values are multiplied:
by a factor of four. . ‘ '

‘ﬂ*

Table 4.1:h Mi nimum Reyﬁolds Number Values -

Researcher - Nr (min)

Allen™ . 5,66? !
cﬁuwto / X ‘ 2,000

de Vries*? 1,600 to 3,200

Russel >+ _4,600

To maintain two-dimensional fldw while not adversely
affécting the diEpersinh; the wminimum aspect ratio (f.e.,
W/D) was set at 10. Three flow rates were to be tested

which would result;iﬁf Froudé'numberé found in prntutypes.

Id

For simplicity, flow rates of.nnég two and three litres per
second  were chosen. The aoverflow weir was set at a height

of 0.10 meters. Thus, the Froude and Reynolds numbers were

as shown in Table 4.2.

o Tb? Froude numbers in Table 4.2 are representative of :

the prototype Froude numbefs _hhich were tabulated in Tabie

2.1. It sh?yld be kept in mind that the Froude numbers in

: f
< .t S



Table 4.2: Model’'s Froude and Reynolds -Numbers

Flow Rate (1/s) 1.0 2.0 3.0

Flow Velocity (m/s) 6.7#10_3 13.3x10—= 20.0x10—=
Froude ‘Number 0.007 0.0435 0.0201 -
Reynolds Number - 1,970 3,166 4,790

-Table z.i represent design peak ﬁlnws: In this stﬁdy, it
was desired éo evaluate the berfnrmaﬁce of SWTP ' under
different flow rates and nnt'unly at the design peak values.

The lowest Reynolds number in Table 4.2 is 1,570. This
value 1is somewhat lawer than the allowable minimum.
However, this is not too significant since? as discussed in
the previbus ch;pter, the active zone flaws at a velocity
much'higher fhan the ;verage velucity‘ fhrnugh the pond
because of recirculating flow and also because‘the zane was

relatively narrow. The actual Reynolds number for that zone

is much greater than the values gaown in Table 4.2. It can

63

also be expected that in the jet expénsiun area very large’

Reynolds numbers exist. Therefore, turbuient condit%ons
exist in the area where the momentum: transfer from the
active zaone to thé recirculatinn;znne occurs.

The same flow rates were utilized in all three model

length to width ratios. This was done to facilitat® the

evaldatinn of the influen;e of the Froude number on the flaw

pattern. The model’s various length to width ratios

3 )
-

R
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. 4
produced different detentiaon tig;s ‘which were easily .

b

compensated for by dealing-with‘ﬁalative time (T/7Td).

-

4.5 MWater Supply .
The water for the model was supplied bf'a constant head
tank through a system of PVC pipe 50 mm in diameter. A 1.0
m length of the pipe assembly Qas made_inter hangeable with
pipes of 20 and 12.5 millimeters in diameter tE accommodate
-measuriné different ranges ﬁf fiuws with a floﬁ meter. -

The flow meter cunsisted' aof a paddlewheel flow sensor

(Cole-Parmer # K-5618-10) which is accurate +for flow

RN
velocities ranging from 0.30 to 1353.0 m/s (1Z maximum
’ - k) .
deviation over the full range). This paddlewheeh\ was

coﬁnected to a self-powered aﬁalog flow meter (Cole—-Parmer #
R¢5621-30). The flow meter ras caiibrated by usiné the tank
weighing method. Dﬁ;e it was caliprated,-the accuracy of
thé meter proved to be veﬁy Qdod, after being checked over
the entire range of flaws (0.70 to 8.00 1/s, 1% maximﬁm
deviation over the full fange}.‘

The end of the pipe assembly was fitted with a tee—type’

diffuser to spread the flow evenly across the width.of the

*, .inlet channel (SEE\E;g. 4.2). R W o

R

% .

s
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N Y. Dye Injection (
The d;e ﬁsed in the stuﬂy was Rhodamine 'B which is
detectable by a fluarn;eter. The fluorometer calibration
and linearity were verified. THE change in fluurasceﬁce of
Rhnqaﬁine B 1is insignificant over the time :span of the
rstudies. Initially, it was attempted to inject the dye into
]
the water supply at the last elbow before the tee-type
diffuser (see Fig. 4.2). This permitted good instantané&us
mixing- of the dye with the in:uminguwater while reducing the
chance; for longitudinal mixing of the dye within the pipe.
This method was, huﬁgver, unsuccess#qiﬁﬁgcause a significant
amgunt of dye remained in the inlet.éhannel for more than a
minute in some cases. It was preférred to quickly iniject ;;

amount of dye across the mouth of the iniet channel with a

syringe. With thig/Method, all the dye waé out of the inlet

clannel within a few seconds, thus providing a slug of dye

—t

approaching that of an ideal Dirac impulse.

"P_

: *
4.7 Outflow Sampliﬁq

bé

. Y .
Two methods of sampling the outflow were considered

consisting of one tube and five tube sémplers located in the
outflow channel. The one-tube sampler is shown~in Fig. 4.3.

The five tubes.in the five-tube sampler were :qnneqf;;
together by Tygonstubing ,leading to a colfectnr. The flow

rate in each of the five tube!kwas measur®d and found to be

o Ly

) . I 2R
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Cverflow Weir

One-Tube Sampler

v .

- '
Figure 4.3 Photo of Outflow Channel Showing Location
of One-Tube Sampler and of Overflow Weir




&

equal within limits of accuracy of the graduated cylinders .

used for measurement. The length of Tybnn tubing was kept
as short as possible to miﬁimize the amount of longitudirfal
mixing within them. The five~tube sampler had the advantage
of sampling more points along the widtﬁ of , the outlet
channel which would be helpful if the concentration of dye
varied laterally across the channel;

The suction of the-fample'.:;: from the outflow was
giccomplished by means of ‘a . peristaltic pump. The pump had
two main components which - were the Masterflex variable speed
dri#e and. the Masterflex pump head. The vafiable speed
drive and ‘the the pump head used ﬁfrg Cole-Parmer #.K-7553-

00 and # K-7017-00, respectively. This is a positive

displacement type pump which reduced the chance of air

entrainment in the samples which can produce errors in the
fluorometer readings. |
‘ Both samplers were tested for their response to a slug
"injecticon. The dye tracer curves for each are given in Fig.
4.4. it is observed that the dye in the five—tubg sampler

diffused much more and did not respond as quickly to a slug

.
¢

tnput compared to the one-tube sampler . which 'quickly

‘ . .
responded and returned to zero concentration. The five-
" tube sampler, because of its difficu;ties in returning to a

zero cuncentratfcn, would have. digturted' the output dye

.. tracer curves during/ﬁhe experiments.
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To chéck dye éuncqptratiun variation across the width
of the outlet Ehannel; five runs were performed under the
same conditions while varying the position of the ocutflow
one—tube sampler. The resdits from these five runs are
shown - in Fig.! 4.5. The curves not only shaow the
\repeatability of the tests, but also demonstrate that the
outflow dye concentration does naot va;y significantly across
the width of the outflow channel. Thgrefore, the one—-tube
sampler could be used- withnut'.significant errﬁr' iﬁ the

experiments.

g

4 fa
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OUTPUT DYE TRACER CURVES

FOR VARIOUS POSITIONS OF THE OUTLET- TARRING POINT

X}

~
SYMBOL.| EW. DS BETA
"B~ | 0.00% |-1.63 | 0.40
U] Q.008 | 2.23 0.51
A a.008. | 2.14 | o0.52
C o+ 0.008 | 1.85 | 0.43
X o.o12 | 1.95 0.49
L
25 50 Trs T oo 7:3

Figure .4. Out Dye Tracer Curves for Vdrious Positions of,
th{‘(;n: Tube Collector . .
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CHAPTER V

3 EXPERIMENTAL DATA

The data from the experimental model runs is shown in
Table 5.1. For ease of reference, the run identification

. code (ID) 1is a three digit variable; the first digit refers

-
[y

to the model’s length to width ratioj; the second identifies

the width of the inlet and outlet channels; and, the thirdc

. *
defines the flow rile.

The respons output dye tracer curves to .\ slug

injections ‘into fhe model are presented in Fig.'s 5.1 ﬁo:
3.27. These curvés are those on which no Symbul-occuré.
'-The ogther curves on tﬁese figures resuléeﬁ from the various
methods of estimatiﬁg the parameters of -Ehe mixing mn@el.
Two piuts of each rﬁn were made su‘Fhat the resu1;5‘frnﬁ the

various parameter estimaticon methods could be presented more

2

clearly. These curves will be discussed in the next

chapter.
Fig.’'s 5.28 to 5.48 are photos of the flqr patterns in
various runs. These photos were taken by time”ekpnsures (3n

to 10 seconds) from a remote cdamera. Unfortunately, only
A\

photos from 21 of the 27 runs were successtpl.

- ° .
- . It can be seen on the photos that the flow pattern for

the londer 'basins (L:W ratios of 3:1  and 2:1) is

_dnsymmepriga{. This occurs because the ‘symmetrjcal flow

«




I s

pattern that is normally expected is metastable. The
resistance to flow in an unsymmetrical flow pattern is less
than in a symmetrical +flow pattern bedause the, number of

recycle zones is reduced from two to one.
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Table 5.1: Experimental Data
| . Width of
Depth - Width Length ' - Inlet &
. of of of Basin FIaow JDetention Outlet
Run Water Basin Basin Volume Rate Time Channels
1D (m) (m) (m) (m>) (m3/5) (s) im)
A1A 0.123 1.50 _4.56  0.838 0.0010 38 0.20
AlB. O0.133 1.50 4.56 . 0.910 0.0020 455 0.20
AlC 0.142 1.30 4,56 0.971 Q70B30 324 0.20
AZA 0115 1.50 4.56 0.788  0.0010 788 . 0.30
. AZB 0.122 1.50 4,546, 0.837 0.0020 418 0.30
AZ2C 0.130 1.50C 4.56 . 0.888 0.0030 296 0.30
AZA 0.114 1.50 4.34 @Bl 0.0010 781 - 0.50
A3B 0.11% 1.50 4.56 0.815 0.0020 408 0.50
A3C 0.123 1.90 4.56 0.841 Q.0030 280 0.30
BlA 0.121 1.50 2.98 0.5941 0.0010 241 0.20
Bl1B 0.132 1.50 2.98 0.589 0.0020 294 0.g0”
B1C 0.140 1.350 2.98 0.628 0.0030 0.20
BZ2A 0;114 1.50 2.98 0.508 0.0010 a08 0.30
BZB 0.121 1.50 2.98 0.541 0.0020 270 0.30
B2C 0.128 1.50 2.98 0.574 0.0030 1 Q.30
B3A 0©0.113 .1.50 2.98 0.504 0.0010 504 0.390
‘B3B 0.118 1.50 2.98 0.927 0.0020 2563 .0.50 '
B3C 0.121r 1.50 2.98 . 0.343  0.0030 181 0.50
cia ©0.121 1.50 1.53 0.278 0.0010 278" 0.20
CiB 0.132 1.350 1.53 -, 0.304 C0.0020 152 0.20
CicC 0.140° 1.350 1.53 - 0.322 0.0030 107 .20
. ‘ O .
c2Aa 0.121 1.50 - 1.53 0.277 0.0010 277 0.30
C2B 0.121 1.30 1.53 0.279 0.002C 140 - 0.30
cCzC .0.12%9 1.50 1.53 T 0.2946 0.0030 99 .30
c3A 0.113 1.50 1.53 0.260 0.0010 260 0.50
C3B 0.118 1.30 1.53 0.272 0.0020 136 0.50

C3C 0.122 1.50 .1.53 0.280 0.0030 I3 0.350
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Figure 5.32

Figure 5.33
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‘ Figure 5,34

Figure 5.35
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Figure 5,36
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Figure 5.37
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Figure 5.38

Figure 5.39
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Figure 5.40

FPigure 5.41



109

Figure 5.42

Figure 5.43
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Figure 5.47
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0 CHAPTER VI

ANALYSIS QF RESULTS AND DISCUSSION

%

&.1 Introduction

The model experimental runs -were outlined _ih the
previous chapter. A finite difference program of ‘the
mathematical model was developed to analyse experimental

results. The Crank—Nicholson technique was used to the

113

solve the partial differential equation because of its

’

stability and convergence characteristics. The prngrah‘s'

theoretical dev?{épment and i?ﬁi}§stin§ can be found in fpe
Appendix. - This program allows for the reproduction of the
experimental Fesponse dye output tracer curve to a slug
input for the various experimental runs.

Four methods of estimating the model's parameters from the
theory presented in Section 3.4.3 were investigated as well
as the Ferrara and Harleman trial and error method. The
methods used for estimating the parameters are defined
below. Thelmajor differences in the methods center on the
use of variance of the dye output curve or peak con-

centration on it to estimate E~ and on the uée of Fischer's

eqFatiun or Eq. (3.1%a) to estimate the active volume.

hY

&

PRS- J

W T3

R



e

Methad Eg‘Dgterminatiun &t Determination Da Determination

From the peak From Fischer's (Eg. I.19b)
concentration equation
1 on the dye (Eq. 3.31a)
‘output curve
(Eq. 3.22)

From the peak - {Eq. 3.1%b) From mass ratio
concentration - of dye

II on the dye (Eq. I.37)
output curve
(EQ. 3.22)

From the From Fischer's (Eq. 3.19h)
variance of ) equation
III the dye (Egq. 3.31a)
output curve
(Eg. 3.23)

From the (Eq. 3I.19b) From mass ratio
variance of of dye

v the dye (Eq. X.37)
output curve ‘
(Eq. 3.25)

It was meﬁtinned in Section 3.4.3 that the slope of the
energy grade line could also be used to calculate the value
of 5; The slope of the energy grade line in the
experimental madel pond was so small that it was practically
unmeasurable with a cathetometer and a paint gauge
(precision of ane one—hundredth of a \millimeter).
Therefore, this methoa was not practical for mnﬁel studies.

It may, however, be practical for large scale studies of

prototype ponds.

6.2 Optimum Number of Time Steps and Elemental VYolumes
The finite difference program was checked for the

cminimum number , of time steps (NT) and number of incremental

e



volumes (NV) required to obtain accurate results without

unnecessarily extending the computational time. Table 6.1

lists the values of the peak relative concentration faor the

following values of the model’s parametérs.

The d15persxun coefficient is 0.100E-02 m3/s.

The dilution ratio is 3.00.

The ratio of the valume of the active zone to the total
volume is 0.500. ? ’

The detention time 'in the active zone is 43. 7 B.

The flow velocity in the active zone is 0.10427 m/s.
The Reynolds number in the active zone is 24797.

The Reynolds number for the entire basin is 4691.

The Froude number for the entire basin is 0.016222.,

Also, in Figf‘s é.l apd 6.2 the curveé for the various
number of timé steps and number of incrementél vniumes are
shnwg.

From thé values'ih Table 6.1, it would appear thét the
minimum number of time steps and of elementaliﬁalumes should
be 390. This wassalso the case for the follnwiﬁgﬁxalues for

the model ‘s ‘parameters {q? which results are tabulated in

Table 4.2 and  shown. in Fig.’'s * 6.3 and 6.4.
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OUTPUT DYE TRACER CURVES

FOR YARIDUS NUrpERS DF TIME ATEPS AND ELEMENMTAL YOLUMER .

Fipure 6.1
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Table 6.1: Values of the Peak Relative Cnncentratiun for

NV

NT 65
65 4.?8
130 r5.18
195 6.33
260 b.36
325
- 390
455
920
Table 6.2:
NV
NT &5
635 3.28
130 3.04
195 2.88
260 z.éB
325 ‘
390

Variuu% Values of NT and NV
T
‘ . .
130 195 260 325 3I90 455 520
5.07 5.16 5.21
6.19 6.59 6.79
7.30 7.44 7.47 7.48 7.47
8.12 8.79 9.11 9.29 9.4t
B.&4B 9.27 9.65 9.91 9.92 9.92
7.80 B.45 B.90 9.24 9.24 9.24
' B.90 jﬁlfj ‘?.24 9.24

8.90 9.23 9.24 9.24

Values of the Peak Relative Concentration

for Various Values of NT and NV.

/

130 195 260 325 390
3.38 3.41 3.42
3.14 3.18  3.19
2.97 - 3.01 3.03 3.04 3.05
2.94 2.97 2.98 2.98 2.99

; 2.96, 2.97 2.98 2.99

2.95 2.935 2.97 2.98
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Figure 6.4 Output Dye Tracer Curves for. Various Numbers of Time Steps and

Elemental Volumes,
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For Table 6.2 the foliowing apply:
The dispersion coefficient is 0.0010 m3/s.

. The dilution ratio is 2.00.

The ratio of the volume of the active zone to the total
volume is 0.500. .

The detention time in the active zone is 63.&4 s.

The flow velocity in the active zone is 0.049532 m/s.
The Reynolds number in the active zone is 16331.

The Reynolds number for the entire basin is 4691.

The Froude number for the entire basin is 0.016222. -

6.3 Reproducibility of Results

The reproducibility of results was well demonstrated in
Fig. 4.5. Checks on the reproducibility of the experimental
dye output curves were also undertaken at other model setups
and flaw rates. The reproducibility of the results Was
maintained throughout these checks. Another t;pical
comparison of the experimental output dye tracer curves is

‘shawn in Fig. 6.5.

&5.4 Evaluation of the Methods for Estimating __the Mixing

Model ‘s Parameters

In the third chapter, various methods of estihating the
mixing model ‘s paramefifs are pFé%ented. These methods, if
successful , would enable a modeller to estimdte the mixing
madel ‘s parameters without having to resort to tedious and
_lengthy trial and error ¥inite difference runs.

IThe analysis of the experimental results included an
éstimation of the model ‘s parameters by the various proposed

methods as well as Ferrara and Harleman 's** trial and error

=

-

“
.
.
B
uF
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OUTPUT DYE TRACER CURVES
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Figure 6.5: Qutput Dye Tracer Curves Nemwnstrating the .
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. ' where Sk
. /*’// ' Cs

solution. ~~ All of the estimated parameters from the various
methods were run with the finite difference program. The
standard error of the estimate (Eq.‘ (6.1)) was calculated

for each method and the results are listed in Table 6.3.

4 s=agmn -
S = [( E (Ca = Cee)®¥/(m—1)]27= (6.1)

A==y

n

standard error of estimate
concentration from output dye tracer curve
H at time i
: Ces calculated concentration at time i
' m pumber of concentration values

It

nu

From the table, it was evident that the best methods
for estimating the parameters were Method II and Method IV
(they had- the lowest Sa values the most often). These two

methods both calculated'the dilution ratiao, Ds, from the
_ a

ratio 6f the mass of unrecycled dye to the total mass of

dye. However, in Methaod II, the dispefsinn coefficient was

estimated from the peak concentration qﬁ_ the reduced dye
autput curve, while in Methaod IV, the dispersion C;Efficient
was estimated from the variance of the dye output curve.

v It should be ﬂginted npt here that the gccuracy of the
two methods in evaluating the dispersion coefficient relied
on the ability of the modeller to separate the unrecycled
-dye from the remainder of the output dye tracer curve. As

discussed in the chapter on theory, the cutoff point is

sometimes difficult to identify, and this will cause greater

)
A
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Table &4.3: Summary of the Estimate of Error for the Various
Methods Used to Calculate the Models® Parameters

Run  Method  Method Method  Method  Ferrara and

124

1D I 11 I1X Iv Harleman .
AlA 1.20 0.50 0.78 0.74 0.465

AlB 2.69 0.32 1.50  0.39 0.48

AlC 0.89 0.46 ° 0.54 0.50 0.59

AZA 1.02 0. 42 0.40 0.60 0.58

AZB 1.31 0.69 1.41 0. 48 0.87

AZC 4,32 0.43 1.42 - 0. 48 0.63

A3A° 2.24 0.38 1.62 0.32 = 0.648

A3  6.60 0.59 9.02 @57 1.00

a3c 2.264 0.25 . 3.10 . 0.20 0.78

B1A 0.99 0.43 0.47 Q.42 0.4&4 S
B1B 2.04 0. 46 0.6 0.67 0.67 '
B1C 0.78 0.67 0.69  0.67 0.73

B2A 1.35 0.38 0.641 0.40 0.56

B2B 0.26 0.21 0.19 Q.20 0.20

B2C 1.15 0.36 0.7t = 0.33 0.39 "

B3A 1.24 0.56 0.82 0.59 0.84

B3B 3.82 0.38 1.32 0.45 0.88

B3C 9.31 0.33 5.15 0.33 0.72 .
ciAa 0.55 0.34 1.15 0.47 0.26

CiB 1.50 0.25 1.08 0.24 0.38

cic 0.94 0.26 1.00 0.27 0.19

C2a 0.56 0.53 0.46 0.44 . 0.44

C2B ., 0.87 0.41 0.58 0.43 0.53

c2c 1.93 0.18 1.08 0.21 0.44

c3a 0.72 0.25 0.75 0.25 0.79

C3B 0.37 0.33 0.40 0.33 0.464

C3C 1.33 0.58 0.68 0.57 0.79

——— — e e b St ey e —
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arrors in the dispersion cuefficient estimate when it is
calculated fram the variance. The results presented in
Table 6.3 support this. Method 11 produced a better fit
(i.e., a lower Sw) (lé out  of 27 cases) more often than
Method IV (14 out of 27 cases). It was noted, hu&ever, that
in most cases (1B out of 27) the Se’s found for both methods
were very similar, indicating that; in most cases, the cut-
off poiﬁt was determined Qith a %air degree of accuracy.

The appropriateness of Methadé fI and IV in estimating

the model 's pérameters-can also be verified in Fig. 's 5.1 to

5.27, where, in practically every run, the'dye tracer curves

f

resulting from these two methods most nearly approximated

the expérimental curve.
‘Methad I relied cn the peak concentration to evaluate

the dispersion coefficient whereas Method III used the

»
r

variance. The width of the active zone, however, was
A%

obtained from a modified Fischer’'s equation (Eq. (3.34)).

These methods did not produce very.gdnd results.

In Ferrara and Harleman's method, a trial and error
approach was takeﬁ//?n whicﬁ various trial values were
assigned to Ds until a best fit (smallest Sa) was found.
The dispersion coefficient in this method was obtained from
Fischer’'s equation. In most cases, the metﬁod's results
were not as acgurate as those found from Hethdds'll and IV.
This will be discussed further in Séctinn’b.ﬁ.l.

Another method’' of determining Wa was proposed in the

theory section. This ~‘method again used a modification of

r3
U

3

B
i



Fischer ‘s equation in which the shear ' velocity term was
replaced by 8, the slope of the energy grade line (Eq.
(3.31)) . Unfartunately, in model studies of this size, no

measurement of S was possible due +to lack of a measurable

differential elevation between the two ends of the basin.

Therefore, it was impossible~to check this methbd.
From the results presented in Table 6.3 and this

discussion, Method II was choseﬁ

as the most reliable.
Therefore, the remainder of the aS}lysis of the results was
based on the results from this method. It should be pointed
out that the values oles and Wa obtained from this method
were exéctl; the same és the values obtained from Method IV

since they were calculated in the same way. The mixing

" model ‘s parameters from Method 1II are tabulated in Table

6.4.

6.5 Analysis of the Dispersion Coefficient

6.5.1 Comparison with Es Calculated from Fischer's Equation

In Method II, the dispersion coefficient was estimated

from the peak concentration on the dye output curve (Eq.

(3.22)). The values of En for the various runs are
tabulated in Table 9.4. Included with these are the values

calculated +from Fischer’'s eguation (EA(FISCHER)) {Eq.

124

(3.14)) with the same values of Ds and 8 as in Method II.



Table &.4

: Parameters for the Model (Obtained from the
peak - concentration and the mass ratio)

Rev

Run Ea Dm :Tp/Ta Eat(Fischer) Ea(Fischer) Nf
ID x10= ®x10=

A1A 1.17 2.12 0.407 0.190 2.78 2.4 0.0049
A1B 1.08 2.43 0.690 0.283 8.01. 7.4 0.0088
Al1C 3.68 2.10 0.507 0.238 7.34 2.0 0.0119
AZA 1.19 1.58 0.364 0.229 2.17 1.8 0. 0055
AZB 1.65 1.37 0.398 0.288 3.59 2.2 0.0100
A2C 1.00 2.56 0.690 0.344 13.2 13,2 0.0136
A3A 0.59 1.48 0.844 0.577 3.95 6.7 0.0055
A3ZB 0.53 2.08 0.819 0.393 9.75 18.4 0.0100
ASC 1.44 1.27 0.640 0.499 6.90 4.8 0.0148
B1A 1.19 1:66 0.348 0.207 2.02 1.7 0.0051
BiB ' 1.51 2.26 0.510 0.224 6.06 4.0 0.0089
BIC 3.97 1.57 0.432 0.268 5.07 1.3 0.0122
B2A 1.28 2.18 0.48B6 0.220 3,72 2.9 0.0055
B2B 3.37 1.29 0.474 0,355 3.87 1.1 0.0101
B2L 2.17 1.57 0.449 0.283 6.12 2.8 0.0139
B3IA 0.93 1.26 0.425 0.333  1.99 2.1 0.0056
B3B 0.72 1.25 0.489 0.387 4.01 5.6 0.0105
B3C 0.63 1.82 0.729 0.399 11.3 17.9 0.0152
£1A4 1.22 1.66 0.294 0.173 1.83 1.5  0.0051
ClB 1.34 2.18 0.409 0.185 5.04 3.8 0.0089
CiC 2.34 1.91 0.439 0.224 b, 23 2.7 0.0122
C2A 1.00 1.15 0.203 0.173 1.04 1.0 0.0051
C2B 1.94 1.55 0.414 0.255 3.99 2.1 0.0101
C2C 1.47 2.03 0.429 0.304 9.93 6.8 0.013B
c3a 0.77 1.00 0.317 0.308 1.30 1.7 0.0056
C3B 2.20 1.00 0.339 0.325 2.51 1.1 0.0105
C3€ 1.75 1.00 0.361 0.354 3.69 2.1 0.0150
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On the average, Ea(FISCHER) ig four times greater than
Enf{PEAK) . It is possible that the variations between
Ea(FISCHER) - and Ea may bg due tﬁ the lower Reynolds numbers
found in mdel studies. ‘Results from Fer#ara and Harlemanaz‘

indicated that the diEpeEsion cuefficienth was accurately

modelled by Fiécher's gquatiun in their studies on large
scale wastelstabilizatiun punds;

1

6.9.2 Relationship of Reynolds Number to the Dispersion

Coefficient
The values of the Reynolds number (Nr) for the active
zone for each run were tabulated in Table &.5. Ea was
\“ﬁintted against Nr in Fig. 6.6. As expected, Ea increased
as Nr increased.' A linear regression was performed to fit
the‘data (correlation .coefficient = 0.48).
~

L »

o

6.9.3 Variation of £, With‘wnﬂauu‘L (Width of Inlet and

Outlet Channgls)

Table 6.6 1lists the wvalues of average Ea far the

, Lou
various Weneannxe. Fig. 6.7 demonstrates that the dispersion

coefficient decreased with increasing Wemarnras- This

4
w

phenomena was attributed to the fact that Ea values
' .

represent the longitudinal dispersion in the active zone as
well as the dispersion occurring in the jet expahsinnﬂuf the
influent stream. In the case of the narrower channels, the

influent stream was entering at'a higher velocity, thus

undergoing a more extreme jet expansion and a higher degree
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Table 6.9: Dispersion Cnefficienf‘}‘pata
Run * Ea L Ua F Nr ‘s
iD (m2/s5)%x10=  (m) {m/s) Active 8 Photo
AlA 1.17 4.56 0.0283 . 0091 4600 0.41 0.42
A1B 1.08 4.56 0.0353 |0.00a47 9900 0.69 0.53
Aic 3. 48 4.56 0.058% 0.0138 16000 0.51, O0.51
AZA 1.19 4.56 0.0251 0.0104 S400 0.36 0.36
AZB- 1.45 4.56 0.0377 0.0096 8700 ©0.40 0.39
AZC 1.04 4.56 0.0445 0.0049 4800 0.89
A3A 0.69 4.56 0.0100  0.0129 2000 0.86 0.71
A3B 0.53 4.56 0.028 0.0041 7500 0.82 0.63
A3C 1.44 4.56 0.0323_0.0098 B400 0.44 0.59
B1A 1.19 2.98 0.0262 .0152 ' 5800  0.35 0.33
B1B 1.51 ,2.98 0.0477 0.0113 11700 0.31
B1C 313i:1 2.98 0.0519 0.0232 13500 O0.43
B2A 1.28% 2.98 0.0262 0.0164 6100 0.49 0.47
B2B 3.37 2.98 0.0299 ©0.0378 7200 0.47 0.41
B2C 2.17 2.98 0.0545 0.0134 13500 0.45 0.43
B3A 0.93 2.98 §.0174 0.0179 3900 0.43 0.42
B3B 0.72 2.98 0.0290 0.0083 6900, 0.49  0.44
B3C 0.63 2.98 0.0412 0.0051 10900 0.73 0.55
C1A 1.22  1.53 0.0311 0.0256 6500 0.29
C1B 1.34 1,53 0.0538 0.0163 13200 0.41.
ciC 2.34 1.53 0.0622 0.0246 13000  0.43
c2a 1.00 1.53 0.0311 0.0256 4500 0.29 0.33
C2B 1.94 1.53 0.0412 0.0308 9400 0.41 0.3t
c2c 1.47 1.53  0.0S500 0.0192 13500 0.63 0.30
C3A 0.77 1.55 0.0186__ 0.0271 3400 0.32 0.39
C3B 2.20 1.53  0.0333 0.0432 7200 0.34 0.39
C3C 1.75 1.5 0.0852  0.0253 10100 0.36 0.39

s
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‘of dispersion. The . three points on Fig. 6.7 formed, -

surprisingly, a straight line.

”

Table 6.6: Average Value of Ea for Various Wewammso

Average Ea Worarmm.
(x10¥m=2/s) (m)
1.94 0.20
1.467 0.30
N 1.06 0.50

6.5.4 Variation of Ea with @ (Flow Rate)
4
In Table 6.7, the average values of Ea for the three

different flow rates are listed. ‘These results, which are
plotted in Fig. 6.8, shaow that Ea increased with the flaow
rate. This was expected since a higher flow rate produces a

higher the Reynolds number and the degree of turbulence, and

therefore, a higher dispersion coefficient. The results in

this case were again linear.

Table 6.7: Average Value of Ea for Various Flow Rates

Average E, (2]

(x103m=2/s) (1/s)
1.04 .

1.0
1.59 2.0
2.05 3.0
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6.5.5 -Variation of Ea with Length to Width Ratio

In Table 6.5, an extra column was added in whjch‘the
value of the reduced dispersion coefficient (F) was entered.
In Table 6.8, the various values for average Enrand average
F were tabled for the three different L:UW ratios. The
relationship between Ea and L:W is shown in Fig. 6.9 and
‘for F and L:W ‘in Figa. &6.1D. In Fig. 6.9, En was seen to
increase as the L:W ratio washdggreaéed fﬁum 3:1 tp 2:1, and
then tc decrease when L:W was decreasea'to 1:=1. lThus, {F
can be %7¥d that E,. appears tg'be independent.uf thé LW
ratio.

-

Table &.8: Average Values of Ea and F for the Various
L:W Ratios

L:iw  Ea -~ F
3:1 1.39%10™ a. 0090
{ £
2:1 1.73x10= 0.01465
L} .

1:1 1.56x10>  0.0264

The graph of F versus L:W (Fig. &6.10) behaved in a more
‘predictable manner in that F decreased .as the L:W ratio
increased. This was expected SiECE F- is abtained by
dividing Ea by L and Ua. Thus; 1f Ua rgmains constant, F at
a L:W. ratio of 1:1 should be thrée timeg greater than F at a

L:W ratio of 3:1.

- .

.
Lo
“
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4.6 Analysis of the Dilution Factaor

The values of Ds estimated from Methad I1 are listed in
Table &6.4 for all runs; Plots of Ds versus Froude number
are presented in Fig. 6.11 for the length to-width ratios.

6.6.1 Variation of Ds with Woyanmen.

In Table 6.9, average values of Ds for thé L:W ratius
and wcH“NN‘L‘are presented along with their reéspective over—
all averages. Plots of Ds versus Wewamnse are shown ;RFFig.
b.12. Ds decreased as WounannmsL. iné;eased. This was at-—
tributed to a decrease in velocity of the incoming stream as
WEAA;N‘L inéreases, therefore, less momentum transfer oc-
curred which reduced the amount of induced recirculation
flow. »
6.6.2 Variation of Ds with L:W Ratio

The average values of Ds for the various Worammee wWere
also'tabulated in Table 6.9. In Fig. &.13, it-was shown
that curves of Ds wversus L:W ratio varied from concave up-
ward when Wewmannsr wWas 0.20 to nearly a vertical down sloped
line when wcHa;NzL was 0.30 to a concave downward curve when
Werannm,. was 0.30. These tendenciés ﬁay be dﬁe to exper-—
imental error. In general, Ds decréased as L:W decreased.
Considering tha@ the amount aof circulation should increase
_as the length of contact, momentum transfer between recycle
aﬁd active. zones should also increase. Thﬁé, more flow in

. ¢

the active =zone was required to compensate for increased

circulation.

L

i
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Table &.9: Average Values of Ds for the Various L:W Ratios
and Worannusl 'S

L.zl
Weranmme 3:1 2:1 1:1 Average
0.20 o 2.22 1.83 1.92 1.99
0.30 1.84 1.8 ° _1.58 1.70
0.50 1.61 1.44 1.00 1.35
.) Average 1.89 1.65 1.50
b.6.3 Variation of Ds‘uith Froude Number ¢9

The average values of Ds for the three flow rates are’
tabulated in Table 6.10. For simplicity, the flow rates
were used instead of Froude number since the depfh‘ was
~maintained nearly constant in all the runs, and theéefure,
Nf was nearly constant for all runs with the same Q. From

the values in Table &.10, Ds was assumed to be independent

of flow rate.

Table 6.10: Average Vélues_oi Ds for the Various R's

4
Y

Ds - @ (l/s)
1.57 1.0
1.71 2.0



6.6.4 Ds for Runs C3A, C3B and C3C
C .
.In these three runs, Ds ~was equal to one. This
accurred because all of the dye' appeared in thé effluent
befaore the cut—-off point. Nn detectable dye entered the
récycle zones of the basin. In these three situatinns,;the
mixing mndel_ was the samé as a dispergsed model with a
reduced volume equal to the volume of the active zone.

-

4.7 Analysis of the Volume Ratio (8) ¢

A

The valuéa of 8 for the various runs as estimated from
Method II were tabulated in Table 6.4. Figures 5.28 to 5.48
are time expnsure phntngraphs of the miking-patterps'in the
laboratory model during some of the.experimenté. ‘Ffom these
photngfgphs, valuei _of g8 referred to as BcewmoTar Were
measured. These.values are tabnlated in Table 6.5. Figure
6.14 is arplot of § versus B (enoTos. The closeness of the
data to the 45 degree line on this graph snppnfks the fact
that the chosen nixing model ‘s parameters had nhysicnlly
meaningful results. 2

—

6.7.1 Variation of 8§ with L:W Ratio

The values of 8 in Table 6.4 were averaged with the L:W

ratios, tabulated in Table 6.11 and plotted in Fié. 6.i5.
As expected, 8 increased as L:W increased. This is
énalugous to saying that as the L:W ratio of a vessel is
increased, the recirnulation zanes bennme more insignificant

and, thus, the basin behaves ‘“more closely to a

L
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dispersed flbw aor CM tanks in series model. The

relationshiﬁ between 8 and L:W appeared linear in Fig. 6.15

t :
although the line must ultipately curve to reach 8 equal to
one asymptotically. If the 1line was linearly extended

(which must necés;arily somewhat underestimate the ratin), a

4

L:W ratio of 6.7:1 was required to have had a B equal tqﬁ'

one. At that point, the entire volume of the basin would

have been the volume of the active zone. It should be noted

/s

that the value of 617:1'{nr L:W was an average value for all

‘ R
flow rates and widtﬁzgk inlet and outlet channels:

2

The characteristit relationship betwsen 8 and LTW ratio

was explainable by the jet exPansinn of the influent streém.

It stands to reason that a jet stream would continue to,

L
expand as distance increased, therefore, the fact that the

width of the active zone increased as L:W increased was

)
expected.

Table 6.11: Avefage values of 8 for the Various L:W Ratios

: Average ~ ‘  ‘
. L:l 8___ %3‘
. - N J
3:1 0.598
S 2:1 G.482
1:1 " 0.378.

Figure 6.16 is a plot of the averaged values of 1 far

the three different values of Wenannme which are tabulated

/

~ e ewvmewr
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-

in Table 6.12. ° Again,rthis line should curve ta reach;%

equal to one asymptotically when Wnuanus;/ﬂ reaches one.

il

Table 6.12: Average Values of B for the Various Wenarwse /W

Worannsy. Average T "
W - B
0.133 0.448
0.200 0.456
0.333 0.554

6.7.3 Variation of g§ with Froude Number

The averagsﬁ/zalugs uf 8 for the different flow rates
are tabulated in Table 6Y13. The vnlumetric‘flow rate, @,
was utilized instead of Nf because, as discussed .previously,
the depth was maintained constant, thus Nf is proportional

to B. The wvalues in Table 6.13 indicated that & increased

-as the flow rate increased. This phenomenon was predicted

by the theory on corner circulation by Abbott and R;smussen‘
which Mas stated in Section 3.1: the higher the incoming
stream velocity thq greater is its ;bility to spread
laterally acrégé the flow field to reduce resistance.

Iéglg_§;1§; Average Values of 8 for the Various @
\\\* Q Average s
v 1/s) B ‘ , f e .
1.0 . 0.412 ' (/fg s
ﬂ 2.0 o.s0s |
’ 3.0 . 0.542

-
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4.8 Analysis of the Time to Peak

. ) ’
The time required to reach the maximum dye

canqentration on the experimental_-nutput dye tracer curves

“was termed the time to peak (Tp). When Tp is divided by Ta,

the value thus obtained (Tp/Ta) gives an indication of the
degree of short—circuiting in the 6 sin. » A value of 1.0
indicates PF whereas a '§a1ue of 0.0 indicates A CM
situation. The values of Tp/Ta are tabulated in Tablg 6.4.
Figure 6.17 is a series of plﬁgg of Tp/Ta versus Nf

for alr//kﬁé laboratory experiments. From these plotssthe
following general statements can be made:
4 . 1)  Tp/Ta increases -as L:W increases
2) TP/ Ta increases-as,Nf incréﬁses

3y Tp/Ta iqcreases as waANN.; increases.

The implications of/bQint-(2)rabd§g’5hauld be carefully

- s % )
studied. It -is true that as Nf is increased, Tp/Ta is
increased. It‘ggggq_bg;remembered, however, that as Nf is

. -

e N S o ;

increased, Ta is.decreased. For instance, if Nf is dog?&ed
Y ARSI

{i.e.y:B is doubled), two basins of the same volume would be

required tohachieve the same Ta and a higheF Tp/ Ta.

The above analysis of Tp/Ta indicated that to achieve
d;;;ter treatﬁent efficiengy (higher Tp/Ta), one should
increase the L:W ratio of the Qasin, increase the number of

compartments in the basin, and/or use wider channels

(diffﬁsers or baffles) in the inlét and outlet channels. -

-

o
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CHAPTER VII

CDNCLUSIDNS;

The Ferrara - and . Harleman model *~ was® chosen for
representing the mixing prupertieg'uf a SWTP. Th; model is
characterized by 'aq central fast fiowing zaone in which
longitudinal dispersion occurs in cninectinn with CM recycle
zones along the sides of the centra dzuné. ™

A Crank—-Nicholson finite differénce solution to the
governing partial differential equation was developed into a
cumputer\gjbgram which&taok into consideration tg? dye being
recirculated through the recycle zones at each time
in;remenf. It was found that the number of time steps ;s
wefl as the number of incremental volumes should be kept at

— : -

a minimum of 390 each. k

o
-

The mixing model clbsely reprodured the dye outﬁut
tracer curves from the laboratory model study. The choice
of mixing model depended on this criterion as well as ease
of appliéatinn. ‘Methods of estimating the mix;ng model ‘s
parameters were evaluited. It was found that the gispefsiqn
coefficient was best evaluated by Levenspiel and‘ Smith’'s
equation (Eq. (3.22)) relating the peak concentration on the

dye tracer curve to the reduced dispersion coefficient.

L
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The dilution ratio was found to be accurately
represented by the ratio of recycled dye to total dye. The.
4

mixing model ‘s parameters were, therefore, easily obtained

from an analysis of the output dye fracer curve, thereby not

requiring a series of . trial and error runs on the comptter

to identify the maodel 's parameters.

Tng Ferrara and Harleman mixing model wéE/;;;;?fuund to
yield physically meaningful results. The estimated values
of the ratio of the volume of the active zone to the total
volume were found to be very similar to the values measured
off the photographs from the modgl Tuns.

The following conclusions apply only to pands of the
same geometnic shape and Froude number range as that of the
Iabnratnry model . R
1. The dispersion coefficient increased as the flow rate
and the . Reynolds number increased. The dispersion

coefficients in the model were found to be “fuur times

smaller than those predicted by Fischer’'s equation (Eq.

‘

(3.14)) on  the average. The dispersion cogfficient
decreased as - the width of the inlet and outlet channels

increased.

2. The dilution ratio was found to decrease as Wonanuso
increased and as L:W ratio decreased. It was also found to

be independent of flow rate. Thus, Ds was solely a function

of the pond’'s geometry- \\\;)

oA
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3. 8 was a function afﬁbund geumkt?} and flow rate. It

3
was fuJ;d to increase with (1) LzW ratio, with (2)

WL—_HANN.._, and with (3) Nf.

4. Tp/Ta was found to increase as the L:W ratio was

increased, the Wornarnmum wds iﬁcreased and the flow rate was
increased. |

P . . ' '
S. Results should be scaled up according to Frnude's'LaN.
Iin some instances,-beEauéiJgf/iag—;;;Il depth of flow in the
prototypes, a distongB model may be ne:;;Aary. The Qalues
of Ds found in the model studies could be applied to
prototypes of the same L:W ratio and Werannee as the mndels;
The values of g could also be exfended to prototypes of the
same L:W ratio and Wcuggugh as the models, but only at the
same Froude number. Maore work is required for the
diséérsinn coefficient since it appears to be a functian of
Reynolds number and thé. model studies were not operated at
Reynolds numbers in the range of the prototypes. However,

as an alternative, one may assume that Fischer’'s equatigﬁ

applies in large prototype ponds.

"y o
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'+ CHAPTER VIII
RECDHMENDATIDN@_EﬁR'FUTuﬁngESEARCH
1. The validity of Fischer ‘s equation for calculating the

dispersion caoefficient should be checked in larger basins.
<
2. More tests with higher length to width ratios should be
performed to find the ratin’ at which the ent;re basin volume
Y

becomes active (8 = 1.0). This ratio ?E/expected to change’

as the width of the inlet and outlet channels is varied.

3. Tc better estimate experimental errors, more tracer

curves (three o five) under the same conditions should be

vbtained and averaged.

’

4. The influence of the 48t expansion on the value of the

—

dispersion coefficient should be‘quantified.

9. A larger pump shmuld. be tested with the, fivg—tube
sampler to see if it eliminates the dispersion problem that
existed with this sampler. |

_—
b A convolution of the dye tracer curve under unsteady

conditions to find flow conditions could be attempted. This

149
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would include changes in influent concentrations, as well as
changes in the model 's parameters as flow rate changed.

7- With a larger data bank of results, one may be able to
define Ds as a function of LtW ratio and Weranesre and also,

§ as a-function of LiW ratio, Wowassse and Froude number.
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APPENDIX

A.1 Finite Difference Operators
The governing partial differential equation (PDE) is:

aC = E *2€ - U C
at ax=2 Ix

whep using a finite difference technigue to.solve a

PDE, a network of grid pnints is set up throughout the

reglun of interest occupied by the independent variables.

The partial derivatives of the orlgtnal PDE are approxldé%ed

rl

by suitable finite difference expressians.‘

A space—-time grid representation of elements is set up.

‘The procedure leads to a set ‘ofyalgebraic equations in terms

of the estimates of the dependent yariable, Ug .39 whose
values may then be determined. By making the grid spacing.
sufficiently-small, it is_ hoped that u,,, will become a

sufficiently close approximation to the true value at any

grid point (i,i).

Theigziijcan be 'set up as follbws:

f

-

C&yim) T(c’,sm G 14 - £«

&t ot

(i ) 165) o)
ﬁ—-A;\—j

(i G ),
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The following operatars may be used to estimate the.
derivatives?..
{a). 5§Eward difference:

- gy = Ugeaea—Us . s + 0 {Ax)
dx Fab o

(b). Backward difference:

dU = Uz a=Us—a.a + O (ax)
dx AX

j ). Central difference: oL J

dU = Uses.a—Usza.3 + OC(ax)=]
dx 248% ' :

(d). For the sgcond derivative:

d®U = Ug-2.3=2Us ¢ * Ugez. s + oC (ax) =1
dx=" (ax )=

A.2 The Crank—Nicholson Enuations faor Solution_of the Model

The mode; of Ferrara and_Harleman"' is shown ianig.
3.11. This_mndel assumes that the centrél active znhe
behaves ;sLHAicfaté;:py the rules, of the disperse& " flow
model, while the oufgide Eecirculating zones clasely
approximate the behaviour of the completel y—mixed flow

wr

madel .

In the formulation of their model, Ferrara and Ha?leman

have assumed that the active zone does not intermix witﬁ the

1

~f recirculation zones for simplicity and ease of mathematical

representation. These zones anly interact with the inflow

anL outflow of the active zone.
iy . . .o .
YThe PDE for;the dispersed flow zone is the equation piven

e’ :

. .
€ . . .
above. The recycle zones are CM and no intermixin tween
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. [ \\
the zones is considered except at the ends of the veasel.

The recycle zones are fed water at the far end of the vessel

-

,--~"and return water to the active (dispersed) =zone at the

\
\

entrance to the vessel. Equations for 7th CM zone are
presented after a discussiunwgf the dispersed)zone solution.

The Crank-Njcholson’ #armulafgnns were chosen because of-
their stability. .

The partial derivatives may be ekpressed as follows:

3
v

2C = C4 .ne1~Cs.n

at at
E 22C = _ 1 { Ea(Cawsyn — Cayn) — Es—2(Cas o — Caca.n)
Ix= 2 ax= )
+ Et(Cs+1.n+1:— C:.n+1) ”lEa—l(C1.n+l - Ct—l.n+1) } 1
' ~
u QQ = *L_(Utci.n - Ua—xci—x.n + UaCys i ves = Un—iCa—x,n+1) :
ax 2a8x ‘

In finite difference form, the partial differential

equation can be expressed as follows:

Casnra=Ciyn = _ 1  {Eis(Chuwz.n— ;,n)—Esqz(Ca,n—C\—;.n)
at 26> . _ Y

+Es (Cavaones~Ci o) ~Ei—1 (€1 onea=Cams inea I3

+ _1 (Ua—iCs—:,n—Uscs,$+Ut—1cs—:.ém1“U1C;'n+1)
248% . ' ;

For element 1, the equation is:

&
!:, ll:l:ti-cl sn = 1 {E, (Cg..{"Cg,.—.)"‘Eo(C:.n"'Co.n)
at 248x= -
. ' : , \
+E1'(C2.n+a_cx,n+1"’Eo(Cl.n+1_C0-n+1)} /<

+ 1 A{UsCa,n=UiCiytUoCo,nev1—Ui1Cis ynead
2a% |, .

PR |

]
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’

For element N, the last elﬁhenté& volume (N is the tqtai //
number of elemental volumes), the eqﬁation is:

‘CN n+1~Crnasn & 1 {En(Craea ,r;“CN,n)"EN;a (ciu.n"'c:l—l on) -
at . 28x32 /7

+Era (Opyea .n+a.—CN.n+x')"EN.—1 (Crion+1—Cr—1,ne1)) ¢

+ __1_ (Uns—2Cra—13 ,n“UNCN,n"‘L!N—-—I.CN—x .n-_v-a—UNCN'n-O-I. }

24x% \ ‘

{’:
For element i, rearranging, the équéfg;n isz’

(2+E,At+U,At)C=.nﬂ—E.Atcz,...ﬂ=(2—-E,At—U,At)C;.n+E,¢tcz',..
AXZ  Ax ax= - . AXT AX . ax=

) 4 ™
+ Unﬁt (CO,n"'Cn.n-.—l.’
Ax

Far element N, reaﬁgghging, the equation is:

(24+Epza At +UnAL) Crusnsa = (Enzadt U 2 8 £)Cres g
AR=Z AX A X= AX \.\

= (Epyey At +Upge 8 Crimt e+ { 2~Epi s At —Unat ) Cra
ax= ax . ax= ax

The following simplifications can be made:
"Ey = Ez ... = Ei—y = E, where i = N.

Eo

Ew = 0 (boundary conditions)

Uo=U;=U2=-.-=U;—1=U:=U

let DAt = p ) Ci” = Cayone+a
ax= h
uUat = q ‘ Csi = Caon

™ '~\j _ b | &

. ———— ———



The solution for the set of n equations in matrix form is:

2+p+q -p O 0 0 »ea

) 1

-

v

Q o
-p—q 2+2p+q -p 4] Q .-a o) 0
0 -p—q 2+2p+q —-p A .= Q 0
0 0 . o .a - =p—q 2+2p+q —p
o 0 0 “nu 0 -p—q 2+p+qd
. . . -
Ci' | [(2-p~q)Ci+ Catq(CotC’o)
Ca" | (p+q)C;+ (2“"2p_Q)C=+pC=
Cx" (p+q) Ca+ (2-2p—q) Cx+pCa
Ca’ (p+Q) Ca+ (2-2p—q) CatpCa
\\\\\\\ - (p+q)C1_3+(2~2p—q)C‘+pC.*g )
\ - - ] ‘om o L) - @
C z—ao (p+q)Cx—=+(2-2p—q)Cx—1+pCx '
LE;:,_ ﬁp+q)Cx—1+(2—p—q)Cx ' f i
A simpler matrix can be abtained, with the follawing
substitutionss
-lgt —a = -p—q p+q = a -
b = 2+2p+q e = 2-2p—q
— e P P F ¥ -
'b—c -c o 0 0 - 0 0 0 0 0
-a b -Cc 0 0 I 0 0 Q 0 0
o] -a - b -C 0 ... 0 0 0 0 0
0 0 -a b - ... .0 o o0 0 0
0 Q 0 (o) 0 ces  —aA b -c 0 0
0 0 ¢ 0 0 I O —a b - 0
0 0 Q o) 0 “ e 6] 0 *-a b -C
LO 0 0O Q 0 S o] 4] o -a b
T. ] [q(CatCo’)+(e+c)C, +cCa |
Cz’ an v + ec: "'CC::_
Cs”’ | aCz= + eCs +CCa
- Ca’ aCx + elCas +cCm 0
N ~ . &
- - - - f
. R T B . .
Cz—x “ ACyx—a +eCz.x +cCr =
C'x—=2 alz—x +eCx_= +cCxr—a
C' rT—1 . aCz—= +EC;.—1 +cCx _‘ P\ .
C':s . 1° |_aCx-.. '+(e+c)Cx 0 f

>
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A.»®. 1 Solution of the Crank-Nicholson Equations by Gauss's
Elimination Method (Without Pivoting) ’

( -

First Step: !
1 r .
rs = b, = b—c ) v :
re = by — _aa Ci-a . '
rs—a
ro = ba - g._g[::. =‘b_al.'. = b-at
ra b—c. a
]
r= = bxs — agC= = b-ac
M= M= -
and, in general, rs = b—_ac (i=2,348,.-2,1}
Ma—1
Se:gn&mSteg=
8, = dx.= -q(Co+Co')+(e+;1C;+cC= = di - w x
Gy = da * ai_Si-1 : " -’/—./
Ma—a = . ™
= dy + a Sa1-1 (1=2,3,4,6..,17
Fa—2a . B :
Third Stepy/ ) : e
C'nu = Sw .. . 7 . _\
Ly ' . ‘
C'u—s = _1 (Spu—3+Cz—1C' !} g i
Mu—a: ~
- ' -
A R (S44CC 141 (i=1-1,1-2,1-3,...,1)

1
nRs

‘A.2.2 Concentratign,C, in First Elemental Volume at t=0:

Mi has a value such that . Co = Min = 1.0.
B v

Therefore, . g '2

Min &= VY.
. Eall

- Also the Q;sslin the first Elehenta} volume hust/;atisfy_

-g
. C-AY = Min =V . . -
s R

Hln =V : * : \"'\
t .
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Rearﬁanging, C=V¥V. =LxWrxD = L x W
av ax x Wa x D AX Wa

where: N = L/ax (number of elementallvblumes)

oar .,

. .
- - | .
} Cin= vV = _v_ = T_“_ . ~

~ av Qat at
A 2.3 Masg Correction (at each time step)
A time t
S
i) Mass (t) = E Ca(t)w,

i

where Mass. (t) mass af dye in the basin
calculated from the sum of the

elements at time t

v Cs (t) = dye concentration in element , at
g : time t
Vs = volume of element s,
; ; v -
ii) MHM((t) = Initial mass — mass that has been removed

thrnugﬁ the effluent

.

v - I Couel(t) at-aQ

where ¥ = initial mass of dye S

Couc(t) = concentration of dye in effluent at time t
at = time step )
Q@ = flow rate

o~

ii1i) Massc () ICic(t)V, !
carrected mass of dye in basin
. . calculated from the.sum of the
- elements at timggt v
' Cac(t) = Ci(t) x M(E)e _ } S
Mass(t) )

= corrected dye concentration in
element , at time t

where Massc (t)

Equations for a.CM‘ReactDr

g

T é following equation applies to a €M reactor and wés

L
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Cuut¢n+l! = C v + C Q t
' ¥V + Qat

Where Coue¢nes> = .concentration leaving CM reactor at
time t + At (nt+l1)

Cincn+1> = concentration entering CM reackor at
time t + At  (n+l1)
Cout cns = concentration in the reactor at

time t (n)

L") = volume of CM reactor
at = time step ¥
Q = flow rate

This 1is nbtainedf from a mass balance around thHe CM

reactor. ."

A.4 Standard ErrurAFurmula

"The formula below was used to estimate the standard __ -

error of the various methnd%,used.

‘-~

Se = YLys—(batbixi}1=
n—1

Estimate of the{pupulatinn correlation coefficient is

given by
R = E(xa—x)}(yy—vy)
LE(xys=xIZIL (yo—y)=] -

Se = Il{vyas—Ymal=
n—-1 .

-

A.3 The Comguter'Prugrgi

L I

" e

The following pages list the computer program that was

used to solve the equations above. ap )
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.l!ﬂlllﬂl!ﬂ'tlrll!li'lkl#!l!ﬂﬂilllilllll'ttt!lﬂtliltllltﬂ"l!ll#it

') MAIN PRDGRAMR
.!nkl!l#lllttiutﬁﬂ!lln'l#ﬁltllltul!!!#tlltil#llﬂﬂﬁ###tﬂltltlttllﬂ(’

O IMENSION CUET) 4 TUT797) 9XT{67) ,COUTHE7) )FINALE30,4) 4XCIET) I

REAL Ly MANING . ‘

REAL®*8 IGENT _ |

INTEGER PLOTOP : |

DATA P1/3,14159/,TAXIS/0/,IPLOT/47,ITER 4s* i

COMMON L ¢NGoDT,TDy44D,Q, MANING v, MCDU&T,PLDTCP i

READ (5, 3) IDENT .

RE ab 15411 NG,OT 0,0, w,L :

READ 15,2) IXCIII.I=1.NDl - _ N

READ 15,9) TZERQ ,

READ } IACT , : ’

READ 'f C1) METOPT

READ | )} LOPT4MANING,SLOPE

MCOUNT ]

.

)>>>>)>>)>>)))>>)))))))>)>)>>))))))))))))))))))))) PLOT COMMANDS

"READ-{57;6)1-PLOTOP .- .

IF (PLOTOF, NE.1} GC TO" 67

IGIAPH = ¢ .

CALL PLOTS (10040,27.5) 'y
CALL FACTOR (G.50) '

CALL SYMBOL (20.0, 2540 4045924 HOVUTPUT DYE TRACER CURVESy 0. 0 24)
CALL SysaolL tz23., 5,24 C, Je¢3%y)L1HKUN NUMBERI Z0.0411)

CALL SyspBoOL l27.7 za.o O e3ByIDENT 3 0ad 8]

XTIND+1) = (.0

ATEND+2} = (10

CIND+L) = Q0.0

CiIND#+2) = (e25

CCUTIND+1) = 00 ;
COUTIND+2) = Q.25 '

>))>)>>>>>>>))>>>>>>))>)>>>>)>>))>))>>>?))>)>)>)) wRITTE COMMANDS

IDENT

WRITE (6,18) )
'QITE (6’10. ND’DT'Q D' 'L '
“RITE [B,34) VANING,SLO E

V. © o & | =« 0 \

WRITE (64,29) Vv

TO = v /7 q

WRITE (35,28) TG

dRITEZ (6432) TZERD

RITE (3,21 (XC{I),T1= 1,ND)

)))))))))))$>>)>>>>>>))))Y) SET WP OF THE NOFRMALIZED TIWME MATRIX

) ™
DO 68 I = 31,KD

a0

legl = FLCLAT{I=-1) * DT s TD _ . i

)))))))))))))))))>>)>> NDQHALIZATIUN OF THE CDNPENTRATION NATRIX

CALL Tnowaib.z 659XCyT47,DT)

[y
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S

WRITE (6,12) ! f
DO 51 I = 1,7

JX = 8 = I -

YRITE (6413) (TIIyJd)ydml,dx)

FACTER = (T11,7) ¢+ x%|~0| /7 240 % {(TZERO = FLOAT{(MD = 1) * DT})

c/ TD -

BO 50 I = 14ND .

CtI) = XCUlL1) / FACTER

WRITE (@4231(C11),I=1,4ND) R
33353333333 »5333>3>22>>>> TIME LOCATICN OF MAXIMUM CONCENTFRATICON
CALL CMAX{ND,CodNMAXySCMAX]) i -

TP = XTU{JMAX) - L I
WRITE (64141 SCMAX,TF -

. ’
PRIRPBIDIIDFIISISOFIBBISIBIIORISDIOGRDSIIFOIRAIINRR> FETFCOPT COMNTROL
EY
GO YO (90,90490,R0) 4ETOPT T
CALL SIMPIIACTXCyRT,,CTCT) . ™
TPEAK = FLOAT(JMAX~1)} * DT
ISR RIIRSSIEIIIDESSOOSIESSSY> INITIAL ESTIMATE OF THE DETENTIOAM
333 FFIIIIIIBIIIIIBSDRIIBSSIDISID>>F>IS>S>ED> TIME CGF ThHE ACTIVE 20NE
TDA = 1.05 & TFPEAK '
SIS FRIIIFISIIIIISIDIISSIIISSIISIBIS>II>IDII>D>>> METCPT CONTROL
GO TQ (7C,73,7G,60) 4METOPT
. s

>55 533333555 >> SOLUTION CF LEVENSPIZL'S AND SMITH®S EGUATION KOF

U >>>>>33»>>>>>>>> D/UL USING NEWTON'S ROOTY SOLVING METHCD TO SCLWE
333330303355 3355955%> THE FQUATION THE FLR MAXIMUM._CONCENTRATICH
3333533333533 5353553535>3> 33> 5353>> CALCULATION COF ThE LARGEST DYE
3332332323233 3305335333>>35>>>> CONCENTFATION IN THE ACTIVE ZONE -
METQP = 1 ‘ . !

SXCMAX = XClJMAX) v TCA / CTAT

F =.04001 .

G = (Fee2,0 + 1,U0)%e("5

FEAP = =1av *. (G = 14C} / 2.3 [/ F

FF = ZAPAFEXPY / 2.€ 7 1 PI % Flesced / (G = Fhee0.5 "y i
FFP = FF ¢ (G = F = 1.0 7 2.¢ ¢ Fev2.0 ’ -
FPL = F = (FF = XCMAX) f FFP ' |
IF (ABS{FP1 — F) / FP1 LLFa. 2.0C1) GO TO 54

F = FP} .

BL TJ 52

FPLi = FPL

. ¢‘
$333>33>53>>>>>>5>>> CALCULATION OF THE TINME TQ PEAK IK TH: 2CLIVE
33555535 3>35>55> ZONE AS A FUNCTION OF fTRE D/UL’ VALUE In THATARONE
>»>>3>>>>>3>>>> 1ACCURIING TO‘LEVEN%‘IEL'S AND SMITH'S EQUATIONM) \

- " ~

2y
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TOALl = TPEAK , Tpa S
IF tABS(TDAL = TOA) / Tpaj sLE."0.,001) GO vo 76
TOA = TDA1 _ : .
G0 TO 71 S :

IF IMETAPT . EQ.3) mscYOPT = 3 »
METQP = 2 -
SUMF = P P . D .

SUMA XF = 0,0 . . * .
SUMXXF = p.o ) : Ce
0 75 I = 1,IACT . - -
SUMF 3 SUMF + xcir) . . . :

SUMXF = SUMXF + XC(I}] » XTUT) :

SUd XXF = SUMXXF + XCHI) % xT{I)ew2,9 _ ) ,
SUMXF = SUMXF * Tp
SUMXXF = SUMXXF » TDew2,.p )

. - i
. ) i
VARIAZ = Symxxr f SUNMF - {SUMXF ¢ SUMF)ee2 .o ) - L"'

VARZ2 = VARIAZ ¢/ TpaAss2.q v b Lt

FPL = [(VAK2 & 8,0 + 1e3o00)s = 1,5) # 8.0

FPL2 = Fpj : .o _ .
G = (Fr1iesz,0 + lellwep, s - ’ -

>>)>>>)>>>)>>>>)>> CALCULATIPN CF THE TIME TC.PEAK IN THE ACTIVE

3333335335 ZONE AS 4 FUNCTION OF THE C/UL VAL UE IK THAT ZONE ..

23332333333 553> {ACCORDING TO LEVENSPIEL 'S aND SMITH'S FQuATION)
TPA = 6 - fFpy

TDAZ2 = TPEAK / TFA

IF IAESI_TDAZ = TLAY s TDAZ «LE. 0.001) GO TO 76
TDA = Tna2 . .

GO TO 4)

32222235355 SOLVING FISCHER'S DISPERSION COEFFICIENT EQUATION B3y
2223>35>>> NEWFCN'S METHOD Yo LOYAIN THE wIDYH GF THE acTrve ZONE
223332355333 3355355355 > ISLOPE" IS GCEFINEC Bay MANNING 'S EQuaTION)
G0 TO

(9
W"RITE (5, *
2

GO0 TG 9 ‘ T ) \\\\ -

9492 ) 4METCR
15}

-

. ELN . " -
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/p
WRITE (6,18) .
WRITE(B ,25) . .
CONSTA = 1,10112& * MANING /7 L
WA = 0.7 % W L :
RHA = dd » D /7 (WA + 2,0 * D) ’
FWA = wA®$2,0 ¢ CUNSTA / RHA®®[T7.0/640]
FWAP = FWA / WA 7 640 # (S.0 + 7,0 ®» RHA / DI
WAl = WA = [FwA = FP1) /7 Fwap
IF (ABS{wAl = wA) / WALl ,Lf. 0.901) GC TG 57
WA = WAl ’
60 TO 55

CALL DSHAETA(TDAEA, FP1.IA1 BETA,DS5)

2325023353 D330032I032333333D0D353553320333DD29530055> PLOT COMMAND S

" B2

33
34
93

59

63

CALL FINITE(BETA,DSoEASFINAL, 2604565, COUT XT,CylAXIS, IPLDT ,ITER)
IGRAPH = JIGRAPH + 1 : .

IGRD2 = IGRAPH 7 2 ' . .

IFf { IGRD2e2.ME. IGRAPH 1 WRITE (k,20) . CoL

))>>>)>>>>)>)>>>))>>>)>>>)>)>>))>)>>)>>>>>>>>>))>>> LCPT CONTROL
GO TO le,GZ.?Q,?S.Tﬂ),LOPT ’

PIXIIOO S0 SOLVING FISCHEF'S CIPERSION COEFFICIENT FQUATIOH BY
2223352 JTON'S METHROD TO CBTAIN THE w10TH CF fkh ACTIVE ZOMNE
PE22P3030> >>3>>>3>> [THE SLOFPE IS CRTAINLD FROH THE INPUT FILE).
GO T3 (93, V¢ METGCP

SRLTE (6445 Mo '
GG TO 95 ‘ : :

WRITE(6,16) )
WRITE(6,422) ‘

WA = 3,7 & ¥w . ) -

CONSTA = 1.31})1126 * SLOPE®<¢1,5 » TDA / _Las2,0

RHA = WA ® D / I¥A + 2,5 ® D) g ; .

FeAa = CONSTA @ uﬁ"Z.C / RPA"vnﬁ

FWAP = CONSTA ¥ WwA®GD.: » (2.08WA+D) / D8G5 /7 (WA+Z,CeD)v0(,.5
WAl = wA = (FwA = FP1] [/ FuwAP .
IF (A3S(4A1 = wA) 7/ WALl .LEf. Co0GC1l) GO TO 63

WA = «4A 1

GD TO 28 *

.

CALL DS%FT‘!TDA.LA.FP].EAJ,?fTA s+ LS

>))>>>)>>)>))))))))))))5>)))))>)>)>)>)>>>>>>>)>)>)>>>3 PLCT COMMANDS

CALL FINITEAAETA,CS, EA;FINFL.?GL.SS COUT 4 XT, c.xaxzs,rPLoT,ITbai
IGRAPH = IGRAPH + 1

IGRDZ = IGRAPH 7 2 ) :

IF | IGRD2*2.NE.IGRAPH | wFRITF {6,201

2202503305503 03 B33 SDIIIIISSGD LCPY CcONTERCOL

-
GO T3 [ F8,78,73,7T9,7R),LCPT .
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’

>>>3>>>33>>>>> CETERMINATION OF THE WIDTH OF THE ACTIVE ZONE FROM
, 22X 0535220235%> THE RATIO OF'RECIRCU}ﬁTED MASS TO T{::i\PASS

GD TO (96,871 4METDP ' Va
¥RITE(6 e

©o~
0w

5) : ’ . ) '

. . . .

wo
o~

[ 3

a

-

-

m

-]
- P B

QA = 2 ¢ FACTER ®TO 7 CTOT _ .
WA, = QA % TDA / L 7 D . C -
CALL DSBETAITDA,&A,FPI,HA.EETA £sy . ‘ “ .

.

)))))))))))>>>>>>>>>)>>>>>>)>)>>>>>>)>>>>>>>>)>>>>)}>> PLOTY COMMANDS

CALL FINITEGBETA.DS,EA.FINAL.aso.ss couT,xT CsIAXIS, IPLOT,IYER)
IGRAPH = IGRAPH #+ 1 )

IGRD2 = IGRAPH / 2 _ _—

IF | IGRDZOZ-NE.IGRAPH ) WRITE(6,20) - , g

>))>>)>>>)>>>>>)))>>>>))>>>)>)>>>>>>)>’)>))>>>>>> MFTEPT CUNTFDL
'

78 GO TO lGO.BO T3,60) 4yMETOPT 7

P33333>333332233533>2333>>33X333533333>>>> FERRARE AND HARLEWMAN'S METHCC
. ' ! . " i

60 READ (5,8) IFER oL :
READ (5,3) DS,DDSsNDS_ 5 - :
IIFER = ¢ : : ‘
IF { 'NDS.EC.C. } GO TO 74 - \ o Ca .
DSI = DS ; ' S <o . = 5
DS =z. DSI =~ DDS ' : cat
DO 72 II =,1,NDS . )
0sS = 0S + 0ODS .

>))>>>>>)>>>))>>>>>>>>))5))>)>>)>)>>>>)>)>>)>>))>))>) IFER CCNTPOl

74 GO TO (81, 62'53|65.77l?§IFEW . - t, .
88 YIFER =°1. “ ‘ ~ o - :
8. FpPp2 = Fpia ° - . ] .
TJDA = Toal - ,
LEAOP = 1 - ‘ R

IF [IIFEZR.EQ.1) IFER

11
~N
.

wRITE{B ,151)

© WRITE(e,17)" . - ' / '
* 60 TO 85 . . L ‘ '

A
!

.

82 FP1 = FP12 : ¥ -
TDA = TOAz N v .
‘LEAQRP = 1 . ‘

IF (IIFER.EQel) IFER = 3 >
WRITE(6,416) .
- WRITE (6,1 TH i e . k/ :
¢ GO TO 65 '
83 JRITE{G6,19] ‘
WRITE (6,17) S . - . o :
TDA = (TQAZ -+ TCALY 7/ 2.9 ) ) .o i
. A : ? . . g
o J/ . & Lt ’ . : - E
] . . N v {
" . . r\/ .
kY e \. + . N
i ¢ /
2 . N - f - -
. (' -
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LEAQP = 2 DA . .
IF [IIFER.EQ.L) IFER = 1 .Y
“an CALL BETADS (EA)AETA,DS4LEADP,FP1,TOA}

)>>>_>)))>))>>>)>>).>>)>$>.>>>>>>>>>>>))>>’>))>)>>)))))))) PLCY COMMANDS |

-

CALL'FINITE(EETA CSsEAGFINAL,2BC36%,C0UT, XT,C,IAXIS TPLOT,ITEFI “‘

. IRAPH = IGRAPR + 1 . ]
IGRD2 = IGKAPH 7/ 2 . \ )
IF ( IGRD2#%2,NE.IGRARK ) WRITE(E,20) - .

lF 1IIFER.LOJ0L. GO TO 72 ’ .

>>2>> >>)>>>> >))))>>>))>>))>)))>>>>>)> >>3>2255>2>>>5>>>> IFER CONTFKOL

9 GO TO (72462,83,7T,77) 4IFEF
72 CONTINUE
77 WRITE(6,311 {(FINALINyN)yNZLy6 ) MZ14MCOUNT)

PP 533N 3333333333 35553353 533553553353 > PLOT COMMANDS
o < . ¢

YIF (PLUTODP .NEe 11 GC TO 1(9
caLl pLDT |Q.C,CI.L,599] . M

~

1090 STOP
ﬁutlﬁdﬂ& kﬁnnl#kﬂaﬁIﬁﬁl‘ikﬁﬂ&'ﬂﬂﬂfﬂkﬁﬂtﬂfflﬁk%ﬁﬂﬂﬂlﬂhtt-"ffﬂ.ﬂﬂﬂh!ll'!%‘f
» INPUY FORMATSH

Mlﬂﬂ_ﬂ#ﬂuﬂkt'fﬂf.‘ﬂﬂxd#'t-ﬂﬂl‘ﬂﬂﬂlﬂt&ltﬂ#ll#'ﬂi‘lﬂ“hﬂlu###ﬂﬁﬁﬁ“**l‘ﬁﬂh&&t

1 FORMAT {3X,T2,4%X,F6.2yB8X,Fea5,0X,31Fa,2,5%))
2 FOURMAT {74812 JifF4, 1.1x11): T~
3 FORMAT [7(/)sbXsFSe3,5XyF6 43, 8%,T11)
4 FORMAT [507) 4,522, Il,ﬂ(ll,B?X.Fb._.l 26X,E9.43)
5 FORMAT (11xX,A8) : .
6 FURMAT (/f,22%X,111}
T FORMAT [ 42X ,12)
8 FORMAT (21/),29%,T1) . :
9 FDRMAT (52 yeFbaell o : -
201 FORMAT (5BX,I1)
\ NERELBA R BB E AP AL IAALIH G t g NN N I-ﬁﬁﬁﬂﬂlltt‘#ll#llltﬂ!t’u‘k‘ﬂ
# N . : OUTFUT FORMATS®

lﬂnv#vnanupqu#&'k&&Htt&uv‘bttmﬂtlh‘ﬂkﬁﬂ#ﬂn I FEEEIAEFEEENFINERNEEEREEE LR NS B
10 FOIMAT (7, INPUT DATAY,/,

C6Xy "NUMBZK OF DATA PQIANTS (FLUOKOMETEF p_AQithn = Y, 1247, !
CEXGITIME INTEIRVAL = ', FT.4,4" SECONDSY,/, . .
CEXy "FLUW RATE: = ',re.a,' cuaIr HETRFS PEh SECONDY .7 ..
CEX,'DIPTH LF wATESD = .F&.a. PETQEw s/
CEXy "wIUTH CF MUCEL = "4Fa4.2," METRES",/,
CEXy "LENGTH OF MODEL = ",Fh.2," METRES'),

11 FORMAY (/,/,"FLUCROMETER FEADTNGS® 4/ 4 8{hXy10{F5.241X%X)471]

12 FORMAT (/,'"FOMELAHG TABLEAU FOR RUMERICAL INTEGRATION CF THE?
C/y YAREA UNDER TH{ CORNCANTWATICN VS TINE CURVE!')

13 FOIMAT IB)('?(FT Uy iX1) :
14 FORMAT (/, LAFJGE_.:T DIMENETONLESS CONCENTFATICN IN THE',

CY INPUT DATA = ",F5.25%.%,7,"1T wAS RLACHED AT T/sTD = *,
CFSe3y % L's81071)11) .

13 FOIMAT (/47 yg'DFUL JAS ESFIVATtD FROM JHF -PEAX CONCENTFATICAN CM !
Cy "THE EXPERIMENTAL CURVE')
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. (]
. » ‘ . \\
16 FORMAT ({ys73"D7UL WAS ESTIMATED FROM THE VARIANCE OF THE OuTPUT °
P Cy*DYE TRACER CURVE"') : ‘ :
’ 17 FORMAT (/3 'WA WAS ESTIMMIEC FFOM THE FNTERED VALUE 0Of DS?Y)
18 FORIMAT [30X,'RUN NUNBFRI ' ,48) .
© 19 FORMAT (/474 %0/7Ul ¥AS CALCULATEU FROM F1=CHER',1H' 'S FOQUATICON')
20 FORMAT (41ti/s))
21 FORMAT (/,53HwA #AS ESTIMATED FROM FTISHER'S EQUATICN AND TRE PLUGH
Cy"NESS COEFFICIENT®)
. 22 FORMAT [/,53HwA 2AS ESTIMATFD FREOM FISHER®S FOQUATTION AND THE SLCPF
- C,? OF THE ENERGY GRADE LIMNE")
23 FORMAT (/Z325HNORYALIZED CORCENMTRATIGM S, /38 (MX310(F5.2,1X1,471)
28 FORMATU('THE DETENTICN TINE FOR THE HASIN 1S '4FTwsl,* SFCONDS'}
29 FORMAT(/4"THE VCLU%E CF THE BASIN Is5 ",FB.,2,% CUPIC MEIRES")
31 FOQHATILD(V],lSX. RESULTS CF TESTSY /37, 9% 'EAY 20X, DS P 6Xy b TAY
CyBX g "CRRORY 3 /4 30UBX4EB 340X, FEe3paXyFbeld aXFTea3s/)] .
- 32 FURMATIVTIME ncoulash TO RETURN TO H ZERO EYE COMCENTYRATION IS ',
CFB404" SECONDS']) -
33 FORMAT(/7,"WA wAS cESTIVATFD FFCM THE WATIO GF THE ACTIVE MASS TO °
Cy 'THE TOTAL MASST)
34 FORMAT (6Xs48HTHE VALUE OF MANMING'S ROJGHMESS COZFFICIENT IS

’
* CF3adp /7y E6EXy38HTHE SLOPE OF THE ENERGY GRAUE LINE IS yF8,.3)

END
c !llldﬂlﬂﬂkt"ﬂtﬂkuﬂQ!#uﬁﬂ!l“Ul"tt.#tllldliH&llrtk!ill"ﬁl‘btﬂﬂl‘ﬁ!ﬁﬂl’lll
. g ¥ TRCME &
oo l.ltllllﬂﬂ!liﬁﬂﬂ‘kntdl#ttﬂh‘hkIOHH)lw&t.llﬂﬂﬂhﬂhﬁﬂﬂ!nhuﬂﬁ#ﬂ#l##ﬂ#wﬂﬁﬂﬁ
SUBROUTINE TROMBE NMAX, A, 3, F, Ty JNMAX, DT 1}
c _ . )
¢ THE SJRROUTINE TROYA FIRST APFROXIMATES THE INTLGWAL (F ,
ol F{L)*0Xx ON THE INT-RVAL .USING Thi TRAPEZOIDAL RJULE -
g WITH AEPEATED INTEHVAL HALVING, -T{v+1l,1) IS THE VALUF
c UF THE INTEGKAL COMPUT:LC AFTEE THE N[TH) INTERVAL=FALVING
c OPERATIOM. ALL TIN+1,1) VALUES ARE GCvPUTED FOR N = € TO
c N = MAX o 8 IS THE NUMAER CF ELEMENTS IN FLX) = 1.
c REMAINING FELSEMENTS NF THE ROMAFRG TABLEAU "ARE THEN ENTERED
c IxTO THE FIRST Jvax COLUMNS OF THE FIRST ANMAX41 RCUS (F THE
c MATRIX T. : . o
c f .
DIMENSTUON TH{747),4F165)
INTEGER A8
c ™ . - .
c wsess COWMPUTS F aAD FIWST INTF3IRAL APPROXIMATICN ceews
. C -
H = 5 - A
HL = H & DT~ : -
TILel) =iF LAY + FULH)) * ML / .3 , -
2 . . .
c eeeee MALVE INTEAVAL KTPEATEDLY, COUNMPUTE TI{N+1,3) +4a0.
c
00 2 N = 14N4AX
TinN+#L,21 = C.0C o
IFR = H / cela%®h
TTN. = 243%%N
TMAX = EFIXITINI =~ 1
IFRC = A = 1FF
. DO 1 I = 1,TMax,? -

3



c
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aaoooaa

[¢]

(TN

1
IFRC .=°T f + IFR
'Tsuox.li TIN+1,
N+¢l,1) = TIN,1)
COMPULUTE FOM

DO 3 J = 2,JMAX
NXMJP2Z = NMAX = J
FORT UMY = 4 Cew{J=2
DD 3 N = 1,NXMJPZ
- TANyJIY = (FDRJNlt
RE TURN

E M
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i

2
4+ FLIFRC)
C

+ HL ® TU{A+1,1) / 2.u%sN

RG TARLEAU

. 2 — L
N .

TUN+1,J=1) =~(TUN,J=2 3}/ (FCRUML — 1,.2)

kﬂﬁ#ﬂﬂﬁﬂﬂhﬁﬂ#!thﬂ”lﬂﬁlﬁﬂ'iﬂ‘h'Jﬂﬁ't!lilnuhlltﬂﬂkﬂilliﬁlﬂﬂﬂ'ﬂ!lfﬂ#

L]

ROUTINE SImMP |

TIME CURVE

IM2 = 1ACTY - 2

DO 1 I = 1,Imz,2
Jd = I

CTAT =+TT70T7T + CH{1
CTOT = CTOT 7 3.V

IF (IM2,EQ.J) GC

CTLT = CTUT + (CH
CTUT = CTOT = |7
CSETURN

END
tﬁll!i"lﬁll’ﬂtﬂh#d
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b+ CUI+2Y + 4.0 * ClIs1} ) A
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SUSROUTINE DSBETA (TDA,EA,FPywA,BETA,DS) -

THL S SUBROUTINE COMPUYES AND PPINTS Tl;t VALUE CUF V‘QIDUS
PARAMETERS.

COMMON LyNDyCTyTOy dy0enyMARING,V
REAL L, MANTNG

QA = L & wh * D 7 TDA - °
DS = QA /O .
UA = QA / wA / L
EA = FP *« UA s L
WRITE (6,171} 4 :
171 FORMATLU/,10X%,*FINIYE DIFFEPENCE SDLUTION' /1 ' -
WRITE (641} EA ) - -
1 FORMATI{B5X,'THE DISPERSICN CGEFFICILENT IS TLEQ,.3,' METHES SQUAREL".
cY PER SECOND'Y) '
WRITE (642) 35 , .
2 FORMATIS5X,"The CILUTION FATIO IS V. Fa.2) €
BETA = 4A /& = .
WRITE (6,31 BETA
3 FOIMATISX,'THE FATIO 0= THE VOLUME OF THE ACTIVE 7OMF TO THE %,
CYTOTAL VOLUME 15 ',F5.3)
WRITE {(Ggsa) TOA
4 FOIMATISX , *THE CETENTION TIMF IN THE ACTIVE ZODKE IS ",F6,.1) .
WRITE (6,51 UA : ’
3 FORMAT(3X,'THE FLOW VELOCITY IN THL ACTIVE.ZONE TS ' ,F7.3)
QR4 = wh ® D / (ea + 2.0 * D)
REY = 4.5 % FHA ® UK / 1,5¢E=-CH ' -
wRITE (846) REY
6 FOIMAT{S5X 4 'THE FEYNOLDS NUWBZIR. IR THE ACYIVE ZUNE 15 S,F8,.0)
AMR = t4d = wa) ® € 7 ld = wA ¢ 2,3 & 0) ’
HEYR = 440 ® RHF & (GA = Q@) / © / (w=wA} / 1.5DFE=056
wHITE (6,91 FEYFE '
4 FORMATISX,"THE REYVOLDS MUFHAE R TN THE RLCYCLE ZOnE IS *,F8,3)
H = « & L 7/ (e + 2,C % D) -
RY = 4,9 ®* RH ¢ 0 /J U f w ( 1.,5CE~00b -
¢RITE (647} RY .
7 FORMAT{S5X, THE FSYNOLD3 NUMBEFL FGOR Tie ENTIRE BASTA IS Y,Fa.C)
FRu = 2 2 L 7 w 4 SGQFT(9.81 % 0} '
ARITE (6,8} FRC ) s
3 FO{MATISX VTHe FOOJNF NUMBEQ FOR THE ENTIRE RASIA 1S Y,FAa F)
RET UR N o \
END : . .
nu,un&u‘;gnuunatnmuunrazttn-aurutaunuuaununuuuuuh:gnwununhwunua,f#a#
x BE-TALS#"
kn#dﬂkd#un‘wutﬂﬂk'rul‘!z'nttdu'&tllt’rt&a'ﬁn‘wudhMﬂﬂh&i&ﬂﬂl-#t”#b#&ﬂlﬂﬂ#ltﬂﬂl
SUBRDUTINE AETALS (FAGIFTA,DS,LEADP,FP1,TL 4]

Thi S SUBRDUTINFE COMPUTFES a#nNL PRINTS THE VALUE OF VAFTICUS
¢ PARANMETERS.

COAMON LaNGauTy Tl dyD g0y ¥ARNING,Y
RZIAL LyMANING
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% . .
WRITE (6,172} " -
171 FORMATI/,10X,"FINITE DIFFERENCE SDLJTION' /)
QA = Q3 * DS .
BETA = TDA & QA 7 V - .
‘WA = 4 ¥ BETA - -
"UA = QA / WA /s D 3
GO TU (9,14}, LEADP : SN
14 EA T 1.101126 # UA * MANING ® wase2,0 * ([(WA+2,)%D}/WA/D)®e{T,./6,
GO ‘TO 12 . -
9 EA" = FPL # UA & L~ .
12 WRITE (64,2) EA
1 FORAMATISX,"THE CISPERSION COEFFICIENT- IS ',E9.3,' METFES SQUARED?'
C' PER SECOND') - ,
WRITE (6,2) DS RN
2 FORMATISX ,"THE UILUTION RATIC IS *,Fa.2}
WRITE 1643) HBETA
3 FORMAT{5X,*THE RATIO OF THF VOLUME OF THE ACTIVE ZONE TO THE ',
C'TOTAL VOLUME IS Y ,F5,3)
¢RITE (6,4) TDA .
4 FORMAT{5X, 'THE DETENTION T:m: IMN THE ACTIVE ZONE IS5 ',Fb6a.1)
WRITE (B4%) UA .
% FORMATISX,*THE FLUS VELOCTITY IN THE ACTIVE ZONE IS ',F7.5])
RHA = dA & D J (WA + 2.0 * D) - .
REY = 4aC * RhA ¥ JA / 1.50E=05
WRITE (5,61 KEY r7
6 FORMAT(IX,"THE REYNOLPS NUNMBER "IN THE ACTIVE ZONE IS ',F8.0) R
RHR = (o = wA) & D /7 (9w = WA + 2,0 & D) e
REYR T 4.0 * RFR * (QA —,al / D /7 (w=¥A) / 1.5CF=06 ;
© ARITE (6419} REYR
19 FORMAT(3X,"'THE REYNOLDS ! ‘numacp IN THE RECYCLE ZONE IS ",F8,0)
RH 2= 4 ® D / (w % 2.0 ¢'D) .
RY = 4,0 ® AH & 0 / C / ¥ / 1.5CE=36 i
WRITE (6,7} RY
7 FORMATI(SX, 'THE FEYNNLDS MUMAER FQR THE ENTIRE "BASTA I8 FOF8 L)
FRO =4 / D / w / SAFT19.81 4 ©) .
WRITE (G480 FRG
8 FORMAT(S3X,"THE FFGUDF NUMBER FOF THE ENTIFE BASIN IS *,FB8.6}
. RETURN
’ END
(I EERERE N RSN EREENERESREEESENERESEREEREERESRERENERRENREEREENERERE SN RENERERS)
N FINITE#®
I E XN AR EENFSEEESRENEENERENEEEFEEANESEE RSN RSN EER RN NEREENES AN NEDREREE:
SUARDUTINE FINITEUIBETAZCS yEAZFINAL yNyMyCLUT g XT4C, IAXIS ,IPLOTZITER]
DIMENSION ALPHAIZb83), na(?so!,c IZEOI.COUTGB?),FINALIBD,hI.C(S?i,
CXi(687)
COMMON LyNC DTy TO4 #4023, MANING,,V,YCOUNT,PLOTOP
REAL L . »
TNTEGER PLUTOP )
ITERAM = ITER # M -
DELTAX = L / FLCATI(N)
DELTAT = FLOATI(ND) * DT / FLOAT{M) / FLOATIITER)
CINM = TD / UELTAT / DS
CINMPL = 4,0
CCH = (.0 -
CMASSP = (,u Co .
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COUT(1)
DO 2 I =
pc 2 III-
CALL MATD
caLl svucc
CALL CORR
CDEL TAX]
CCUT™ =
coTmMPl =
couTtlrL)
cCM = |

COTMP1
CLIN)

1aelr)

eNC o
IF{QA.LT.C)

MCOUNT = MCOUNT
FINAL{MCOUNT 41)
FINAL(MCOUNT.2|
FINALIMCOUNT, 3)
Fl%AL(NCOUhT 4 )
RETURN

END
_"*.lh"tlﬂﬂl’kﬂl"
»

*

M

1,ITER

NgCC 4DD A, 8E 4CF, CThM CINMPL])
L

C

L]

x)

Py

ccw

G0 TO 3
CALL FLIPLTIXT,C,
CALL ERRQORIC, CDUT,VD FRRT

EA
ns
BETA

[

- Rk

PHA,DE CCyAD G CF4N)
CyN, UA,D CINMP I CINMyCOUTH yCOTNPL,CHARSPC D5 4DELTAT,

(COATKEFL + COUTHY . i
‘V*tl.—d‘Tﬂl*lCOUT(Tl-Ccvl‘(05—1‘)‘Q}DEITA1IIVI(1.—HrTl

7/

8] {CCUTEI) T=1,ND]
zchcwpurfn CONCFNTRJfION:,/.“(ﬁX 124F 8,241 X) 4/
60 TO 3

F

/I 2.0

IAYTS,COUT,ND,IPLGT,HETA DS 4EA4PLOTOF])
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SUB ROJTINE

DIMENSION ALPHA(LLO]

C = 0T & D / 0LX
S = DT & U / X
A = C + S

B = 20\)_‘ t1a¢C
E = 240 * (L.0€
b1 = A = C
ALPHALLY = Bl
NM1 = N = 1

DO 1 I = z4NML
ALPHALI)l = b =
ALPHAINY = BL =
RETUR Y
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C /7 ALPHA{T-1}
AL FHAIN=-1)

COALFAINX gCT 403U ALPHAyAyE yCyhl
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SUBROUTINE MATDC{(N,CC, D.E,F CINM,CINMPL)

DIMENSION CCU26C),2D1(2 , .

NM1 = N = 1 ..

DO 1 I = 24NML . .

DDIUI) = D ® SCE(I~1) + E # CC{I) + F & CCUI+1)

DDL1) = F * CClz) + (E + F)a CC{1) + (D = F) ® (CINM + CINMP1)
DOIN) = D ® CCUN=1) + (E+F} & CC(N]) . C :

RET URN . .

END
ﬂllllﬂ#iﬂ#tﬂlﬂ#!ﬁﬂ!ltb!ﬂ”lﬂlﬂﬂlﬂ#l*ﬂ##l!w#l#li#iwﬁl!ﬂﬂll'!ﬂﬂ#ﬂll‘
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SUBROUTINE SDCCUALPHA,DD CCyAygCoN}

DIMENST ON ALPHAlsz:,chstI,CCIzso).so(zsol . -

$0(1) = DD}

g 1 1 =

I-1} 7/ ALPRA{I=1} . ’
) -

CC{N-I} =
IF (CCiN=I
CCIN=I) =
CONTINUE
RET URN
END

#u##ﬁ!ﬁbﬁhhaNﬂ'#ﬂ###!ﬂ?#!ﬂ#&Q”Nt##ﬂ#ﬂ##ﬂﬁiﬂ?l##ﬂ!lll'ﬁﬁﬂlilll'#t&

» . CORE ¥
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SUBROUTINE CONR (CC NyuA Dy CINMPL,CINM,COUTH,COTFF1 »CHASSP 40,05,

v

NM )

SOIN=TI) + C & CCUN+1=1)) / ALPHAIN=I}
} : )

-0

CDELTAT,,DELTAXY
'DIHENSION CCt2ed)

CSUM = 3,0 .

DO 2 Jd = 1, .

CSUM = CSuUNx + CClJ).

CMASS5 = CSUM * LELTAX * WA & D '

CTRUE = CMASSP + [CTAM4CINMPL—=COUTM=CUTMF1) & Q * D5 ® DELTAY /2.

IF {CTRYUE JLEe Lel) GO TD & ;
17 (ABS{CMASS =~ CT2UE] / CTRUT ,LE, [.00€6C3)} GO YO 2
LG 3 I = 1,8

CCUI) = CC{I) * CTRUF ¢ CMASS

GO TOo 2z

CTRUE = .G

CMASSP = CTFUE

RETURN

END .
lltt!tlﬂﬂllnlntbh&ﬂﬂhtlwwtNﬂiikllliltttiﬁtithllhlnﬁtﬁ!!ﬂt'h'tllli
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SUBROUTINE ERFCK {A,B,N,ERP] Y

DIMENSION A(BT7,2(57)

5.= el . -

0O 1t I = 1 ,N : ) -
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1 5 = 5 + {(ABS (A{I}=-BII)) ) ee2,.{
ERR ™ IS / (4 = 1))seC,.5
RET URN
END v
nnunnwunautwuwupnnuvnwuﬂﬂstnnttrrununauttutnﬂaucrrt#tvuﬁuutw:rﬂvn'
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SUBROUTINE AXSETIXT ¢CyI, NL,IPLCTO)

DIMENSION leGTI,CIGTJ . -

I = I + 1

IF (1 «NEs 1)
1.=1

CALL PLAT ‘3.0,3.5’_3'

GO TO 1
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— By iB8eGy3a0p XTINC4LY , XTIAD42}Y
B y9Ca0y=11
5.1a.o,qo Uy CAND+11,CIND+2])

4yTeCy=1} 4
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s MO TOETIN
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-
e WD

CALL
CO+0 423) . :
G0 TO 2 _ _ - . .
2 IpLDTO = &
3 RETURN
- END
tllﬂll#!Hﬂ##!lkﬂll#ﬂﬂﬂdﬂﬂ'k!ﬂuﬂlnﬂﬂﬂ‘ﬁ#k&&&kﬂ#lﬂﬂﬂ&#ﬁ*ﬂﬂﬂ#n'll*ﬂﬂ
LJ FL]PLTN
Hﬂlkﬂhﬂ“ﬂ&ﬂﬂ'ﬂﬂfﬁﬂﬂﬂﬁﬂ#”ﬂwﬂﬂﬂ{fﬂnﬂ!#kﬂﬁtﬂk*iﬂﬂuﬂﬁ#ﬂﬂﬁtﬂ!!ﬁﬁ#“‘ﬁ?
SUUHOUTINE FLIPLT (XT,CyTAaX]Y 'CCUfgqﬂtIpergﬁETA,Lq EA,IPLQTC)

DIMENSION XTiB7),Ctﬁ7),COU {6 T) \ i .
IPLOT = IPLOT + 1 . '
IF LIPLOT LT, 3} 60 7 1 :
IPLOT = 0 ’ ;
“CaLL AXSET (AT, CeIlay)iIs,Nn,ToLOTC) '
IF (IPLOTDNEL11 G? T ® B
1 I = IPLOT + 1 ~
CalL FLINE {XT, anT,ND,..:.rPLU1)
G0 TO |z.3.4|.1
2 CALL SYMBOLI10(y16a530a230,3y040,-11
CALL NU*BEH!ll.“,lb-uTQ'CC25.&A.0.3.3) B
CALL NUHMBEF 113,455,353 79,Na25,05,0a042)
Cal NUMBEFR 115455168370, 0428, 1ETA,04.3,32) .
GO TOU 5 | '
3 CALL SYMAOLA1CaOU g L399yl a3 g1,y Cufy~1} :
CALL VUMBEFR{L11lebyl5a?79,Ge?254F Agbaly 3l ;
CALL NUMBERTI13.5413a875,0425,05,042421
CALL NUMBIFR (15453353275, 0423,'80TAy304044)
GG T2 o
4 CALL SYMABOLUI10.091ba590a2042,50,0e=1)
CALL #UMBER LLlaaylde3TH,)0e25,)FA4l4 2y3)
CALL NUABEF(1345,134375.0425,05,04042]1 - .
CrvilbLL NUMBER(1545,14e375,0ac594FiTa,Caly2]
5 QET UNRN L '
END : .





