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PREFACE

Thi s  final report is submitted to the Fede ra l  Water Pollution

Control Administration under Grant 5 R 0 1  WP00705. The report presents

a useful engineering approach to analyze and predict the movement and

distribution of-conservative mass substances in water impoundments. The

approach represents a practical synthesis of the major hydrodynamical,

hydrometeorological and hydrothermal concepts of mixing, dispersion and

transport phenomena in water impoundments. Special consideration has been

given to the findings of the preceding technical reports (HYD 10—6701,

HYD 10-6902, and HYD 10-6903) prepared earlier pursuant to this study

grant. These earlier reports focused on special aspects of mixing and

dispersion in impoundments including field investigations using dye—tracing

techniques, laboratory model analysis of micro-scale turbulence created by

Wind-induced \vave spectra, and an evaluation of the major mathematical

methods for the computerized and algorithmic solution of the equation governing

the convective-dispersive transport of conservative mass substance in a two—

dimensional field. In addition to these previous reports, a broad-scale review

and evaluation was made of the relevant work and studies of others. Thus,

the physical, analytical and mathematical conceptualizations developed in this

report for the impoundment hydrodynamic system and for the behavior of

mass transport in that system were shaped by  the numerous practical
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constraints which  were  encoun te red  and  r e so lved  to  va ry ing  deg rees  by  o the r s .

Fina l ly ,  the app roach  p re sen t ed  in  th i s  r epo r t  has  been  gove rned  by  the

rea l i s t i c  ax iom that  sy s t em mode l s  and s imula t ions  mus t  be  ha rmonized  a t

eve ry  p rac t i ca l  s t ep  wi th  the r ea l i t i e s  o f  the p ro to type .

I t  i s  ap ropos  to  ident i fy  c l ea r ly  the eng ineer ing  u t i l i ty  and o r i en t a t i on

of the  s tud i e s  and the final r epo r t  made pu r suan t  to  th is  g r an t .  F rom the

ou t se t ,  the s tud i e s  have been  gove rned  by  the vi tal  a s sumpt ion  tha t  the na tu ra l

a s  s imi la t ive  o r  d i lu t ive  capac i ty  of a wa te r  body  i s  a fundamental  f ac to r  i n

wate r  t r ea tmen t  and an  impor t an t  pa r t  o f  wa te r  qua l i t y  managemen t .  Th i s

as sumpt ion  i s  nu r tu red  by  the be l i e f  that  i f  wa te r  qua l i ty  management  i s  t o

be  conduc ted  pu r suan t  to the p r inc ip l e  of conse rva t ion  of r e sou rces  i n  i t s

t r ue s t  e conomic  s ense ,  i t  i s  e s sen t i a l  tha t  wa te r  be  r ega rded  a s  a r enewab le

re sou rce ,  and  tha t  the p roces s  o f  management  pe rmi t  the maximum sus t a ined

use  o r  y i e ld  of the wa te r  r e sou rce .  While  i t  i s  t r ue  that d i lu t ion a lone  i s  no t

the answer  to  po l lu t ion ,  i t  i s  ev iden t  that  t r ea tmen t  and di lu t ion  a r e  i n sepa rab l e

e l emen t s  o f  wa te r  po l lu t i on  con t ro l .  An  unde r s t and ing  o f  na tu ra l  mixing ,

d i spe r s ion  and t r anspo r t  mechan i sms  i s  e s sen t i a l  f o r  the effect ive  u se  of

na tu ra l  d i lu t ion  capab i l i t i e s  of wa te r  cou r se s  and impoundments .  Re la t ed  t o

na tu ra l  d i l u t i on ’ i s  the ma t t e r  o f  l ow  f low augmenta t ion  which has  a s sumed

renewed  impor t ance  i n  comprehens ive  wa te r  r e sou rces  planning and in  wa te r

qua l i t y  management  p lans  .
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In the study of the literature on water impoundments, certain

facts emerged which influenced greatly the conceptualizations and assumptions

adopted in this report: (1) The aging of impoundments is a natural condition

which may can accelerate or retard. (2) The typical impoundment is a

stratified fluid system consisting of an "upper lake", or stratum, of warmer

water floating or gliding on top of a "middle lake", or zone, containing

progressively colder water with increasing depth. And, below these two

strata there is a "bottom lake" of cold water in contact with the bed of the

impoundment. The surface of the ”upper lake” generally is in stress resulting

from two powerful kinetic states, i. e. , a hyperactive aerodynamic state at

the air—water interface, and a turbulent hydrodynamic state extending

throughout the so—called ”baroclinic layer”. (3) Turbulence created in one

of two, thermally- or density—stabilized strata, which initially are at rest,

does not invade the non—turbulent stratum, nor is a ”buffer zone“ necessarily

created between the temperature or density discontinuities. Indications are that

fluid is entrained from the interface of the non-turbulent stratum and dispersed

in the turbulent stratum.

The high kinetic activity prevailing in a near surface layer of

the "upper lake“ provides strong support for the decision to analyze the

transport phenomena in impoundments in terms of the two—dimensional field

represented by the fully—mixed, surface layer of a stratified impoundment.

The ”macro“ approach presented in this report is considered a realistic
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syn thes i s  of  t heo ry  and p rac t i ce ,  and a u se fu l ,  rapid and economica l

s t r a t egy  o r  technique fo r  the analysis and p red i c t i on  o f  conse rva t ive  mass

t r anspo r t  and d i s t r i bu t ion  within wa te r  impoundments .  The  compu te r i zed ,

algori thmic so lu t ion  of the pa  rtial differential  equa t ions  of the impoundment

t r anSpor t  mode l  u s ing  the so -ca l l ed  Al ternat ing —Direction Impl ic i t  Method ,

demons t r a t e s  exce l l en t  ve r sa t i l i t y  to  r ece ive  hydrodynamic input  f rom

i n t e r f ac ing  impoundment  hydrodynamic ,  t r anspo r t  and  channel  mode l s  a s

modu le s  fo r  the build—up and the s imula t ion  of complex impoundment sys t ems

i s  i l l u s t r a t ed  by  use  of Lake Bas t rop ,  Texas  a s  the p ro to type  sys t emt
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ABSTRACT

A numer ica l  model  i s  deve loped  which enab le s  making

ex tens ive  simulations and analyses of  nea r—sur face  hydrodynamic  and

t r anspo r t  phenomena of wa te r  impoundments .  The model  was  deve loped

a f t e r  a c a r e fu l  r ev i ew  o f  the ma jo r  hyd rodynamica l ,  hyd ro the rma l  and

hydrome teo ro log i ca l  f ac to r s  i nvo lved  in  the mixing,  d i spe r s ion ,  and

t r anspo r t  of  conse rva t ive  subs t ances  in  impoundments ,  including the

e f f ec t s  o f  thermal  s t r a t i f i c a t i on  and wind - induced  cu r r en t s .  The  numer i ca l

mode l  a lgor i thm deve loped  and so lved  by  compu te r  p rog ram i s  fo r  t he

pa rabo l i c  different ia l  equat ion  r ep re sen t ing  the convec t ive—dispe r s ion

t r anspo r t  phenomena in  a two—dimens iona l ,  fu l ly—mixed  su r f ace  l aye r  o f

a wa te r  impoundment.  The  approximated ,  s t epwise  so lu t i on  of  th is  equa t ion

unde r  s t eady  s t a t e  cond i t i ons  i s  ob ta ined  by  us ing  a f in i te  d i f f e r ence

technique  known a s  the A l t e rna t ing  -D i r ec t i on  Imp l i c i t  Me thod .  TWo

subs id i a ry  mode l s  have been  adap ted  .to i n t e r f ace  wi th  the impoundment

t r anspo r t  mode l :  an  impoundment  hydrodynamic  mode l  adap ted  f rom the

Masch  Hydrodynamic  Mode l  fo r  sha l low,  we l l -mixed  e s tua r i e s  and ,  an

open  channel  t r anspo r t  mode l  having a s  i t s  a lgo r i t hm the Tay lo r  so lu t i on

fo r  the convec t ive—dispe r s ion  equa t ion  for  a one -d imens iona l ,  open  channe l

flow. These  t h r ee  i n t e r f ac ing  mode l s  a r e  r ega rded  a s  d i s c r e t i za t i ons  o f  a

complex phys i ca l  sy s t em.  They  posse s s  suff ic ient  f lexibi l i ty  to  be  u sed  in
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combinations t o  dep i c t  a wide  va r i e ty  o f  wa te r  impoundment  t ypes  and

r eg imes .  These  complementary  numer i ca l  mode l s  we re  app l i ed  u s ing

Lake Bas t rop ,  Texas  a s  the p ro to type .  The  s tudy  demons t r a t e s  the u se  o f

numer i ca l  mode l s  t o  ana lyze  the  impac t s  o f  hyd rodynamic  and hyd ro -

me teo ro log i ca l  va r i ab l e s  on  mixing,  d i sPe r s ion  and t r anspo r t  o f  conse rva t ive

subs t ances ,  and to  s imula te  a wide range  of pos s ib l e  combina t ions  of

c i r cu l a t i on  and t r anspo r t  pa t t e rn . ”  Ana lys i s  o f  f ie ld  obse rva t ions  and

ve r i f i ca t i on  t e s t s  u s ing  Rhodamine B dye  t r ace r  b rough t  ou t  the r ea l i s t i c

ad jus tmen t s  neces sa ry  to  be  made in  the exper imenta l  numer ica l  mode l  t o

r econc i l e  compu ted  and  obse rved  va lues .  S ince  wind  e f f ec t s  have  the

preponde ran t  inf luence on  d i spe r s ive  and t r anspo r t  phenomena ,  i t  appea r s

compel l ing  to  obta in  con t inuous  wind da ta  and the co r r e l a t i ve  wa te r~su r f ace

ve loc i t i e s ,  cu r r en t s  and s t r a t i f i c a t i on  pa t t e rns“  A con t inuous  r eco rd  of

these  spec i f i c  f ie ld  da ta  would f ac i l i t a t e  bo th  the de te rmina t ion  of r ea l i s t i c

ad jus tmen t s  to  exper imenta l  numer i ca l  mode l s  and the ra t iona l  r econc i l i a t i on

of  computed  and obse rved  da t a .  Eva lua t ion  of  r e l evan t  mathemat ica l  mode l

and sca l e  mode l  t echno logy  ind ica t e s  the common, v i ta l  r equ i r emen t  of

experimental  r ead jus tmen t s ,  ha rmonized  with pro to type  obse rva t ions  and

measu remen t s ,  i n  o rde r  t o  r ep roduce  r ea sonab ly  the na tu ra l  phenomena

unde r  s tudy .  Th i s  s t udy  demons t r a t ed  and  confi rmed  the fo rego ing  evaéemtirm.
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CHAPTER I

INTRODUCTION

Objectives

Origins and Justifications. This study is part of a comprehenr

sive prog ram which has been in prog re s s  since 1965 at The University of

Texas ,  encompass ing  research on mixing, dispersion and transport

phenomena in lakes and reservoirs. rThe scope of this program is:

(1) T o  study the effects of Wind—induced currents, waves, seasonal m u s

transfer and other natural mixing processes on the disposition of contami «

nants entering reservoirs or  lakes. (2) T o  study the effects of temperature

and density gradients on  the stability of the receiving water. (3) T o  study

and field-analyze the phenomena of horizontal and vertical mixing and

dispersion in reservoirs. The objective of the total program  is to obtain

a better insight, or to find new insights, interreiating data on  the mixing:
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. 3dispersion and transport phenomena in lakes and reservo'

develop more efficient and accurate numerical models or conceptual schermzs

for the study, prediction and control of convectivewdispersion processes

in large, surface water impoundmentso

Implicit in the development of numerical anodels or concephia}

schemes  is the concept of test. Hence, the pregrarn provides inherentiy



fo r  ver i f ica t ion o f  mode l s  o r  conceptual schemes  and,  i n  f ac t ,  the develop—

ment  o f  a new method o f  ve r i f i ca t i on  may i t s e l f  be  a s ignificant  advance  i n

mathemat ica l  mode l  o r  s ca l e  model  t echnology .

‘ The  comprehens ive  p rog ram,  r e su l t s  o f  which will be

desc r ibed  l a t e r ,  has  been  governed  by  the following r e sea rch  plan.

Ini t ial ly,  s t ud i e s  would  be  made of  the e f fec t s  of  cu r r en t s ,  turbulent  wave

ac t ion ,  and pe r iod i c  ove r tu rn ing  on  the d ispos i t ion  o f  was t e s  o r  con tami—

nan t s  d i s cha rged  in to  r e se rvo i r s  o r  l akes ,  and to inves t iga te  the s t ab i l i t y

e f f ec t s  of t empera tu re  and dens i t y  g rad i en t s  within the r ece iv ing  wa te r s  on

the mixing of t he se  was t e s .  Then  d i spe r s ion  s tud i e s  would be  conduc ted  i n

deep  and shallow r e se rvo i r s  to  define the important  mixing and convec t ive

mechanisms that  affect  the d i spos i t ion  of  was t e s  in  each  type of  r e se rvo i r .

These  initial s t ud i e s  would then be  u sed  to develop a mathematical  model

which  would be  u se fu l  fo r  ana lyz ing  was t e  movement  in  r e se rvo i r s .  The

model  would  be  ver i f ied f i r s t  in  the l abora to ry  in  a functional model  r e se rvo i r

by  inves t iga t ing  sys t ema t i ca l l y  t hose  mixing mechanisms that  c an  be

rep roduced  in the l abo ra to ry  and determining,  i f  pos s ib l e ,  the s ca l e  e f f ec t s

fo r  t hose  mechan i sms  which  cannot  be  complete ly  r ep roduced  in  the

l abo ra to ry .  F ina l ly ,  more  ex t ens ive  field s tud ie s  of d ispers ion  wou ld  be

pe r fo rmed  in  ac tua l  r e se rvo i r s  unde r  more  va r i ed  f ield cond i t i ons .  The

re su l t s  o f  t he se  field s tud i e s  would no t  only  s e rve  t o  ver i fy  the ma thema t i ca l

model  and the l abo ra to ry  mode l  r e se rvo i r  r e su l t s ,  bu t  a l so  prov ide  much

needed  field data  on  ac tua l  r e se rvo i r  d i spe r s ion  and d i spe r s ion  coe f f i c i en t s .



Spec i f ic  Ob jec t i ve  and Scope .  The  ob j ec t i ve  o f  th is  s t udy  i s

to  i nves t i ga t e  whe ther  ce r t a in  key  pa rame te r s  o f  ”nea r - su r f ace"  hyd ro~

dynamics  can  be  u t i l i z ed  i n  a compu te r i zed  numer i ca l  mode l  t o  ana lyze ,

simulate and p red i c t  conse rva t ive  mass  t r anspo r t  pa t t e rns  in l akes  and

r e se rvo i r s .

Pursuan t  t o  th is  ob j ec t i ve ,  the s cope  will be :

a . To  deve lop  a numer i ca l  impoundment  t r anspo r t  mode l  to
so lve  the pa r t i a l  differential  equa t ion  r ep re sen t ing  the
convec t ive~d iSpe r s ion  t r anspo r t  phenomena in  a ho r i zon ta l ,
two-d imens iona l  p lane ,  under  s t eady  s t a t e  cond i t i ons .
The  bounda ry  and init ial  cond i t ions ,  wil l  be  a s sumed  to
be  t hose  inherent  in  a homogeneous ,  i so t rop i ca l l y - tu rbu len t
s t r a tum.  The  solut ion  wil l  u se  a finite d i f ference
approximation te  chni que  .

To  use  a p rev ious ly  des igned  numer ica l  model  for  the
simulat ion of tidal hydrodynamics  in  shal low,  i r r egu la r
es tua r i e s  (Masch ,  e t  a l ,  1969)  fo r  u se  a s  a numer i ca l .
impoundment hydrodynamic  mode l  t o  gene ra t e  ave raged ,
s t eady  s t a t e  ve loc i t i e s  needed  a s  input  da ta  for  the
computer ized  numerica l  impoundment t r anSpor t  mode l .

To  deve lop  a numer ica l  open—channel  t r anspo r t  mode l
having a s  i t s  a lgo r i thm the Tay lo r  so lu t i on  fo r  the
convec t ive -d i spe r s ion  equat ion for  a one—dimens iona l ,
open-channe l  f low, having a uni form c ros s - sec t i on  and
using a mean ve loc i ty .  Th i s  mode l  will  be  u sed  to
s imulate  and p red i c t  nea r -Gauss i an ,  we l l -mixed  concen -
t ra t ion d i s t r ibu t ion  inputs  into the exci ta t ion ce l l  of  the
compu te r i zed  numer i ca l  impoundment  t r anspo r t  mode l .

To  use  the numer i ca l  impoundment  t r anspo r t  mode l  to
p red i c t  concen t ra t ions  of  conserva t ive  d i spe r san t s  in  the
fu l ly -mixed  su r f ace  s t r a tum of the impoundment,  g iven
cer ta in  initial and boundary  condi t ions  govern ing  concen - -
t r a t i on ,  concen t r a t i on  g rad i en t s ,  d iSpe r s ion  coe f f i c i en t s ,
su r f ace  s t r a tum ve loc i t i e s  and,  the re la t ive  t h i cknes s  o f
the ful ly-mixed su r f ace  s t ra tum with and without  wind
shear  a t  the wa te r—atmosphe re  in te r face .
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To  use  the numer i ca l  impoundment t r anspo r t  mode l  t o
ana lyze  and p red i c t  the t ime and pa th  o f  t r ave l  o f  the
concen t r a t i on  peaks  of conse rva t ive  d i spe r san t  c louds ,
and a l so  the t ime-o f~ t r ave l  re la t ionships  be tween  the
peak -concen t r a t i ons  and the c loud  l ead ing-edge
concen t r a t i on .

To  ana lyze  the s ens i t i v i t y  o f  the impoundment t r anspo r t
model  to  changes  in d i spe r s ion  coe f f i c i en t s ,  wind e f f ec t s ,
flow r a t e s  and va lues  o f  in i t ia l  concen t ra t ion  peak .

To  conduc t  Spec i a l ,  pre l iminary t e s t s  p r io r  to  model
ver i f ica t ion t e s t s  in  o rde r  to  validate the r ea sonab lenes s
of  a s sumpt ions  and  accu racy  of cons t an t s  u sed  i n i t i a l l y
in  the model .  These  inc lude:  random measu remen t  of
dep ths ,  measu remen t  of ve loc i ty  and  concen t r a t i on  p ro f i l e s
in  a ve r t i ca l  p lane ,  and dye t r ace r  measu remen t s  t o
enable computat ion of  longitudinal d i spe r s ion  coe f f i c i en t s
by  the me thod  of va r i ances .

To  apply the numer i ca l  impoundment t r anspo r t  mode l ,
and the two in t e r f ac ing ,  subs id i a ry  mode l s ,  i .  e .  ,
impoundment hydrodynamic model  and open channel
t r anspo r t  model  t o  a l oca l  lake o r  r e se rvo i r  of su f f i c i en t
complexi ty ,  ver i fy ing  the p red i c t i ons  by  on - s i t e  f i e ld
explorat ions and con t ro l l ed  t r ace r  dye t e s t s .

The e igh t  ba s i c  ac t i ons  enumerated  above a r e  deve loped  and

desc r ibed  in  Chap te r s  IV  th rough  VII .

Assumpt ions  and S t ipu la t ions .  The ob jec t ive  and scope  s t a t ed .

ea r l i e r  will be governed  by  the following a s sumpt ions  and s t ipu la t ions :

an The des ign  of  the numer ica l  mode l s  in  th is  s t udy  wil l  be
s t rong ly  influenced by  the pragmat ic  engineer ing  r equ i r e -
ment  to  concep tua l i ze  impoundments  in  mac roscop ic
t e rms ,  u s ing  the na tu ra l ,  nea r - su r f ace ,  obse rvab le
and measureable  p rope r t i e s  of the impoundments a s  the
framework o f  pa rame te r s  a round  which the mode l s  a r e
des igned .



b. A s  a iogical sequence to the first cond i t i on ,  attention
will be focused on the fullyvmixed, “near-surface”
stratum. Generally, the depth of this stratum is to
the thermocline, or even to a lesser depth in some
special cases such as where heated water is first
discharged into a colder, stagnant body of water. How“
ever, in shallow areas the depth of this stratum may be
tantamount to the full depth of the lake.

c. Shear forces at the water-atmOSphere interface and the
depth of effective turbulence penetration will be assumed

to be caused by  steady winds only.

d. The study will be restricted to conservative mass transport
of dissolved, conservative dispersant material. Rhoda—
mine—B dye tracer Will be used as the prototype material
in field tests.

e. The numerical models will be applied to Lake Bastrop,
Texas a s  the prototype hydrodynamic system. Both
historical and contemporaneously~measured hydrodynamic
and flow data of this lake will be used as input data to the
lake numerical models. The lake is considered to LC of
sufficient complexity to afford a complete evaluation of
the numerical models.

The rationale for adopting the above assumptions and conditions

is based on  practical considerations and on findings of other investigators,

whose work will be reviewed in this study.

Relation to Water Resources Engineering

Importance of Water Impoundments. There continues to he a

strong impetus for more detailed research and study of the hydrodynamics

in lakes and reservoirs. This concern is generated by the trend in all

developed o r  developing regions to plan for the conversion of all major,



natural wate r  cou r se s  and  o the r  su r f ace  wa te r  r e sou rces  into r eg iona l

se r i e s  o f  op t ima l ly—opera t ed ,  i n t e r -dependen t ,  s l ack  wate r  impoundments .

Mos t  comprehens ive  wa te r  r e sou rce  development  p l ans  a r e  fo rmula t ed  on

this  s t r a t egy .

I. The  need  fo r  r egu la t i on  o f  more  s t r eams  wi l l  r e su l t  i n  the

cons t ruc t ion  of  more  impoundments t o  enhance the ex is t ing  r e se rvo i r

sys t ems ,  wi th  spec ia l  a t t en t ion  focused  on  wa te r  qua l i ty  s t anda rds .  Ehe

e f f ec t s  o f  i nc rea sed  impoundments  on  wa te r  qua l i ty  p re sen t s  one  of. t he

mos t  complex p rob lems  eve r  f aced  by  modern  t echno logy .

Krenke l  (1969) viewing this  s i t ua t ion  s t a t e s :

" .  . . Because  the fate of al l  r i ve r s  s eems  to  be
deve lopmen t ,  i t  i s  impor t an t  to  dec ide  i f  the p re sen t
use r s  o f  the was t e  a s s imi l a t i ve  capac i t i e s  o f  the
s t r eams  a r e  to be  compensa t ed  fo r  the l o s s  o f
this  capac i ty  due  t o  th i s  deve lopment .  "

At  t imes ,  the man—made  impoundments  o r  ”run—of—the r i ve r "

r e se rvo i r s ,  wi l l  ex i s t  i n  a r e l a t i ve ly  qu i e scen t  s t a t e ,  s e rv ing  v i r t ua l l y  a s

”evapora t ing  bas in s”  o r  “de ten t ion  poo l s“  — sub jec t  to  minimal,  na tu ra l

hydrodynamic: and o the r  fo rce s .  At o the r  t imes ,  the impoundments wi l l  be

sub jec t ed  t o  agi ta t ion  and vir tual ly conve r t ed  to  “mixing chamber s " ,  i n

which the phys ica l  t r ans fe r  o f  ma te r i a l s  a t  the wa te r - s ed imen t  i n t e r f ace  i s

i nc rea sed .  Th i s ,  i n  t u rn ,  i nc rea se s  the conse rva t ive  mass  l oad ing  and

s t imu la t e s  exchange  r eac t i ons  which fu r the r  a f fec t  concen t r a t i on  r a t e s ,

the l eve l s  of r eac t ive  subs t ances ,  and  the d i s t r i bu t ion  pa t t e rns  by mass

t r an5por t .  (Lee ,  1 970 )



Inc reased  hydrodynamic  action Within impoundments due to

intense usages  such as commercial nav iga t ion ,  and industrial process

cooling water will proliferate. Present planning envisages that m o s t

. natural surface water resources impoundments will be harnessed for

multi—uses, “and that there will be a significant increase in the construction

of artificial impoundments designed for intensive technological, industrial

and economic uses, involving special treatment (e. g. , aeration) and

recycling, (e. g. , pumped storage reservoirs).

The artifical impoundment is a man-made modification of a

larger system which McGaughey (1968) terms ”a link in the natural inter-

change of quantity and quality”. A better insight of hydrodynamic actions

and reactions within impoundments in receiving, distributing and trans—

porting inputs of conservative and  non—conservative reactive substances

including sediments or other pollutants, and the properties of these substances,

is vitally needed for the efficient management of water resources.

Importance of Transport Phenomena. The mixing processes

are related to the overall assimilative or purificative efficiencies and

capacities of an impoundrnent. Many pollution problems involve diffusion

processes. Cost constraints preclude the complete removal of all pollutants

from water; hence, there will always be an engineering and economic requires

ment for the rational use of the natural as similative capacities of lakes and

reservoirs. The design of many water and waste water treatment processes

and of various treatment facilities depends upon the efficient utilization of



natural mixing p roces se s  in  r ece iv ing  bod ie s  of  wa te r .  Knowledge of  t he

mixing phenomena a r e  vital t o  t he  con t ro l  o f  was t e  hea t  i npu t s  i n to  wa te r

impoundments  f rom indus t r i a l  p roces se s  and f rom the coo l ing  sys t ems  o f

fue led  e l ec t r i c  power  p l an t s .  The  r i go rous  eng inee r ing  des ign  c r i t e r i a

gradual ly  being e s t ab l i shed  in wa te r  and was t e  wa te r  engineer ing a r e

p red i ca t ed  on  an  eff icient  and accu ra t e  unders tanding and app l ica t ion  of

hydrodynamic and t r anspo r t  phenomena in r ece iv ing  bod ie s  of  wa te r .

In  addi t ion ,  a r ea l i s t i c  knowledge and app rec i a t i on  of the

hydrodynamical  and  t r anspo r t :  cha rac t e r i s t i c s  of spec i f i c  r e se rvo i r s  i s

i nd i spensab le  fo r  the optimal ope ra t i on  and  managemen t  or" the r e se rvo i r s .

Expe r i ence  shows  tha t  spec i a l i zed  r e se rvo i r  concep t s  of  va r ious  t ypes ,

e .g . ,  op t imized ,  d i s c r e t e ,  ope ra t i ona l ,  qua l i t y  and economic ,  taken

individually,  have p roved  inadequate  for  e f f i c i en t ,  economica l  management

of r e se rvo i r s  un l e s s  t he se  spec i a l i zed  models  a r e  syn thes i zed  wi th  the

hydrodynamic and t r anspo r t  mode l s  of  the r e se rvo i r s  involved .  Fo r

example ,  the mathemat ica l  model ing  s tud i e s  by  Thomann {1963) ,  Thomann

and Marks  (.1966) and by  Graves ,  e t  a l ,  (1968) per ta in ing  to  wa te r  qua l i ty

management  o f  the De laware  R ive r  e s tua ry ,  a r e  cogen t  i l l u s t r a t i ons  o f

bo th  the need  fo r  and ,  the t echn ica l  f ea s ib i l i t y  o f  syn thes i z ing  va r ious

re levan t  mode l s :  hydrodynamic ,  opt imal ,  opera t iona l ,  qua l i ty  and economic .

Th i s  syn thes i s  of  mode l s  r evea led  the engineering,r and  economic  op t ions

urgen t ly  needed  by  wa te r  r e sou rce  managemen t  and p l ann ing  agenc i e s ,
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Thrus t  of Pas t  Resea rch  on  Impoundments.  The  main thrust

of r e sea rch  up to the p re sen t  t ime,  inso far  as  inland impoundments a r e

conce rned ,  has  been  on  the inves t iga t ion  of  diffusion of  thermal ene rgy ,

and on  the determinat ion of  ”ef fec t ive  diffusivity" coe f f i c i en t s .  Th i s

emphas i s  has p roduced  many types  o f  t empera tu re  p red i c t i on  mode l s .

Thi s  emphas i s  i s  unders tandable  cons ide r ing  the ant ic ipated i nc reas ing

hea t  l oads  to be  applied to su r face  wa te r s .  In gene ra l ,  from the v i ew-

poin t  of  ene rgy  t r anSpor t ,  the d i s t r ibu t ion  of  a l l  subs t ances  i n  a r e se rvo i r

cou ld  be  cons ide red  to  be  dependent  upon the d i s t r ibu t ion  of  hea t  in  the

re se rvo i r .  The re fo re ,  i t  i s  no t  su rp r i s ing  that the bulk of p r ev ious

majo r  r e sea rch  e f fo r t  i n  r e se rvo i r  hydrodynamic  and t r anSpor t  p r ed i c t i on

model ing has  cen t e r ed  a round  t empera tu re  d i s t r i bu t ion  ana lyse s .  Howave r ,

the impetus  of  an t i -po l lu t ion  r e sea rch  e f fo r t s  now compe l s  u rgen t  exami-

nat ion of  hydrodynamic  and t r anspo r t  phenomena in  t e rms  of  the behav ior

of  conse rva t ive  and non -conse rva t ive  r eac t i ve  con taminan t s ,  a s  we l l  a s  the

thermal ,  b io log ica l  and chemical  p rope r t i e s  of t he se  subs t ances .

Conse rva t ive  Ver sus  Non-Conse rva t ive  Subs t ance .  Mode l s

for  p red ic t ing  the d is t r ibut ion  of  wa te r  p rope r t i e s  i n  r e se rvo i r s  i s  i n  the

ea r ly  s t ages  of  development.  And,  gene ra l l y ,  pa s t  r e sea rch  has  no t

differentiated r i go rous ly  be tween conse rva t ive  and non -conse rva t ive

subs t ances ;  the d is t inc t ion  was  use fu l  to explore and to desc r ibe  t r anspo r t -

phenomena and hydrodynamic sys t em p roces se s .  Wa te r  qual i ty  cons ide r -

a t ions  now have emphasized the need  for spec ia l  d is t inct ion between
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conse rva t ive  and non -conse rva t ive  subs t ances .  Gloyna (1968)  in

d i scus s ing  s t r eam predic t ion  models  for  oxygen deplet ion d i s t ingu i shes

be tween  conserva t ive  and non-conse rva t ive  pollutants  a s  fol lows:

” .  . . Pollutants  that affect  s t r eams  a r e  e i ther
V conse rva t ive  o r  non -conse rva t ive .  In  the ca se  o f

conse rva t ive  (non—biodegradab le )  was t e s  the
as  s imilat ive capac i ty  o f  the s t r eam i s  l a rge ly  due
to  dilution although accumulat ion of  ce r t a in  was t e s
o f  th is  type in bo t tom sed iments  g rea t ly  influences
the t ranspor t  and consequen t  di lut ion.  Conver se ly ,
in  the ca se  o f  non -conse rva t ive  (b iodegradable )
was t e s ,  the concen t ra t ion  l eve l s  become  a funct ion
of  time and d i s t ance .  ”

For  example, conserva t ive  pol lu tants ,  such  a s  ch lo r ides  a r e

those  whose total amount o f  chemical composi t ion a r e  no t  af fec ted  by  internal

sys t em p roces se s ;  only t r anspor t  phenomena a r e  regarded  capable of

changing their concent ra t ions .  In  con t r a s t ,  non-conserva t ive  pol lutants

a r e  mater ia ls  whose  amount o r  composi t ion i s  changed in a s ignif icant

fashion by  the sys t em ' s  in ternal  p roces se s .  A review of l i t e ra tu re  ind ica tes

that  p red ic t ion  of the behavior  of  non -conse rva t ive  subs t ances  in the in ternal

p roces se s  of  a Sys t em i s  cons ide rab ly  more  diff icul t  than fo r  conse rva t ive

subs t ances .  Efforts  to co r re l a t e  o r  different iate  the behav io r s  of conse rva -

tive and non-conservat ive  pollutants  and their r e spec t ive  p rope r t i e s  i s  the

major  r e sea rch  a r ea  in wa te r  r e sou rces  engineering.  I t  i s  the c rux  of  the

pollution problem.



CHAPTER I I

ANALYSIS OF MAJOR DEVELOPMENTS PERTAINING TO RESERVOIR

HYDRODYNAMIC AND TRANSPORT MODELING

Recent Local Work

I t  was  indicated ea r l i e r  that this work  i s  pa r t  of  a l a rge r

r e sea rch  e f for t  to  s tudy  the e f fec t s  o f  cu r r en t s ,  wind—induced waves ,  and

seasona l  over turnings  on  the behavior  of  contaminants in wa te r  impound—

ment s .  Pu r suan t  to this comprehens ive  r e sea rch  e f fo r t  s eve ra l  vital s t ud i e s

have been  made .

Fie ld  Inves_tig_ations, Lake T rav i s ,  Texas .  Wi l son  and Masch

(1967)  conduc ted  t r ace r  i nves t i ga t i ons  a t  Lake T rav i s  (Aus t in ,  Texas ) .

Thi s  i s  a deep  impoundment where  the predominant mechanism fo r  d i spe r s ion

i s  wind-induced su r face  ac t iv i ty .  The  ob j ec t i ve s  were  to experiment  with

dye  t r ac ing ' t echn iques ,  to measu re  and analyze veloci ty  p ro f i l e s ,  to  analyze

t r ace r  di lut ion r a t e s ,1  to determine empir ical  d i spe r s ion  coef f ic ien t s ,  and

to determine  pos s ib l e  co r r e l a t i ons  be tween  d i spe r s ion  coe f f i c i en t s ,  su r f ace

ve loc i ty ,  and wave cond i t ions .  Re levan t  f ind ings  were :

1 .  Under  ambient cond i t ions ,  cha rac t e r i zed  by  a con t inuous
dominance o f  wind- induced  su r f ace  cu r r en t s ,  the  nea r -

1Di lu t i on  rate - the ra te  of diminution o f  the peak  concen t ra t ion
in  a d i spe r s ing  c loud .

11
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su r f ace  velocity grad ient  was  found to be ve ry  steep
nea r  the reservo ir  su r f ace ,  dec reas ing  rapidly with
depth.  Nea r - su r f ace  ve loc i t i e s  appea red  to  be  r ep re sen t ed
reasonab ly  wel l  by  the re la t ionsh ip :

u 3/  7’ ‘ ‘0'" " d <24)5
where :

u = flow ve loc i ty  a t  some depth.
US = flow veloc i ty  a t  the su r f ace .
d = depth.

Under  a wide a s so r tmen t  o f  ambient f i e ld  cond i t i ons ,  i t
was concluded tentat ively that  the re la t ive  peak  concen—
tra t ion  in  a c loud  of conse rva t ive  d i spe r san t  was  gove rned
by  the re la t ionship:

5-:— : a t  ~2-5 -2)c <20
where :

C = t r ace r  concent ra t ion  a t  some point  and t ime .
C0 = ini t ia l  concentra t ion .
a = d i lu t ion  coef f ic ien t  whe re  amKC US '3 .
KC = empir ica l  fac to r  for  sur face  condi t ions ,  unique

t o  Lake T rav i s ,  whe re :

Kc = 0 .78  (no ”whi t ecaps” )
KC = 1 .00  (“whi t ecaps” )

t = t ime.
C /C0  = re la t ive  concen t ra t ion .

Under  s t eady-wind  condi t ions ,  the su r face  cu r r en t  was
found to be  re la ted  to the wave energy spec t rum,  the
tu rbu len t  d i f fus iv i ty ,  the l a t e ra l  d i spe r s ion  coeff ic ient ,
and the dilution fac to r .  Under  uns teady—wind and
breaking-wave condi t ions ,  the su r face  cu r r en t  may be
co r r ec t ed  by  an  empir ica l  f ac to r .

The vert ical  d i spe r s ion  coefficient appeared to be
co r r e l a t ed  to wave he igh t .
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The longitudinal d i spe r s ion  coeff ic ient  was  found to be
f rom five t o  t en  times g rea t e r  than the l a t e r a l  coef f ic ien t ,
and this  was  a t t r i bu t ed  to shea r  flow mixing o r  convec t ive
d iSp lacemen t .  The  following table g ives  an ”o rde r  of
magnitude" compar i son  o f  the coef f ic ien t s  computed .

Table  2 -1 .  D i spe r s ion  Coeff ic ients  under  Var ious  Wind-Wave Conditions

Dispe r s ion  Coe f f i c i en t s  (f tZ/sec)
S u r f a  c e Longitudinal  La te ra l  Ver t ica l

C ond i t i on  (Dx) (Dy)  ( D z )

Ripples 0 .  06 0 .  0004
Wave Height ,  6”  0 .11  0 .  0035

Wave  Heigh t ,  10"  — 0 .  l 3  0 .  0720

I t  was  no t ed  that the ve r t i ca l  and l a t e ra l  coe f f i c i en t s
of  d i spe r s ion  i nc rease  with the ene rgy  in the wave
spec t rum,  so  that

O. |5

D '" Dz (2-3)9
and the following bas i c  re la t ionships  were  sugges t ed :

a .  Dx> Dy  because  of  shear  flow mixing.

b .  Dx  dec rease s  and Dy i nc rea se s  because  o f  shea r
flow mixing.

c .  Dz  i s  re la t ive ly  cons tan t  until the wave height  r eaches
about three  i nches ;  then, i nc rea se s  rapidly with wave
height .

A dye  t r ace r  c loud  elongat ion reached  i t s  maximum length
and width when wave heights  < 3 i nches .

The following conditional po in t s  we re  made in  p resen t ing
findings:

a .  The re  i s  need  fo r  more  accu ra t e  measu remen t  o f
ve loc i ty  d i s t r ibu t ion .
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b .  While d and Us  appear to be  h igh ly -cor re la ted ,
fur ther  confirmation of  the veloci ty  re la t ion  i s
needed .

c .  Obse rva t ion  fo r  di lut ion t imes should  be  extended
beyond 6 hours .  Fur ther  t e s t s  a r e  needed  to  confirm
the tentat ive re la t ion:

£- : a ' t -H
%

d .  In the inves t iga t ion  the equat ion  se l ec t ed  for  computing
the eddy diffusivity coeff ic ient  was

_ :4D —l56wr (Lg

whe r e :

w = a diffusivity parameter  with d imens ions  of
( f t )4 /5 / s ec .

r = d i s t ance  f rom cen te r  o f  mass  o f  t r ace r  c loud .

Fur the r  t e s t s  a r e  needed  to confirm the
validity of  the r1 -  2 component .

The  inves t iga t ions  demons t ra ted  the cons iderab le  difficulties

and effor ts  entai led in analyzing hydrodynamic phenomena by  field data

a lone ,  and  to t ry  linking ma jo r  hydrodynamic and hydrometeoro log ica l

pa ramete r s  by  a s e r i e s  o f  empir ic ized  re la t ionsh ips .  The p re s s ing  need

for  modeling became  evident a f t e r  analyzing the Lake Trav i s  f ie ld

i nves t i ga t i ons .

Wind-Wave Macro -Turbu lence  Flume Tes t s .  The work  o f

wind-induced waves  and cu r r en t s  i n  p roduc ing  an  apparen t ,  nea r - su r f ace ,

mac ro - sca l e  turbulence was  obse rved  during the Wi l son  and Masch  (1967)
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f ie ld  tests. The  mac ro—sca le  tu rbu lence  and d i spe r s ion  phenomena

war ran t ed  i nves t i ga t i on  unde r  l abo ra to ry  con t ro l s .  The re fo re ,  a s  a

seque l  t o  the Wi l son  and Masch  (1967)  r e se rvo i r  f i e ld  exp lo ra t i ons ,  Lee

and Masch  (1969) conduc ted  wind—wave  flume t e s t s  t o  examine w ind—induced

wave tu rbu lence .

The  gene ra l  findings were :

1 .  The  depth  of  pene t r a t i on  o f  turbulence due  to  wind—
induced  waves  i nc rea se s  rapidly up to a c e r t a in  wind
ve loc i ty ,  beyond which the pene t ra t ion  r a t e  dec rease s .
And,  there appea r s  to  be  a l imit ing depth  of pene t r a t ion
be low which su r f ace  i nduced  tu rbu lence  does  no t  ex tend
even  a t  i nc rea s ing  wind ve loc i t i e s .

2 .  The  depth of  pene t ra t ion  o f  tu rbu lence  i nc rease s  a s  the
wave he igh t  and wave leng th  i nc rea se s ,  howeve r  a t  the
same  time the r e s i s t ance  to  pene t r a t i on  a l so  i nc rease s .

3 .  A t  smal l  wave—steepnes se s  the depth  of tu rbu len t
pene t ra t ion  i nc rease s ;  a s  the s t eepnes s  i nc rea se s  the
tu rbu len t  pene t r a t i on  r a t e  dec rease s .  Howeve r ,  i f  the
wave - s t eepnes s  i s  ve ry  l a rge ,  the pene t r a t i on  dep th
dec rease s .

4 .  Tu rbu len t  f l uc tua t ion  f r equenc i e s  equa l  t o  o r  g r ea t e r
than ambient  su r f ace  wave  f r equenc ie s  a r e  gene ra l l y
confined to the zone  of turbulent  pene t r a t i on .  Bu t ,
vo r t i ce s  and o the r  t u rbu l ence  e f f ec t s  can  pene t r a t e
be low the u sua l  tu rbu len t  zone ,  qu ick ly  degene ra t i ng
in to  sma l l  s ca l e  edd ie s .

Mathemat ica l  I nves t i ga t i on  o f  So lu t ions  fo r  the Two—Dimen-

s iona l  Convec t ive  —Di5pe r s ion  Equa t ion .  Gebhard  and Masch  (1969)  eva lua t ed

seve ra l  numer i ca l  mode l s  for  nea r - su r f ace  d i spe r s ion  and convec t ion  in

r e se rvo i r s .  The  need  to  explore the potent ia l i t ies  of  numer ica l  mode l s
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became  ev iden t  a f t e r  cons ide r ing  the l a rge  expendi ture  o f  t ime and e f fo r t

invo lved  in ma jo r  f i e ld ,  s t a t i s t i c a l  o r  phys i ca l  mode l  i nves t i ga t i ons .  The

fol lowing eva lua t ions  were  made o f  va r ious  finite d i f fe rence  me thods  to

so lve  the two-d imens iona l  convec t ion  d i spe r s ion  equat ion:

1 .  Compu te r  p rog rams  a r e  f ea s ib l e  fo r  the so lu t i on  o f  the
convec t ive  d i spe r s ion  equa t ion  u s ing  finite d i f f e rence
methods .

2 .  The  "method of  cha rac t e r i s t i c s”  appears  the mos t  u se fu l
of three  types  examined, having b roade r ,  p r ac t i ca l
appl icabi l i ty  than e i t he r  the expl ic i t  o r  impl ic i t  me thods .

3 .  No so lu t ion  was  found to  be  un iversa l ly  appl icable  to  a l l
wa te r  bod ie s .  The  cho ice  of method depends  on  the
combination of  g iven  flow and boundary cond i t ions  and ,
i n  any ca se , t he  so lu t i on  i s  ba s i ca l l y  an approximate
s imu la t i on ,  u se fu l  fo r  p r e l imina ry  ana lyse s .

4 .  The  finite d i f fe rence  methods o f  so lu t ion  accompl i sh
numer i ca l l y  wha t -Tay lo r  (1954) and E lde r  (1959)
accompl i shed  ana ly t i ca l ly .

5 .  The  numer i ca l  a lgo r i t hms  enable  e f f i c i en t ,  e conomica l ,
rapid explora t ion  of mixing and d i spe r s ion  phenomena in
wate r  impoundments.

In summary ,  the deep  r e se rvo i r  t e s t s  of Wi l son  and Masch

(1967)  demons t r a t ed  cogen t ly  the d i f f i cu l t i e s  and the l a rge  amount  o f  time

that would be  involved in  obtaining the field data  neces sa ry  to  make a

r igo rous  evaluation o f  the d i spe r s ive  and t r anspo r t  phenomena in  l a rge

bod ie s  o f  wa te r .  I t  was  ev iden t  that  l a rge  quan t i t i e s  o f  obse rved  f ie ld

data would be  needed to  der ive  empir ical  exp re s s ions  desc r ib ing

t en ta t ive ly  the r e l a t ions  be tween  va r ious  hydrodynamic  pa rame te r s .
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The  Gebha rd  and Masch  (1969)  analysis of  the va r ious  me thods

fo r  so lv ing  the convec t ive  d i sPe r s ion  equa t ion  i nd i ca t ed  bo th  the p rac t i ca l

and eng inee r ing  neces s i t y  o f  deve lop ing  appropr ia te  numer i ca l  mode l s

which se rve  to  r educe  the heavy dependence  on  l a rge  quan t i t i e s  of

measu red  field data  and on  phys i ca l  measu remen t s  f rom sca l e  mode l s .

Cur ren t  Loca l  Work

Formula t ion  o f  Mathemat ica l  Mode l s  o f  Rese rvo i r  Hydro -

dynamical  Phenomena.  As  a r e su l t  o f  the Wi l son  and Masch  (1967) ,  Lee

and Masch  (1969) and Gebhard and Masch  (1969) s tud i e s  j u s t  de sc r ibed ,

fo l l ow-on  s tud i e s  we re  s t a r t ed  in  1969  a t  The  Un ive r s i t y  o f  Texas  t o

develop  comprehens ive  mathematical  mode l s  o f  hydrodynamic d i spe r s ive

and t r anspo r t  behavior  in  r e se rvo i r s .  Th ree  mac ro - t r anspo r t  mode l s  a r e

sough t :

1 .  The f i r s t  i s  a one—dimens iona l  model  for  the dep th
va r i a t i on  of t empera tu re  wh ich  wou ld :  (a) de sc r ibe  the
h i s to ry  o f  the t he rmoc l ine ,  (b )  provide  i n s igh t  i n to
s t r a t i f i c a t i on  and mixing coe f f i c i en t s  and  ( c )  def ine  the
c i r cu l a t i on  avai lab le  fo r  convec t ive  t r anspo r t .

2 .  The  s econd  mode l  sough t  i s  f o r  the t r anspo r t  of
conse rva t ive  subs t ances  i n  a ve r t i ca l l y ,  we l l—mixed
re se rvo i r .  (The  spec i f i c  ob j ec t i ve  o f  this r epo r t . )

3 .  The  th i rd  mode l ing  e f fo r t  i s  t o  deve lop  a two-d imens iona l ,
t ime-dependent  so lu t i on  of the Navier—Stokes  and
cont inui ty  equa t ions  applicable to  a s t r a t i f i ed  impound-
men t .  The  two coo rd ina t e s  d i r ec t i ons  wou ld  be  the
ver t ica l  and hor izonta l  d i r ec t i ons  in  the plane containing
the cha rac t e r i s t i c  l eng th  o f  the  r e se rvo i r  o r ,  the ve r t i ca l
plane containing the d i rec t ion  of  convec t ive  t r anspo r t .
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Evaluation of  Rese rvo i r  Se l ec t i ve  Wi thdrawal  Mode l s .  F ruh

(1970) made p re l imina ry ,  gene ra l  eva lua t ions  of  va r ious  analyt ica l  and

empi r i ca l  mode l s  fo r  the  s e l ec t i ve  wi thdrawals  o f  wa te r  f rom re se rvo i r s .

Two hydrodynamic mode l s  fo r  the p red i c t i on  of  the ve loc i ty  prof i le  unde r

s t r a t i f i ed  r e se rvo i r  condi t ions  were  s tud ied  fo r  de ta i l ed  evaluat ion .  Lake

L iv ings ton ,  Texas ,was  s e l ec t ed  fo r  spec i f ic  ve r i f i ca t ion  and s imulat ion

purposes .  The  two mode l s  u sed  were :  the empi r i ca l ,  curve—fit t ing

approach  of Bohan and Grace  and the analyt ic  app roach  of  Koh and Deb le r .

In i t i a l l y ,  t he se  numer i ca l  mode l s  we re  t e s t ed  u s ing  ava i l ab l e  i npu t  da t a

from Lake Rooseve l t ,  Lake Fontana and Lake Che rokee  o f  the Tennessee

Valley Author i ty  and,  Lake T rav i s  of the Lower  Co lo rado  R ive r  Au tho r i t y .

Fur the r  model ver i f icat ion t e s t s  a r e  planned,  and e f fo r t s  will  be  made to

remedy de f i c i enc ies  encoun te red  in  the pre l iminary  t e s t s  involving

boundary  l aye r  aSpec t s  and hydrau l ic  cont inui ty .  In addi t ion,  changes  in

outflow wa te r  p rope r t i e s ,  o the r  than t empera tu re ,  wil l  be  measu red .

Ult imate ly ,  f i e ld  t e s t s  wi l l  be  made in  Lake L iv ings ton  to  de t e rmine  the

validi ty of  the Koh-Deb le r  and Bohan-Grace  models  fo r  r e se rvo i r  mult iple

ou t le t  d i s cha rges ,  and o the r  operat ional  pu rposes .  The need  for  the

development  of a hydrodynamic model  of  ve loc i ty  prof i le  in  a s t ra t i f ied

r e se rvo i r  ha s  been  r ecogn ized  a s  a p r e r equ i s i t e  t a sk  i n  the fo rmula t ion  o f

a r e se rvo i r  opera t ional  plan which provides  for  optimal s e l ec t i ve  with-

drawal  o f  wa te r s  f rom re se rvo i r  s t o r age .
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Ana lys i s  o f  Re levan t  F ind ings  o f  Vital Stud ie s  and Inves t i ga t i ons

Taylor on  D i spe r s ion  of  Ma t t e r  in Turbu len t  F low.  In s tud i e s

on  acce l e r a t ed  d i f fus ion  and tu rbu len t  shea r  f low in  a c i r cu l a r  p ipe ,

Tay lo r  (1954-) found that  mixing i s  p roduced  by  mean ve loc i ty  d i f f e r ences

ex is t ing  in  a g iven  pipe c ros s - sec t i on .  A t  the cen t e r ,  the p ipe  flow i s

g rea t e r  than ave rage  and ca r r i e s  a t r ace r  fluid ahead of  the bulk mot ion .

Turbu len t  pe r tu rba t ions  d i spe r se  the t r ace r  ove r  the whole  pipe c ros s

sec t i on .  Nea r  the p ipe  wa l l s ,  a t  f i r s t ,  the flu id  flow i s  r e t a rded ;  subsequen t ly ,

the fluid i s  sp read  ou t  by  tu rbu lence .  Tay lo r ' s  f indings deve loped  a s

ex tens ions  o f  Reyno lds '  work ,  fo rm the bas i s  fo r  the bulk of  the theo re t i ca l ,

p r ac t i ca l  formulat ions fo r  hydrodynamic d i spe r s ion  and t r anspo r t  phenomena

in  wa te r  bod ie s .  As  s t a t ed  by  Schl icht ing (1961) ,  the Reynolds  s imi la r i ty

pr inc ip le  p rov ides  that  ”With flow of  dif ferent  fluids  abou t  geome t r i ca l l y

s imi lar  bod ie s ,  the s t reaml ine  pa t t e rns  a r e  s imi lar  i f  the d imens ion l e s s

Reynolds  number  has  the same value fo r  each  f low" .  Bas i ca l l y ,  the

”Reynolds  number may be i n t e rp re t ed  physica l ly  a s  the ra t io  of iner t i a l

fo rce s  t o  v i s cous  fo rce s  in  the f l ow” .

E lde r  on  Open  Channe l s .  E lde r  (1959)  ex tended  Tay lo r ’ s  work

to  open channel  flow.  The  e s sen t i a l s  of  h i s  ana lys i s  apply to  para l le l  f low

regimens  in  o ther  p rob lems ,  including a tmospher ic  s t eady  winds and s t eady

ocean  cu r r en t s  w i thou t  l a t e r a l  f l ows .
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Or lob  on  Eddy  Di f fu s ion  in  Homogeneous  Turbu lence .  Or lob

(1959) presen t ed  the fundamental l og i c  underlying eddy  diffusion inc iden t

to h i s  ana lys i s  of  eddy  di f fus ion in  homogeneous  tu rbu lence  and  h i s  l ab -

ora to ry  ve r i f i ca t i on  o f  the Ko lmogoro f f  s imi l a r i t y  pr inciple  which  i n t e r -

r e l a t e s  eddy  d i f fus ion ,  the r a t e  of ene rgy  d i s s ipa t i on ,  and the Lagrang ian

eddy  sca l e .  H i s  r e sea rch  p rov ides  an  exce l l en t  ana lys i s  o f  the fo rego ing

fac to r s  and thei r  phys i ca l  s ign i f i cance .  Or lob  (1959) presen t ed  a s

confirmation fo r  h i s  findings Pea r son ' s  comprehens ive  syn thes i s  of

i nves t i ga t i on  r e su l t s  conce rn ing  the re la t ionship  be tween  the coe f f i c i en t

of eddy  di f fus ion and the s ca l e  o f  dif fusion phenomena,  merging h i s  own

obse rva t ions  with t hose  o f  many independent  i nves t i ga to r s .

Or lob ’ s  (1959)  work  p re sen t s  a comprehens ive  summary  o f

r epo r t ed  i nves t i ga t i ons ,  showing that  a l ine of 4 /3  s lope  fai r ly  wel l

es t ab l i shes  the t rend  o f  da t a  f rom sca l e s  o f  0 .1  foo t  t o  ove r  1 ,  000  f ee t .

The  following equat ion  r ep re sen t s  the relat ionship in  ove r  100  inves t iga t ions

involving turbulence  condi t ions :

02(00) = o.ou3 EV 3594/3  
(2-5)

where :

Dz = coef f ic ien t  of  l a t e r a l  eddy  dif fusion.

E = ra te  o f  ene rgy  d i s s ipa t ion  pe r  unit  mass .

L“ 9:
II

Lagrangian eddy  s i ze .
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Or lob ' s  (1959) work  shows  the s ign i f i cance  o f  the concept of

a l imit ing d i f fus ion  coe f f i c i en t .  Th i s  ma t t e r  wil l  emerge  aga in  l a t e r  i n

the d i s cus s ion  o f  Okubo ' s  work .

When a po in t  sou rce  d i s cha rges  into the su r f ace  of a r ece iv ing

body  o f  wa te r ,  the  pa t t e rn  o f  d i spe r s ion  a t  f i r s t  i nc rea se s  r ap id ly ,  fanning

ou tward  a s  the flow d i f fu se s  l a t e r a l l y  While be ing  ca r r i ed  away  by  the

cu r r en t .  Nea r  the sou rce ,  the Ko lmogoro f f  s imi l a r i ty  p r inc ip l e  appl ies

with the d i spe r s ion  coef f ic ien t  DZ propor t iona l  to the eddy  s i ze .  Bu t ,

th rough  an  in t e rmed ia t e  range  o f  eddy  s i ze s ,  the s imi l a r i t y  p r inc ip l e  does

no t  apply .  Fu r the r  on  in  the spec t rum of eddy  sca l e ,  the d i spe r s ion

coef f i c ien t  con t inues  to  be  a f fec ted  by  eddy  s i ze ,  bu t  to a l e s se r  deg ree .

Eventua l ly ,  the maximum eddy s i ze  becomes  involved in  the d i spe r s ion

pa t t e rn  and the eddy  coe f f i c i en t  r eaches  a po in t  Where  i t  s t ops  i nc rea s ing ,

and ,  a t t a ins  a cons t an t  va lue .

Pa rke r  on  Radioac t ive  T race r  Di f fus ion  Ra te s  and Eddy

Di f fus ion  Coe f f i c i en t s .  Pa rke r  (1961) of  the Atomic  Ene rgy  Commiss ion

r epo r t ed  on  t e s t s  conduc ted  on  va r ious  r eaches  of the Met r0po l i t an  D i s t r i c t

Commiss ion  Rese rvo i r  No .  2 a t  Framingham, Massachuse t t s  t o  de t e rmine

rad ioac t ive  t r ace r  d i f fus ion r a t e s  and eddy  diffusion coe f f i c i en t s .  The

model  env i saged  by  Pa rke r  was  an idea l i zed  r e se rvo i r  a s sumed  to  be  of

”infinite expanse and cons t an t  dep th” .  The model was  ene rg i zed ,  supposed ly ,

by  a s l ug  r e l ea se  o f  r ad io i so tope  t r ace r ,  which  was  a s sumed  to  be  mixed

rapidly and i ‘ so t rop ica l ly  throughout  the full depth  of the r e se rvo i r ,  forming
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an  ” in s t an t aneous  l i ne  sou rce  o f  constant s t r eng th" .  The  mode l  fu r the r

env i sages  that the i so tope  t r ace r  undergoes  two p roces se s :  (1) rad ia l

di f fus ion  f rom the o r ig in  and ,  (Z) d i s in t eg ra t i on  and lo s se s .

A br i e f  ana lys is  of  th is  important  ba s i c  model  will  s e rve  to

br ing  ou t  fundamental e l emen t s  o f  r e se rvo i r  mode l ing .  F igu re  (2—1)

shows  an e lement  o f  volume ( r  d r  de  dz )  i n  the plane o f  d i f fus ion ,  whe re :

IIc t r ace r  concen t r a t i on .

H

r r ad ius  f rom the sou rce ,  0 .

d9  = angu la r  width  o f  e l ement .

dz

H

he igh t  of  e l emen t .

The  en te r ing  r a t e  of  t r ace r  d i f fus ion  i s :

2 29.

The  t r ace r  dif fusion leaving r a t e  and d i e - away  i s :

a
"az ( r+d r )dedz— 3 , .  c -l— 3—?- dr+krd rdedzc  (2_7)

where :

a2  = eddy  di f fus ion coeff ic ient ,  indicat ing the deg ree  of
mixing,  ( l engc / t ime) .  2'

k = ef fec t ive  decay  cons tan t  of the r ad io i so tope  t r ace r .

c = t r ace r  concen t r a t i on .

2 P rand t l ' s  "mixing l eng th”  i s  impl ied he re ,  which  Rouse
(1938) and Pa rke r  (1961)  i n t e rp re t  a s  ” the  ave rage  d i s t ance  a smal l  mass
of  fluid  wil l  t r ave l  be fo re  i t  l o se s  i t s  inc rement  of  momentum to  the
reg ion  in  which i t  comes .  "
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Figu re  2 — 1 . Elemen t

AC

t = Small Value

1 = Large  Value

Figu re  2 -2 .  D i f fu s ion  f rom an  In s t an t aneous  Source
(Af t e r  Pa rke r ,  1961)
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Equat ing  the d i f f e r ence  o f  the en t e r ing ,  and l eav ing  t r ace r

d i f fus ion  r a t e s  i .  e .  , [Equa t ions  (2 -6 )  and ( 2 -7 ) ]  t o  the t r ace r  bu i ld—up  in

the uni t  e lement  [F igure  (2 -1 ) ]  the following balance equat ion  i s  obta ined:

.3__<=_ Lie _. h e  - L ac
l a r -Z  r' e r  a2  "az  31» (2-8)

The  so lu t i on  o f  the fo rego ing  equa t ion  i s  g iven  a s :

c xp( r2 kt)= e ' - (2-9)47ra2’r 4az’r
where :

c 2 concen t r a t ion  a t  any  r ad ius ,  r , and  any t ime ,  t , a f t e r  the
t r ace r  i s  d i s cha rged .

N = initial amount o f  radioact ive  t r ace r  ma te r i a l  added  pe r
foo t  o f  depth.

The gene ra l  quant i ta t ive  re la t ionsh ip  be tween  the pa rame te r s :

c ,  and t i s  dep ic ted  schemat ica l ly  in  F igu re  (2—2). The  concen t r a t ion

f requency d is t r ibut ion  i s  Gauss i an ;  the concent ra t ion  con tou r s  a r e  c i r cu l a r .

The  re la t ionsh ips  be tween  c ,  r and  N a re  wor thy  of no t e .

Solving Equat ion (2—9) for  r ,  and l e t  r : r '  the radius  of  a. c i r c l e  having a

g iven  c r i t i c a l  concen t r a t i on ,  c ' ,  we  obta in :

/ N"=2d1‘ ' nm‘k ’ r  ' (2-10)
Note  that i nc rea s ing  N to  N x 101  o r  even  N x 102  has  an ins ign i f ican t  e f f ec t

on  r ' .
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Us ing  ex tens ive  d i f fus iv i ty  da ta ,  inc luding that of  o the r

inves t i ga to r s ,  Pa rke r  (1961) de r ived  the fol lowing empi r i ca l  equa t ion  fo r

the eddy  d i f fus ion  coe f f i c i en t :

:32:  7,5xl0_4xrl'47 (fig/see) (2-11)

Thi s  fo rmula  i s  i n  c lo se  acco rd  wi th  R icha rdson ' s  l aw  o f

"ne ighbor  d i f fus iv i ty”  exp re s sed  by :

4 (2-12)F(L) = 6L ’3~3.03a’-
where :

L

6

a2

d i s t ance  be tween  pa r t i c l e s  .

a c ons  t an t .

ll eddy  diffusion coef f ic ien t .

Bowden  on  Hor i zon ta l  and Ver t i ca l  D i f fus iv i ty .  Bowden  (1965)

appl ied the Tay lo r  (1954) theory  to var ious  ve loc i ty  prof i les  obse rved  in

ocean  d r i f t and  tidal cu r r en t s .  He sugges t ed  that the combined e f f ec t s  o f

ve r t i ca l  ve loc i ty  g rad i en t s  and turbulent  mixing in shea r  f lows p roduce  an

“e f f ec t i ve"  ho r i zon ta l  d i sPe r s ion .  He sugges t ed  a l so  tha t  the e f f ec t i ve

coeff ic ient  of  hor izonta l  d i spe r s ion  i s  i nve r se ly  p ropor t iona l  t o  the coe f f i -

c i en t  of  ve r t i ca l  eddy diffusion.  Thorough  ve r t i ca l  mixing in  a flow,  t ends

to  coun te rac t  the shea r  ef fec t  on  a t r ace r  c loud ;  bu t ,  i f  ver t i ca l  mixing

i s  ins ignif icant ,  hor izonta l  t r anspo r t  i s  heavily influenced by  the differential

e f f ec t s  of  the ve r t i ca l  ve loc i ty  p rof i le .  The ve r t i ca l  t r an3por t  o f  mater ia l
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caused  by  ver t i ca l  diffusion dec rease s  the amount of ho r i zon ta l l y - t r ans—

por t ed  mater ia l .  Thus ,  i t  i s  l ikely that i f  a r e se rvo i r  has  a s tab le  dens i t y

g rad i en t  pa t t e rn  which s t rong ly  inh ib i t s  ve r t i ca l  mixing,  the va lues  of

ef fec t ive  hor i zon ta l  mixing and diffusion will be  high.

Csanady  on  Trace r  Diffusivi ty in  Lakes .  Csanady  (1966) , in

t r ace r  diffusion experiments  on  Lake Huron,  confirmed that when the

magnitude and d i rec t ion  of the hor izonta l  mean ve loc i ty  changes  with

depth ,  the hor izonta l  diffusivity i nc rea se s  more  rapidly than ho r i zon ta l

diffusivity under  uniform flow cond i t ions .  And,  i f  o the r  temporal  changes

a re  imposed  on  the complex flow pa t t e rn ,  the d i spe r sa l  cha rac t e r i s t i c s

a r e  fur ther  g r ea t l y  modified. Csanady  (1966) examined hor izonta l  di f fusion

i n  cu r r en t s  o f  complex  pa t t e rns  by  t h r ee  me thods :

1 .  by  cons ide r ing  the kinematics  o f  skewed,  uns teady
cu r r en t s ;

Z.  by  ca lcu la t ing  ef fec t ive  l a t e r a l  and longi tudinal  d i f fus iv i t i e s
us ing  a method developed by  G .  I .  Tay lo r  (1954); and

3 .  by  ca lcu la t ing  f i r s t  and second  moments  o f  the concen t r a t i on
d i s t r ibu t ion  in  shea r  flow us ing  the d i f fus ion equa t ion .

Csanady (1966) concluded that a low eddy diffusivity tends to

produce  a h igh effect ive  horizontal  diffusivity due to acce le ra t ion  of

diffusion by  the g rea t e r  complexity of cu r r en t s .  The ne t  di lut ion r a t e s

vary  l e s s  than expec ted .

Finally,  the shea r  e f f ec t s  no t ed  ea r l i e r  by  Tay lo r  (1954) ,

E lde r  (1959)  and BoWden  (1965) were  app l i cab le  i n :  (1)  a l ong i tud ina l



d i r ec t i on  in  a pa ra l l e l  lake current with a non -un i fo rm ve r t i ca l  ve loc i ty

pro f i l e ,  and (2)  a l a t e r a l  d i r ec t i on  i n  a skewed  cu r r en t .

Foxwor thy  on  Mul t i -D imens iona l  S t a t i s t i c a l  Mode l s  o f

Turbu len t  Eddy  Di f fu s ion .  Foxwor thy ,  e t  a l  ( 1966)  conduc ted  d i f fus ion
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exper iments  off  the Sou the rn  Cal i fornia  coas t  during 1963—1965, wi th  the

fol lowing appa ren t  ob j ec t i ve  5 :

1 .

3 .

To  inves t i ga t e  the feas ib i l i ty  of  applying s t a t i s t i c a l  mode l s
of t u rbu l en t  eddy  diffusion to the spec i f i c  ca se  of a con -
t inous r e l ea se  of conse rva t ive  dye  t r ace r  f rom poin t
and volume sou rces .  -

To  determine the e f fec t s  of  wind and o f  wa te r - co lumn
s tab i l i ty  on the d i spe r s ion  p roces s ,  pa r t i cu l a r ly  ve r t i ca l
eddy  d i f fu s ion .

To  ve r i fy  the expe r imen ta l l y -de t e rmined  empi r i ca l
d i spe r s ion  r e l a t i onsh ips  in  an ac tua l  coas t a l  was t e  f i e ld .

Foxworthy,  e t  a l  (1966) p re f aced  the i r  work  with two impor tan t

c l a r i f i ca t i ons :

1 . Sta t i s t i c a l  mode l s  fo r  the d i s t r ibu t ion  of ma te r i a l  in  a
plume r e l ea sed  f rom a con t inuous ,  fixed po in t  sou rce  i n
the a tmosphere  a s sume  that  the turbulent  f ie ld  i s  i so t rop i c ,
homogeneous ,  s t a t i ona ry ,  and ex t ends  ove r  in f in i te  space .
These  a s sumpt ions  imply that  the  s t a t i s t i c a l  cha rac t e r i s t i c s
o f  t u rbu lence  in  a g iven  a r ea  a r e  no t  a f fec ted  by  any
a rb i t r a ry  ro t a t i on  ( i so t ropy )  and t r ans l a t i on  (homogene i ty )
o f  the s e l ec t ed  coo rd ina t e  axes .  The  t e rm ” s t a t i ona ry“
means  that  the s t a t i s t i c a l  cha rac t e r i s t i c s  a r e  independent
of t ime .

There  a r e  two bas i c  types  of s t eady -p lume  mode l s :

a .  The mode l  i s  a s sumed  to be  composed  o f  a l a rge
number  of  overlapping pa t ches  of  mater ia l  a s  shown
i n  F igu re  (2 -3A) .
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b .  I f  d i f fu s ion  i n  the d i r ec t i on  o f  the mean  cu r r en t  i s
neg lec t ed ,  the model  i s  a s sumed  to  be  composed  of
ve r t i ca l  ”d i sk  e l emen t s "  of mater ia l  ( p roposed  by
Frenk ie l  (1953)) as  shown in  F igu re  (2 -3  B) .

Gifford on Dynamic Plume~Models .  Foxworthy,  e t  a1 (1966),

c i t e  G i f fo rd ' s  (1955) f indings  that  the compos i t i on  and behavior  of a plume

in the a tmosphere  i s  more  compl ica ted  than desc r ibed  in  the p receed ing

sec t i on .  An individual  plume e l emen t  unde rgoes  two mot ions ,  (See  F igu re

(2 -4) ) :

1 .  A spreading  mot ion  within the p lume,  r e su l t ing  f rom
turbulent  edd ie s  equa l  o r  smal le r  than the p lume.

2 .  A meander ing  mo t ion  of  the cen t e r  of the e l emen t
caused  by  l a rge - sca l e  edd ie s .

Gifford  (1955) proposed  a s e r i e s  o f  two-d imens iona l  mode l s

incorpora t ing  bo th  the spread ing  and meandering motions  o f  the p lume .

The models  a s sumed  a Gauss i an  mate r ia l  d i s t r i bu t ion  within

the d i sk -e lemen t s  and a Gauss i an - type  f requency function fo r  the va r iance

' o f  the t r ace r  c loud  cen t e r  abou t  the  f ixed ax i s .  G i f fo rd  (1955) expre s sed

the ins tantaneous  concen t ra t ion  a t  a point  in the plume a s :

2 2

C(X,KJ,Z) = LGXP-  (9—09) 
+(Z~DZ)

2w&20 20 94”

where :

C
n

s t e ady  ra te  of d i s cha rge  of mater ia l  f rom a po in t  sou rce .

mean cu r r en t  ve loc i ty .Cl n

__2
o- : var iance  of  the ma te r i a l  d i s t r i bu t ion  within individual

plume elements  and i s  a function of  time o r  d i s t ance .
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(B) \
Figu re  2-3. Plume  Mode l s

A.  P lume Showing  Supe rpos i t i on  of Gaussian Puffs  i n  I so t rop i c
Turbu len t  F low.

B .  Plume Showing  One -Dimens iona l  D i sk -E lemen t .

(Af t e r  Foxwor thy ,  e t  a1 ,  1966)



Figure  2 -4 .  Cont inuous  Re lea se  Plume Mode l s

a .  I dea l  P lume  in  a Un i fo rm F low.

b .  Idea l  P lume  in  Shea r  F low.

c .  Meande r ing  S ing le  P lume.  (An Ex tens ion  of  b u s ing  an  In t r i n s i c
Coord ina t e  Sys t em a long  a F luc tua t ing  Cen te r  L ine . )

(Af t e r  Okubo and Karwe i t ,  1968)
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5 9 9 . 2  = the coordinates axes ;  x be ing  the direction of the
mean current.

0 U n distances of the center of gravity of a disk element
from fixed axes at any given time.

In deriving Equation ( 2 -13 ) ,  Gifford (1955) made no assumption

regarding the relationship betWeen the variance, 5‘ 2 and the diffusion

time or  distance. He did a ssume  a Gaussian material concentration

distribution in the individual plume elements.

Gifford (1965) expressed the mean concentration at any point

Within the plume as:

C(x,g,z) = Q eXp— '"2 (2-14)
mega-62) a 2 (3-2 + 6")

Where:

r2 = y2 + z2

—DZ : average variance of the frequency function for the
variability of the center of the plume element.

In the derivation of Equation (2—14), Gifford (1955) assumed

isotropic diffusion in both x-and z-directions.

Gifford (1955) also proposed a two—dimensional model Where

diffusion is anisotropic in two coordinate directions. The instantaneous

concentration at a point for the two—dimensional anisotropic condition is:
2 2

q (”'09) (2’02)C(XIBIZ)=-':‘§“:fi—§:QXP" ‘1.”- + ’17 (3'15)
2rrr(o‘yO‘z) U 20-9 202

And, the mean concentration for the two—dimensional anisotropic conditions

at any point within the plume is:
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. 2 2
C( x ’g ’2 )=  2 - Z  :5 Z - 2 0 5  GXP" : 2 + 221TH; + Dy ) (Erz + DZ) ‘0 (269439) (zaflmi)

(2—16)

The following f ind ings  and conclusions from the studies and

experiments of Foxworthy, et a1, (1966) are relevant to this study:

1. The Gifford two-dimensional point-source model, which
describes the maximum concentration-distance relation—
ship along the center line of a steady plume in a homo-
geneous, stationary turbulent field of infinite extent was
found to be applicable to the results of continuous point
release experiments.

2. Vertical diffusion under conditions of high wind-speeds
and low water—column stability, increases the dilution
in a steady-release dye plume.

3. Results of full—scale experiments,in which an effluent
field of a coastal outfall was tagged, showed that diffusion
models of the point-source type cannot predict accurately
the observed diffusion process at all distances from the
source. This deficiency was attributed to the fact that the
waste field at the boil did not resemble the idealized
point source. This points out a major difficulty in
modeling and verification. Namely, the difficulty of
simulating actual initial conditions in a numerical model
and,converse1y, the equally difficult task of creating
desired initial conditions in the field.

4. Data for experiments indicated that lateral variance of
concentration distribution was a function of distance,
raised to a power ranging from 0. 9 2  to 2. 24, indicating
that Richardson's (1926) "4 /3  law" relating the lateral
coefficient of diffusion and the eddy scale, does not
apply to the given oceanographic conditions. Richard-
son's Law of ”neighbor diffusivity, ” Equation (2-5) ,
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prov ides  that the d i f fu s ion  coe f f i c i en t  K i s  r e l a t ed  t o
the d i s t ance  L be tween  two d i f fus ing  pa r t i c l e s ,  a s  fo l l ows :

4/3
K(L)OC L . ( 2—17)

Okubo on  Ocean ic  Su r f ace  D i f fu s ion .

1 . Concep tua l  Bas i s  o f  Su r f ace  D i f fu s ion  Diag rams .  Okubo‘ s
(1962 A) ocean ic  su r f ace  d i f fus ion  s tud i e s  i nd i ca t ed  tha t
con t r a ry  ev idence  was  found r ega rd ing  the va l id i ty  of
as suming  a Gauss i an  concen t r a t i on  d i s t r i bu t ion  a s
sugges t ed  by  Gifford  in h is  mathemat ica l  d i f fusion equa t ion .
In s t ead ,  Okubo ind ica ted  that  Sch'dnfeld 's  (1959) gene ra l
equa t ion  o f  the supe rposab le  type ,  [See  F igu re  ( 2 -3 )  and
(2 -4 ) ] ,  was  a more  r ea l i s t i c  r epresen ta t ion  of the spa t i a l
dis t r ibut ion of a diffusing subs tance .  Sch'dnfeld's p roposed
equat ion  for  the mean  concen t r a t i on  based  on  ho r i zon ta l
d i f fus ion  f rom a con t inuous  f ixed  sou rce  i s :

- QWP‘IU)
C(X,g)-— 2 _ 2 (2-18)

U W (x/u)
where :

Q,  x ,  y,  ii a r e  previous ly  desc r ibed .
w = mean diffusion ve loc i ty . ( a s sumed  to  be  cons t an t

in  time and space ) .
x/i-i r ep l aces  the d i spe r s ion  t ime ,  t .

The  maximum theo re t i ca l  concen t r a t i on  a long the
cen te r  line of the plume i s  obtained by  se t t ing  y = 0 in
Equat ion  (2 -18 ) .  Thus ,

Q
MAX «aw (2-19)

Natu re  and Scope  o f  D i f fu s ion  Tes t s  Ana lyzed .  Okubo  (1968)
i nves t i ga t ed  fu r the r  ce r t a in  empi r i ca l  r e l a t i ons  be tween
d i f fus ion  cha rac t e r i s t i c s  by  the u se  of ca r e fu l ly  examined
data  f rom numerous  dye r e l ea se  exper iments  made in  the
su r f ace  l aye r  of the s ea .  The  experimental  data  involves
diffusion time sca l e s  ranging from one hour  to  one month
and a l eng th  sca l e  f rom 100  me te r s  to 100  k i l ome te r s .
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He p repa red  two types  of  ”ocean ic  d i f fus ion  d i ag rams" :
(1)  horizontal variance ve r sus  scale of  diffusion, and
(2) apparen t  diffusivi ty ve r sus  the s ca l e  of d i f fus ion .
He found that the behavior  of hor izonta l  va r i ances  and
appa ren t  d i f fus iv i ty  do  no t  conform to  the s imi lar i ty
theo ry  of t u rbu l ence ,  excep t  to  a l imi ted  ex t en t ,  l oca l l y
in  t ime—sca le  o r  l eng th - sca l e .  Howeve r ,  the Okubo
(1968) diffusion d iagrams  provide .a p r ac t i ca l  means  to
p red i c t  bo th  the r a t e  of hor izonta l  sp read  of subs t ance
i n t roduced  f rom an  in s t an t aneous  po in t - sou rce  and a l so
the apparen t  d i f fu s iv i t y  a s  a f unc t ion  of the s i ze  of the
dif fus ion pa t ch .  Okubo (1968) based  h i s  s t ud i e s  on
eva lua t ion  o f  da t a  pe r ta in ing  to  twen ty  s e t s  o f  d i f fu s ion
exper imen t s  made by  seve ra l  i nves t i ga to r s  under  a
wide  va r i e ty  o f  hyd rome teo ro log i ca l  cond i t i ons .  I t  i s
e s sen t i a l  t o  cons ide r  Okubo ' s  f indings ve ry  ca re fu l ly
even  though they pe r t a in  bas i ca l l y  t o  ocean ic  su r f ace
dif fus ion,  because  they  con ta in  ce r t a in  common expe r i—
ence  o f  d i r ec t  r e l evance  t o  an  unde r s t and ing  o f  mixing
and d i spe r s ion  i n  any  ma jo r  wa te r  impoundmen t s .

As  have o the r  i nves t i ga to r s ,  Okubo (1968) found that
of  va r ious  t ypes  o f  t r ace r s  u sed  in  experimental  s t ud i e s
o f  ocean ic  d i f fu s ion ,  f l uo re scen t  dyes ,  e spec i a l l y
Rhodamine B,have p roved  to  be  the mos t  p r ac t i ca l .
Okubo conf i rmed  ea r l i e r  f indings by  Ca rpen te r  (1960)
and Okubo (1957) that  Rhodamine B was  the mos t  p r ac t i ca l
of a l l  the f l uo re scen t  dyes .  P r i t cha rd  and  Ca rpen te r
(1960) i n t roduced  the spec i a l  f i e ld  t echn ique  fo r  the d i r ec t ,
cont inuous  obse rva t ion  o f  the fluorescen t  concen t r a t i on
us ing  a f luorometer ,  and this  technique has  enabled the
acqu i s i t ion  o f  cons iderab le  t e s t  da ta  per ta ining to  ocean ic
d i f fu s ion .

The  t e s t s  ana lyzed  by  Okubo (1968) cove r  a ve ry  wide
range  o f  length  and time sca l e s  o f  d i f fus ion ranging  up to
100  km and one  mon th , a s  we re  invo lved  in  the i n t e rna t iona l
coope ra t i ve  "Opera t ion  RHENO” i n  the Nor th  Sea .  D i f fu s ion
sca l e s  o f  abou t  30  me te r s  we re  involved in t e s t s  of f  the
coas t  o f  Sou the rn  Ca l i fo rn ia .  And,  a l a rge  amount  o f
t e s t  data has  been  deve loped  which pe r t a in s  to  diffusion
sca l e s  r ang ing  f rom 1 to  10  k i l ome te r s .  Okubo (1968)
found that  bulk of the data  pe r t a in  to  t e s t s  made in  the
su r f ace  l aye r s .  No appropria te  avai lable  data  was  found
for  dye  t e s t s  a t  g r ea t  dep ths .
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Cr i t e r i a  for Evaluat ing the Suitability of Diffusion Test
Resu l t s .  The majo r  criteria and considerations govern ing
Okubo‘s selection, evaluation and adjustment of data of
extensive previous tests for his comprehensive oceanic
surface diffusion studies were:

a . The dye should be released instantaneously from a
point source.

The duration of the dye release and the initial,
horizontal size of the dye patch must be known.
For  a known initial size or a known initial variance,
there is a critical time after which diffusion may be
assumed to result from a point source release. This
critical time can be computed from the Joseph and
Sendner '(1958) equation,

2 2 2ob " 6 P *0 (2-20)
where:

0-2 = variance of the concentration in the initial
0 dye patch.

P = a diffusion velocity.

+ = a characteristic time of diffusion of patch
associated with the initial size,O’b .

The critical time, tC must  be > to, and it was
empirically established at being tC >> 10 to.
Diffusion data prior to the critical time are either
disregarded or corrected, if feasible, by adding
the critical time to the actual diffusion time.

The dye patch should be located sufficiently distant
from vertical boundaries so that the field of diffusion
may be assumed to extend to infinity in the horizontal
direction. Cognizance must  be taken of all detectable
boundary effects so that diffusion can be classified
as two—or-three-dimensiona1. A sharp thermocline
is regarded as a boundary. (Note: Constraints to
diffusion in the vertical direction do not create drastic
changes in horizontal diffusion but do have an import-
ant effect on the time behavior of the cloud peak
concentration. )
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The ho r i zon ta l  d i s t r i bu t ion  of the dye concentration
should be  obse rved  and measu red  in  such a manner
to  enab le  the subsequen t  computa t ion  of the hori—
zonta l  var iance  of the dye  d i s t r i bu t ion .  The  use  of
ae r i a l  pho tos  o f  dye  pa t ches  i s  no t  en t i r e ly  p rac t i ca l
fo r  t he se  pu rposes .  Some  p rog re s s  has  been  made
in  de t e rmin ing  the concen t r a t i on  d i s t r i bu t ion  f rom
photos  acco rd ing  to  s tud i e s  by  I ch iye  and P lu t chak
(1966). Gif ford  (1957) proposed  a method of e s t ima t ing
the va r i ance  i n  a tmosphe r i c  d i f fu s ion  based  on  pho to -
graphic  obse rva t ions  of time changes  in  pa t ches .
However ,  I ch iye  (1959) and  Okubo  (1962.) bo th  r epo r t ed
that  r e su l t s  of applying the G i f fo rd  method to ho r i -
zonta l  dye  diffusion in  the ocean  were  i nconc lus ive .

The concen t ra t ion  should  s a t i s fy  a mass  o r  ma te r i a l
ba l ance .  P r i t cha rd  and  Ca rpen te r  (1960) i n  thei r
Chesapeake  Bay  diffusion s tud i e s  found that  mass
ba lances  ranging f rom 80  to  90% were  r ea l i zed  u s ing
rhodamine B t r ace r .  However,  Okubo (1968) finds
that "mass  ba l ances  a s  l ow  a s  50% o r  a s  h igh  a s  150%
a re  pe rmis s ib l e ,  e spec i a l l y  i n  open  ocean  expe r imen t s
and in  the l a t e r  s t ages  of dif fusion cha rac t e r i zed  by
ve ry  low concen t ra t ions  of dye  within a pa t ch” .
Okubo finds that  in  mos t  t e s t s  he ana lyzed ,  the  mass
balance i s  ne i ther  r epo r t ed  no r  computable  due  to
l ack  of da t a  on  ve r t i ca l  d i s t r i bu t ion  of  the dye .  Unde r
these  c i r cums tances ,  Okubo (1968) sugges t s  that  on
the bas i s  o f  some  ind i r ec t  i n fo rma t ion ,  e .  g .  , the
s t r a t i f i c a t i on  o f  the wa te r  co lumn,  an  app rop r i a t e
value of the mixed l aye r  be  adop ted  within which the
dye  i s  a s sumed  to  be  d i s t r i bu t ed  un i fo rmly .  Then ,
the amount  of dye  in  the pa t ch  i s  computed  by
mul t ip ly ing  the ho r i zon ta l  d i s t r i bu t ion  of the dye  by
the dep th  of the mixed l aye r .  The  mass  balance  a l so
may be  de te rmined  by  the fol lowing ind i r ec t  method .
No te  the obse rved  ho r i zon ta l  d i s t r i bu t ion  of the dye
and compute the dep th  of mixed l aye r  within which
100% of  the ma te r i a l  i s  supposed ly  con ta ined ,  —
cons ide r ing  the ve r t i ca l  d i f fu s ion  in  the s ea ,  the
s t ra t i f i ca t ion  o f  the wa te r  co lumn,  and the to ta l
depth  of wa te r .  The  fo rego ing  app roaches  which  have
been  under l ined,  will  be  g iven  Spec i a l  a t ten t ion  i n  this
s tudy .  The  app roaches  have  a r ea l i s t i c ,  p r ac t i ca l
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re l evance  to  the hor izonta l ,  two-d imens iona l
numer ica l  model ing ob j ec t i ve s  of this study.

Discuss ion  on  the Ca lcu l a t i on  o f  D i f fus ion  Pa rame te r s .
The following d i s cus s ion  of Okubo’ s  (1968) comprehens ive
analys is  of  p r e sen t  methods of  computing diffusion
pa rame te r s  i s  cons ide red  vital  to  this s t udy .  The  mos t
des i r ab l e  pa rame te r s  fo r  comput ing the d i f fu s ion  a r e  the
var iance  o f  the ho r i zon ta l  d i s t r i bu t ion  o f  ma te r i a l  ve r sus
the diffusion t ime,  i .  e .  , the time e l apsed  s ince  the
in t roduc t ion  o f  ma te r i a l .  Okubo  exc ludes  the  ”maximum
concen t r a t i on ' '  a s  the u se fu l  measu re  o f  d i f fus ion  "no t
only because  the obse rva t ion  of  the maximum concen t r a t i on
i nvo lves  a g r ea t  dea l  o f  unce r t a in ty  bu t  a l so  because  the
peak  concen t r a t i on  i s  ve ry  s ens i t i ve  to  the p re sence  o r
absence  o f  a hor izon ta l  boundary .  ”

The ” r e l ea se  t ime”  i s  be s t  defined a s  the mid -
point  o f  the time o f  r e l ea se ;  and,  the ”d i f fus ion  t ime”
i s  be s t  def ined a s  the  d i f f e r ence  be tween  the mid -po in t  of
time spen t  in  observ ing  the concen t ra t ion  and the " r e l ea se
t ime" .

The va r i ance  o f  the hor i zon ta l  d i s t r i bu t ion  i s  a suit—
able measu re  for  the sp read  of  the dye .  Okubo emphas i ze s
t ha t :

”Hor i zon ta l  diffusion in  the s ea  cannot  be  desc r ibed
adequa t e ly  by  Fickian  d i f fu s ion  wi th  a cons t an t
coef f ic ien t  of diffusion.  Thus ,  the t heo ry  of
ocean ic  diffusion has  been  d i r ec t ed  toward  non -
Fick ian  d i f fu s ion ;  a s  a ma t t e r  of f ac t ,  appa ren t
diffusivity i nc rea se s  with the di f fus ion time o r
with the s i ze  of the diffusive subs t ance .  "

In o rde r  t o  e s t ima te  the var iance  d i r ec t l y ,  i t  i s
es sen t i a l  t o  know the ho r i zon ta l  concen t r a t i on  d i s t r i bu t ion
a t  a c e r t a in  dep th .  Examples  of  such  a concen t r a t i on
dis t r ibu t ion  a r e  shown in  the F igu re s  (2 -5A)  and (2-5B)
from Okubo (1968) .  The f i gu re s  show the ship  cou r se s
along which con t inuous  measu remen t s  of dye  concen t r a t i ons
were  made.  S ince  the ho r i zon ta l  d i s t r i bu t ion  o f  a sub -
s t ance  i s  u sua l ly  a symmet r i c ,  having a cha rac t e r i s t i c
l eng th  l a rge r  i n  one  d i r ec t i on  o r  ano the r ,  i t  i s  neces sa ry
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Figure  2-5B. Pa t t e rns  of  Dye  Patch on  a Hor izon ta l  P lane .  The
Wind Speed  and  Di r ec t i on  a r e  also shOWn ( f rom
Joseph ,  Sendne r ,  and Weidemann,  1964)  (Af t e r
Okubo, 1968)
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to measu re  two va r i ances  a long the l ong  and short
axes ,  r e spec t ive ly ,  in o rde r  t o  spec i fy  the  d i spe r s ion
cha rac t e r i s t i c s .

Okubo  (1968) a l so  found that  conve r s ion  to  a
” rad ia l ly  symmet r i c  equ iva len t  d i s t r i bu t ion“  has  been
Widely  accep ted  in  r epo r t i ng  the r e su l t s  of dye  d i f fus ion
t e s t s .  The  concep t  of the ”radia l ly  symmetr ic  equ iva len t”
pa tch  i s  a s  fo l lows :  A t  a diffusion t ime,  t ,  the shape of
the a r ea  enc losed  by  i so l i ne s  o f  a concen t r a t i on  i n  any
individual ca se  will be  i r r egu la r .  See  F igu re s  (2 -5  A)
and (2  -5  B) ;  the t r ace r  dye  c loud  gene ra l l y  i s  o f  e longa t ed
shape .  V i sua l i ze  making an infinite number of  consecu—
tively s imilar  r e l ea se s  under  the same oceanograph ic
cond i t i ons ,  r e l ea s ing  the s ame  amount  o f  dye  each  t ime .
Vi sua l i ze  taking an  infinite number  o f  such  concen t r a t i on
d i s t r i bu t ions ,  e ach  obse rved  a t  the same  d i f fus ion  t ime ,
and then a s sume  that  the d i s t r i bu t ions  a r e  supe r imposed
on each  o the r  in  such  a way that  the cen t e r s  of mass  of
each  d i s t r i bu t ion  co inc ide .  Fu r the r ,  v i sua l i ze  ave rag ing
al l  the supe rposed  d i s t r i bu t ions .  F rom this  hypo the t i ca l
supe rpos i t i on ing  and ave rag ing  o f  the d i s t r i bu t ions  ob t a in
a r ad i a l l y - symmet r i c  d i s t r i bu t ion  of  subs t ance  ex tending
about  the common cen t e r  o f  mass ,  provided that the
ocean ic  cond i t i ons ,  e sPec i a l l y  shea r s  i n  the mean  cu r r en t ,
a re  i so t rop i c .

Deve lopmen t  and Ana lys i s  o f  the Two—Dimens iona l ,  Rad ia l l y
Symmetric Concent ra t ion  Dis t r ibu t ion  Concggt.  Iden t ica l
ocean ic  condi t ions  do  no t  neces sa r i l y  i n su re  ro t a t i ona l
symmet ry  i n  the mean  cu r r en t  shea r s .  A long  sho re s ,  the
shea r s  in the mean flow a re  l ikely to  predominate  in  one
d i r ec t i on ;  the dye  c loud  t ends  t o  e longa t e  pa ra l l e l  to  the
sho re l i ne .  Thus ,  i n  nea r - sho re  wa te r  a r ea s ,  the com—
pos i t e  ave rage  of d i s t r ibu t ions  can  be  expec ted  to  be  of
e longa t ed  shape  r a the r  than r ad i a l l y - symmet r i ca l .  How-
ever ,  s ince  a radial ly symmetr ic  d i s t r ibu t ion  i s  one of the
s imp le s t  ”mathemat ica l  mode l s”  to  dea l  wi th ,  Okubo
(1968)  uses  th i s  model  by  developing an eccen t r i c i t y  f ac to r
re la t ionship be tween  the va r i ances  of a radial ly symmet r i c
d i s t r i bu t ion  and a two—dimensional  e l l ip t i ca l ly  symmet r i c
d is t r ibut ion  which i s  a r ea sonab ly  r ea l i s t i c  mathematical
model  fo r  an e longa t ed  dye  c loud .  The  r e l a t i onsh ip  i s
based  on  a p r ac t i ca l  measu re  of shape eccen t r i c i t y .
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Okubo (1968) found that the a r ea  enc losed  by an
i so -concen t r a t i on  l ine  was  approximately the  s ame  fo r
a l l  i den t i ca l  r e l ea se s ,  r ega rd l e s s  o f  the r andom,  i r r egu—
l a r  dis t r ibut ion o f  concen t ra t ion  in  individual dye  r e l ea se s .
As  a measu re  o f  the a r ea  enc losed  by  a g iven  iso—con—
cen t r a t i on  con tou r  in  an i r r egu la r  pa t ch ,  Okubo sugges t ed
us ing  the r ad ius ,  r e  o f  a c i r c l e  having an a r ea  equa l  t o
the i r r egu la r ly - shaped  pa t ch .  A rad ia l ly  symmet r i c
d i s t r i bu t ion ,  S ( t ,  r e ) ,  cha rac t e r i zed  by  the equ iva l en t
rad ius  r e  and  the d i f fus ion time t wou ld  r ep re sen t  c lo se ly
the compos i t e  radia l ly  symmet r i c  concen t r a t i on  d i s t r i bu t ion
prev ious ly  desc r ibed .  Following i s  an  expos i t ion  of Okubo ' s
mathemat ica l  r ea son ing  and  fo rmula t ions  fo r  the charac—
te r i s t i c s  of d i spe r s ion  a s soc i a t ed  with a two -d imens iona l ,
r ad i a l l y - symmet r i c  d i s t r i bu t ion .

A two—dimens iona l  d i s t r i bu t ion ,  S ,  o f  concen t r a t i on
f rom an  in s t an t aneous  r e l ea se  o f  a un i t  amoun t  can  be
expre s sed  a s :

00

s=s(+,x,g): ddgz i  , r ao .  (2-21)
~00

The  mean value o f  any  p rope r ty  f (x ,  y ,  t )  r e l a t ed  t o  S
can  be  exp re s sed  a s :

m

i s  f ($ )dxdg  . (2 .22 )

If the orig—irrof the o r thogona l  coo rd ina t e  sys t em
(x ,  y )  i s  g iven  an a rb i t r a ry  o r i en ta t ion ,  and i s  taken a t
the cen t e r  of. mass  o f  the d i s t r i bu t ion ,  S ,  so  tha t

3; = y = 0 ,  t hen  the mean  squa re  d i s t ance  f rom the cen t e r
o f  mass  ( i .  e .  , the va r i ance )  can  be  exp re s sed  a s :

=r22=Jflx2 ( ‘+UZ)SdXd‘J  (2 .23 )

Fur the r ,  the value (Tr. 2 can  be  exp re s sed  a s  the sum
of  the mean squa re  d i s t ances  ( i .  e .  , v a r i ances )  f rom the
cen te r  o f  mass  along the two or thogona l  axes :

2_  2 2 _0-!" __G-x+ag  (Z 24 )
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The  mean squa re  separation be tween  a pair of
subs t ance  pa r t i c l e s  in a dye pa tch ,  12  can  be  exp re s sed

I z sLZ  “4‘2 F‘  ’“I’£2)d£ |do£2 (2-25)

where  r1  andfir2 a r e  pos i t i on  vec to r s  f rom the o r ig in
(center~ 01f mass )  t o  two pa r t i c l e s ,  r e spec t ive ly ;~ l —~r2  - r1 ;
and ,  F ( t ,  31 ,32  ) i s  the j o in t  p robab i l i t y  3dens i ty  funct ion
for the two pa r t i c l e s .  See  F igure  (2-  6 ) . 3

Okubo ( 1968 )  expre s sed  a two—dimens iona l  Gauss i an
d i s t r ibu t ion  by :

l
S 13x, = exp  A‘ ‘3’ 2m<+)o;,_(+)u-x2(+))2 [ ]

where :  Z ...._._

l >< X. >‘9
A = - - — -— -[ ]  |—) \Z(ZO"2 qaéxg+zazz

(2—26)

2 ( t )  and 0'22 ( t )  a r e  the va r i ances  i n  the x and
y d i r ec t i ons ,  r e spec t ive ly .

xg
(710-2

)\ = a coef f ic ien t  of  cor re la t ion; -

(2 -27 )
Equa t ion  (2  - 26 )  i nd i ca t e s  that  the concen t r a t i on  con tou r s
a re  a s e t  of  e l l i p se s  abou t  the cen t e r  of mass .

Rotat ing the o r thogona l  axes ,  ( x ,  y ) , by  a c e r t a in
angle ,  the value of S can  be  exp re s sed  in t e rms  of  the
pr inc ipa l  axes  (X, Y) a s  fo l l ows :

3Okubo  (1969) found ” tha t  the mean  squa re  s epa ra t i ons  be tween
a pa i r  o f  pa r t i c l e s  i n  a dye pa t ch  i s  equa l  to twice  the mean squa re  d i s t ances
of  a par t ic le  from the cen t e r  o f  mass  to the pa t ch” .
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Figure  2 -6 .  Pos i t i on  and Sepa ra t i on  Vec to r s
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2 2
S(’r X Y)“ “‘ exp  (—-X + —-—-YI I ~ . — 2 2ZircilazJ .20;< 20'LJ

(2—28)

where :

O. 2 and 0' 2 are  var iances  in the majo r  and minor
el l ipt ical ,  princi’bal axes ,  r e spec t ive ly .

By prev ious  Equat ion  (2 -24 )  we know:

2 2 Z
= O- O- o

a}. X + ‘3 ( 2 -29 )

Convert ing  the a symmetr i c  d i s tr ibut ion ,  Equat ion
(2—28) , into  a "rad ia l ly  symmetr ic  d i s t r ibut ion”  us ing  the
”equivalent  rad ius  concept ,  ” which i s  based  on the
assumpt ion  that  the area  enc losed  by  a g iven  i so -con-
centra t ion  line i s  equal  for  both  d i s t r ibut ions ,  we have :

Z 2
2 U 2 0'x Zl.” = X + Ye 03(c 0x09

2 Z
X

= 7—5 {YT 
2°>Z°g '0.x 0'9

( 2 -30 )

There fore ,  Equat ion  (2  - 28 )  reduces  to :
ZI "251-  r = .._._.__. ex  —.._.___. 0

Defining the variance  for the radial ly symmetr ic
dis tr ibut ion by:
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0°

2 = 2arc—[re $(+,re) 21Tre dr;e ,
o

(2 .32 )

we ge t :

2 ..
arc—26x09 ' ( 2 -33 )

There fo re  2
rsh r ,_.;_L._exp e) e - Z — 2 .1T0‘rc (1‘) arch)  

(2-34)

Thus ,  Okubo (1968)  shows  that  the va r i ance  fo r  the
radia l ly  symmet r i c  d i s t r i bu t ion  i s  equa l  to tw ice  the geo -
met r i c  ave rage  of the one -d imens iona l  va r i ances  in  the
pr inc ipa l  axes  fo r  the o r ig ina l  two—dimens iona l  Gauss i an
d i s t r i bu t ion .  Gene ra l l y ,

0’ 0'0'
“3+2"  9 ( 2 -35 )

where  x and y a r e  o r thogona l  coo rd ina t e s  i n  an  a rb i t r a ry
or i en ta t ion  with r e spec t  to  an e l l ip t i ca l  pa t ch  of  subs t ance .

Okubo (1968)  shows  that  the va r i ance  fo r  an  e l l i p t i ca l
dis t r ibu t ion  i s  neve r  l e s s  than tha t  of the co r r e  Spending
radia l ly  symmetr ic  d i s t r i bu t ion ,  i .  e .  ,

Z_ 2_ 2 2_ _ _af °}c"°' +GY ZGXGY“{°§< “PO-X
(2-36)

Then ,  defining the deg ree  of pa t ch  e longa t ion  by  the
approximation

50"  0"P Y/ x ’ (2—37)

Okubo (1968) e l iminates  O' and UK from Equa t ions
(2—29),  (2—33) and (2 -37 )  toyobtain the following important
re la t ionsh ip  be tween  va r i ances  and e longa t ions :
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0'2 0-2—- |+(——'—P’2r /  r c "  2P  '
(2—38)

Final ly ,  Okubo (1968) g ives  the exp re s s ions  fo r  ca l cu l a t i ng
the r e l a t i ve  amoun t  o f  subs t ance  con ta ined  be tween  r = 0
and r 2n  a r e  for  n>0 ,  for  radia l ly  symmet r i c ,  Gauss i an
type d i s t r i bu t ions .  He p roves  tha t  95% of  a subs t ance  s t ays
within a d i ame te r  o f  3 O"rC  fo r  a l l  va lues  o f  t ime ,  t .

De ta i l ed  Ana lys i s  o f  Ocean ic  D i f fu s ion  Tes t s .  Wi th  the
fo rego ing  bas i c  ma themat i ca l  f o rmu la t i ons ,  Equa t ions
( 2 -21 )  t o  (2—38) i nc lu s ive ,  a s  the bas i s  fo r  ana ly t i c
c r i t e r i a ,  Okubo ana lyzed  a l a rge  number  of ocean ic
d i f fu s ion  t e s t s .  Okubo ' s  fo rmu la t i ons ,  the  da t a  he  amassed ,
and h i s  ana ly t i ca l  obse rva t ions  a r e  Vital  t o  the a t t a inment
of a c l ea re r  unders tand ing  of d i f fus ion  and d i spe r s ion
s tud i e s  and t e s t s  in  wa te r  impoundments .

Cer t a in  add i t i ona l  r ea l i s t i c  cons ide ra t i ons  emerge
f rom the Okubo  ana lyse s .  The  sampling of  concen t r a t i ons
fo r  d i spe r s ion  t e s t s  i n  a sma l l  dye  pa t ch  i s  d i f f i cu l t  and
i s  ve ry  s ens i t i ve  to  su r f ace  d i s tu rbances .  In o rde r  t o
min imize  t he se  d i s tu rbances  dur ing  f l uo rome te r  s ampl ings ,
Foxwor thy ,  e t  a1 (1966) made on ly  s ing l e  c ros s ings  when-
eve r  dye  pa t ches  were  l e s s  than 30 me te r s  i n  a r ea l
d imens ion .  The  c ros s ings  were  made in  the d i r ec t i on  o f
the l onge r  ax is  of the dye  plume and then a long  the l a t e r a l
or  pe rpend icu l a r  d i r ec t i on .  Th i s  p rocedure  enab led
ca l cu l a t i on  o f  va r i ances  a long the  p r inc ipa l  axes  o f  the
concen t ra t ion  d i s t r i bu t ion .  The  obse rved  concen t r a t i on
d i s t r ibu t ions  were  f i t ted  t o  a Gauss i an  cu rve  t o  compute
the va r i ances  and  in  mos t  ca se s  the f i t  was  s a t i s f ac to ry .
Since  the t r ans i t s  a long  the pr inc ipa l  axes  were  no t  made
s imu l t aneous ly ,  empi r i ca l  r e l a t i onsh ips  were  deve loped
be tween  the  e s t ima ted  va r i ance  and  d i f fus ion  time fo r
each  ax i s .  Thus ,  the fo l lowing r e l a t i ons  were  deve loped
f rom a l og - log  p lo t  o f  the va r i ance  ve r sus  t ime  fo r  the
va r i ances  a long  the pr incipal  axes :

__ n

U-kX I t -  ( 239 )

o- =k+m.y
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From these  va lues  We can  compu te  the  va r i ance  fo r  t he
rad ia l ly  symmet r i ca l  d i s t r i bu t ion :

2 _O—rc — 20;<0'g ( 2 - 4 0 )

Okubo’ s  (1968) eva lua t ions  e luc ida t e  two ma jo r  po in t s :
The  na tu re  of va r i ance  and  the na tu re  of appa ren t  d i f fu s iv i t y .
Gene ra l l y ,  Okubo  (1968) no ted  t ha t  the va r i ance  O—rc

i nc rea se s  a s  a pOWer of t ,  and  that  hor izon ta l—dif fus ion  i s
a p roces s  i n  wh ich  the appa ren t -d i f fu s iv i t y  i nc rea se s  wi th
the t ime-of—dif fus ion  o r  the sca le~of—diffus ion.

a .  The  Na tu re  o f  Va r i ance .  F igu re  ( 2 -7 )  shows  a l i nea r
f i t  app l i ed  to a p lo t  o f  r ecen t  v in t age  da t a  amassed  by
Okubo (1968) which g ives  the fol lowing empi r i ca l
re la t ionsh ip  be tween  var iance  and  t ime-o f -d i f fu s ion :

. c r2
’ l ’C

oh : 0 .0 !8 t  : cm ,+ : sec .
(2-41)

And,  u s ing  f i e ld  da t a  ob ta ined  be fo re  1961 ,  Okubo
(1962) de r ived :

2 2.5 2 —-—Z
,O‘ =0.0061' ;0' : cm  hsec .

re re ’ (2  42)

Accord ing  to  the s imi l a r i t y  t heo ry  o f  t u rbu l ence ,  t he
va r i ance  was  to i nc rea se  with t ime to  the power  3 .  O.
Okubo ' s  fo rmula t ions  (1968)  show tha t  whi le  some  o f
the da ta  may be  f i t ted  l oca l ly  in  t ime to  the power
3 .  0 ,  the ove ra l l  s lope  o f  the l ine  o f  l og  O—rc ve r sus
l og  t i n  F igu re  (2 -7 )  i s  somewhat  l e s s  than 3 .0 .
Figu re  ( 2 -8 )  shows  a p lo t  o f  a l l  da ta  amassed  by  Okubo ,
including p re - l961  vintage.  Obse rved  va r i ances  a t
pa r t i cu l a r  d i f fus ion t imes  va ry  a s  much  a s  one o rde r
of  magn i tude .  Ma jo r  f luc tua t ions  and ex t r eme  va lues
o f  va r i ance  occu r  dur ing  sho r t  d i f fu s ion  t imes .  In
con t r a s t ,  a t  l onge r  d i f fus ion  t imes ,  the d i f fus ion  behav—
ior  unde rgoes  an "ave rag ing"  p roces s  due  t o  a va r i e ty
of  r ea sons  such  a s  changing winds  and su r f ace  cu r r en t s .
Thus ,  mos t  expe r imen t s  involving long  di f fus ion t imes ,
app roach  a s t a t i s t i c a l  equi l ibr ium in  the 01.62 vs .  t
r e l a t i onsh ip .
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Fi t  o f  the t 3  Rela t ion  Loca l ly .  - (Af t e r  Okubo ,  1968) .
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The Na tu re  of Apparent Diffus ivi tL Based  on  l i nea r
f i t  t o  new da t a  amassed  by  Okubo  (1968) as  shown  in
Figure  (2—9) the fol lowing empi r i ca l  re la t ionsh ip  was
deve loped :

'D !5  2Ka =0.0 |03£ ; Kazcm [secrgrm (2-43)

Based  on  ea r l i e r  da ta ,  Okubo (1962) de r ived

M9

Kroc “Z (2 .44 )

where

K =_l_d°-rc

r 2 d t  ( 2 -45 )

and ,

E 40'
”Z FC (2—46)

I t  appea r s  f rom F igu re  (2—9) that  i n so fa r  a s  dye
diffusion exper iments  in ocean ic  r eg imes  a r e  conce rned ,
apparen t  d i f fus ivi ty  does  no t  confo rm to  the "4/3 l aw" .

Figu re  (2 -10 )  i s  a p lo t  o f  0" 2 ve r sus  t ,  u s ing
a l l  da ta  showing the d i scon t inu i t i e s  of  l oca l  s ca l e s .

7 .  Major  Findings and Conc lus ions .

a . Regard l e s s  of oceanograph ic  condi t ions  p reva i l ing
dur ing  a t e s t ,  the ho r i zon ta l  di f fusion phenomena
exhibi ts  ce r t a in  t r ends .  A pr inc ipa l  one  i s  that the
var iance  i nc rease s  with d i f fus ion time to  a power
be tween  2 and 3 .

Only  r e l a t i ve ly  few dye  s tud i e s  have been  conduc ted
in  which the hor izon ta l  migra t ion  and d i s t r i bu t ion  of
subs t ance  i s  r e l a t ed  to environmenta l  f ac to r s ,  such  a s
the s t ab i l i t y  of wa te r  column a s  cons ide red  by  Fox—
wor thy ,  e t  a l  (1966) .
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FOXWOrthy, e t  a1 (1966) s tud ied  the e f f ec t  of
wa te r  column s tab i l i ty  and wind Speed  on  the
va r i ances  i n  the d i r ec t i ons  of the p r inc ipa l  axes  of
a diffusing dye c loud and their  s t ud i e s  b rough t  ou t
some  addit ional  diffusion t r ends .  They  found that
a t  any ave rage  wind Speed  be tween  2 and 14  kno t s ,
l ower  va lues  of dilution a r e  a s soc i a t ed  with h igher
values  of ave rage  s tab i l i ty .  In o the r  words ,  i nc rea sed
s t ab i l i t y  supp re s se s  ve r t i ca l  di f fusion,  bu t  the e f f ec t
of s t ab i l i ty  on  ho r i zon ta l  d i f fus ion  i s  i nde t e rmina t e .
For  example ,  i n  the range  o f  2 to  8 knot  Winds ,  an
i nc rea se  in  var iance  O‘XZ accompanied by  a dec reas -
ing s tab i l i ty  might prove  to be  a predic table  r e l a t i on -
ship bu t  t he re  i s  insuff ic ient  data  to suppor t  this
expecta t ion .  I t  should be  no ted  a l so ,  that  unde r
s imi la r  cond i t ions  o f  dec reas ing  s t ab i l i ty  there  appea r s
to be  no  def in i te  e f f ec t  on  O‘y  .

Plo t s  o f  va r i ances  v s .  wind ve loc i t i e s  i nd i ca t e  a
gene ra l  t rend to  i nc rea sed  0"}:2 with i nc rea s ing
wind ve loc i t i e s ,  bu t  no  conc lus ive  co r r e l a t i on  be tween
a- ‘ 2 and wind ve loc i ty .  (Wind ve loc i ty  may be
cons ide red  a s  a measu re  of  a cha rac te r i s t i c  cu r r en t
speed  in  the wa te r  column within which di f fus ion t akes
p l ace . )  Ve loc i ty  shea r  can  be  a ma jo r  influence  in
the ho r i zon ta l  Sp read  of  contaminant  ma te r i a l  i n  the
ocean  su r f ace .  Cur r en t  shea r  p roduces  an e f fec t ive
longi tudinal  d i spe r s ion  by  the combination of the
grad ien t  o f  the mean ve loc i ty  and turbulent  mixing
in the same  d i rec t ion .  If  a uniform ver t i ca l  shea r
ex i s t s  i n  the hor izonta l  cu r r en t ,  the va r i ances
O" x2  and 0"},2 we re  exp re s sed  by  Ca r t e r  and
Okubo (1965) a s :

cz—L
x"  6 z 2. (2-47)

2-
0'9 - ZA‘Jt  (2-48)
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n = constant ve r t i ca l  shear .

>

u

ve r t i ca l  eddy  di f fus ivi ty .

)> n l a t e r a l  eddy  diffusivi ty .

From an  ana lys i s  o f  the above  equa t ions ,  i t  c an
be  specu la ted  that:

1. La t e r a l  eddy  d i f fus iv i ty  would  be  a f f ec t ed
s l igh t ly  by  s tab i l i ty ;  that i s ,  O"),2 i s  uncorre—
la ted  t o  s t ab i l i t y .

i i .  Hor i zon ta l  eddy  d i f fus iv i ty ,  OX2 ,  would  be
inc reased  by  inc reas ing  wind  ve loc i ty  ( i .  e .  ,
i nc rea s ing  ve r t i ca l  shea r  .Qz ) .  A l so ,  O'XZ
would dec rease  with i nc rea s ing  s t ab i l i t y  due  t o
the supp re s s ion  of AZ by  the i nc rea s ing  s t ab i l i t y .
The fo rego ing  equa t ions ,  which cons t i t u t e  a s imple
shea r -d i f fu s ion  mode l  i n t e rp re t s  qua l i ta t ive ly  the
experimental  r e su l t s  o f  Foxworthy,  e t  a1 (1966) .

i i i .  A r ad i a l l y  symmet r i ca l  d i s t r i bu t ion  may  no t
p rope r ly  r ep re sen t  the ac tua l  pa t t e rn  o f  ocean ic
di f fus ion .  Gene ra l l y ,  the conve r t ed  rad ia l ly
symmet r i ca l  ho r i zon ta l  va r i ance  i s  a lways  sma l l e r
than the ac tua l  va r i ance .  The co r r ec t i on  f ac to r  i s :

Z

0;. (2. 49 )2 ._
are

where :

2.
O". = mean va r i ance .

age: fo r  radially symmetr ica l  d is t r ibut ion .

The f ac to r  depends  on  the deg ree  of e longa t ion  of
the dye plume;  the more  e longa t ed  the dye  plume
the l a rge r  the co r r ec t i on  f ac to r .  Of ten ,  the
e longa t ion  o f  the p lume inc rease s  wi th  t ime .
F igu re  (2—11) shows  a p lo t  o f  0'1.2 ve r sus  t ,
sugges t i ng  the loca l  val idi ty of  the “ t3  l aw” .
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d .  The  tu rbu len t  d i f fus ion of  a dye  cloud i s  a problem
of re la t ive  diffusion. Dispe r s ion  i s  a fluid motion
r e l a t i ve  to  the mean  ve loc i ty  o f  wa te r ;  advec t ion  i s
motion with the mean  ve loc i ty  o f  wa te r .  Tu rbu len t
diffusion is the basic mechanism fo r  dispersion.
Okubo (1968) shows that  the apparent  diffusivity
increases as  the 4 /3  power  of  pa t ch  size:

I I3  413
KdocE  0‘ (2_50)

where  E = the r a t e  o f  ene rgy  dissipation pe r  uni t
mass t h rough  tu rbu lence .

Levich  on Turbulen t  Diffusion. Equat ion (2-50) which i s

Richa rdson ' s  ” l aw o f  r e l a t i ve  diffusion”, i s  based on the phys i ca l  t heo ry

that r ega rds  relat ive diffusion as  an  acce l e r a t i ng  p roces s .  The ra te  o f

diffusion increases with  the size of the dye cloud. The  scale of eddies

r e spons ib l e  for  the hor izonta l  dispersion of a conse rva t ive  substance l i e

in  what  Ko lmogoro f f ,  (1941) t e rmed  the " iner t ia l  sub - r ange" .  In  o rde r  t o

be t t e r  understand the p rac t i ca l  limitations of  the fo rego ing  empi r ica l

concep t s ,  l e t  u s  examine more  closely the theore t i ca l  concep t s  of the

gene ra l  nature o f  tu rbulen t  mo t ion  o f  a fluid when Re >> Rec r .  (No te :

Re i s  the Reynolds number  and Recr ’  the c r i t i c a l  value a t  ”deve loped

t u rbu l ence" ,  (Levich  1962) .  Unde r  th is  condition, eddy ve loc i t i e s  o f  va r i ed

magni tudes  a r e  added to  U ,  the ave rage  fluid ve loc i ty .  Turbu lence  eddies

a re  cha rac t e r i zed  by  their  ve loc i t i e s  and the distances ove r  which t he se

ve loc i t i e s  unde rgo  a l a rge  change .  The  d i s t ances  a r e  known a s  the

”sca l e  o f  mot ion" .  The mos t  rapid  eddy  motion has  the l a rges t  s ca l e  of

motion.  The  ve loc i t i e s  U ' ,  of the mos t  rapid edd ies  can  be  approximated by :
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U‘zAU

(2-51)
where  A U i s  the change  in  the ave rage  flu id  ve loc i ty  ove r  a d i s t ance  equa l

to the s ca l e  o f  eddy  mo t ion ,4e . .

For  example,  f o r  turbulent  mot ion in  a p ipe ,  the l a rges t  s ca l e

of  mot ion ,  .2,of t u rbu lence  edd ie s  approx imates  the d i ame te r  o f  the p ipe ,

and the eddy  ve loc i t i e s  va ry  within the r ange  of ave rage  ve loc i ty  ove r  a

longi tudinal  d i s t ance  equa l  to the pipe d i ame te r .  Tha t  i s ,  the eddy  ve loc i t i e s

in the pipe approach  the maximum ve loc i ty  a t  the cen t e r  of  the p ipe .  La rge

sca l e s  o f  eddy  mot ion  accoun t  fo r  mos t  of  the kinet ic  ene rgy  inhe ren t  i n

turbulent  mo t ion .

The Reynolds  number4 of the motion p roduced  by  l a rge  s ca l e

edd ie s  have va lues  equal  to the Reynolds  number  of  the s t r eam,  a s  a. Whole .

But ,  i n  addi t ion to  t he se  l a rge  s ca l e  edd ie s ,  tu rbu len t  flow a l so  i nc ludes

edd ie s  o f  the sma l l e r  s ca l e ,  )\ with sma l l e r  ve loc i t i e s  V)‘ . And,  i t  i s

emphas ized  in the p re sen t  turbulence  concep t s ,  that  while the number  of

smal l  s ca l e  edd ie s  may  be  ve ry  l a rge ,  they  provide  on ly  a sma l l  po r t i on  o f

the total  kinet ic  ene rgy  of the s t r eam.  However ,  the small  edd i e s  have a

vital  e f f ec t  on  t u rbu len t  flow.

4Reyno lds  Number = fl ( 2 -52 )
U
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In o rde r  to  c l a r i fy  the e f fec t  of  small sca l e  edd ie s ,  l e t  u s

examine the Reynolds  number  that co r r e sponds  to an eddy  of  small sca l e

)\ , that i s , VXX

Re = ----— '
7‘ U ( 2 -53 )

The  sma l l e r  the va lue  of  )\ and the r e l a t ed  ve loc i ty  V )\ , the sma l l e r  i s

Rex  .

For  l a rge  s ca l e  edd ie s  the Reynolds  number  i s  ve ry  l a rge .

The re fo re ,  i n  a fluid mot ion  wi th  a s ca l e  )\ '= 1 ,  the v i s cous  fo rce s

ac tua l ly  have no  e f fec t  and,  mot ion  takes  p l ace  wi thout  ene rgy  d i s s ipa t i on .

However ,  the addi t ion of  l a rge  s ca l e  edd ie s  on  each  o the r  p roduces  sma l l

s ca l e  edd ies  whose  Reynolds  numbers  dec rease  rapidly with dec reas ing

) . .
At  a ce r t a in  va lue  o f  >\ = >\o the Reyno lds  number  fo r  the

VA A0
motion i s  Rex = __.9___ . (2-54)

0 V
Thi s  means  that  i n  the r eg ion  o f  )\ 0 ,  the v i s cous  fo rce s  beg in  to  a f fec t

flu id  mot ion ;  and ,  eddy  mot ion  o f  s ca l e  A 0 i s  accompanied  by  a l o s s  o f

ene rgy .  S ta ted  in  another  way,  “mic ro - sca l e  of tu rbu lence”  i s  r e l a t ed  to

the s i ze  o f  the sma l l e s t  edd i e s  i n  the  t u rbu l ence  f ie ld  which become  d i s s ipa t ed

due  to  v i s cos i t y  e f f ec t s .  In the THERMO -SYSTEMS INC. manual on  the

theo ry  and applicat ion o f  hot - f i lm and ho t -Wi re  anemometry ,  the mic ro -

sca l e  of t u rbu lence  i s  exp re s sed  numer ica l ly  a s :

k =l-J'ru'/g
(2-55)
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where :

U = instantaneous ve loc i ty .

U : ave rage  (mean) velocity.

’7' : time constant.

U. : root mean square (rms) average of the fluctuating velocity
turbulence.

U : fluctuating portion of velocity.

9 “What—)2
With a large quantity of small scale motion, there is a large

loss of energy, which is converted to heat. The energy is continually drawn

by small scale motions from large scale motions, so that one might visu-

alize the flow of a continuous transfer of energy from large scale eddies to

progressively smaller eddies, until in eddies of scale )\ O the energy is

converted to heat. Therefore, small-scale eddies serve as transitional

media by which kinetic energy of large-scale motions is transformed into

thermal energy. For steady state fluid flow, the process of energy transfer

is also steady in nature. That is, eddies of a given scale receive as much

energy from larger—scale eddies as they in turn pass on to smaller—scale

eddies. Thus, their properties depend only upon the rate of energy trans-

fer which must be equal to the rate of energy dissipation if the energy of

the eddies remains constant, (Levich 1962).

However, in natural hydrological or hydrodynamic systems,

it is likely that additional energy sources such as wind and wave systems
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a re  added sporadically or  s t ead i ly  to the i dea l i zed  tu rbulen t  fluid  ene rgy

sys t em ju s t  de sc r ibed ,  and the r e su l t i ng  edd ie s  f rom this  “ene rgy  mix”

cannot  be  s t r i c t l y  r ega rded  a s  be long ing  in  the so -ca l l ed  “ ine r t i a l  sub range"

of  the natura l  spec t rum of eddy  s i ze s .  The re fo re ,  the r e su l t s  de r ived  f rom

the turbulence  concep t  upon which bo th  R icha rdson ' s  Law of Re la t ive

Dif fus ion  and Ko lmogoro f f ' s  Theo ry  o f  S imi la r i ty  a r e  based  canno t  be

r ega rded  a s  un ive r sa l ly  applicable to  desc r ibe  the behavior  of diffusion

and d i spe r s ion  in ocean ic ,  e s tua r ine  o r  impoundment r eg imes .  These

fac t s  we re  conf i rmed by  the comprehens ive  s tud i e s  of Okubo,  d i s cus sed

i n  the p reced ing  sec t i on .

Okubo (1968) no ted  tha t  a s  the s ca l e  of d i f fus ion i nc rease s ,  the

sma l l e r  i s  the r a t e  o f  tu rbu lence  due  to  ene rgy  t r ans fe r ,  because  the l oca l

suppl ies  of ene rgy  tend to be  t r ans fe r r ed  through the i r r egu la r ,  non -

l i nea r ,  i n t e r ac t i ons  f rom the l a rge r  edd ie s  t o  the sma l l e r  edd ie s .  As  a

r e su l t ,  the overa l l  r a t e  of  g rowth  of the va r i ances  with time would  be  s lower

than tha t  de r ived  f rom the  cube  power  l aw  (Ba tche lo r  1952) :

of = C Eta (2-56)

whe r e :

0 n cons tan t  of  o rde r  unity.

['1
']

u

r a t e  of  ene rgy  d i s s ipa t i on  pe r  uni t  mass  through tu rbu lence .

t ime o f  d i f fu s ion .

H
-

II
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And,  the overa l l  growth  ra te  of  apparent  diffusivity with the eddy  scale

should  be  smaller than de r ived  by the 4 /3  law, Equa t ion (2 -50 ) .

§pecial  Dye  Trace r  Tes t s  and Invest igat ions

This  s t udy  involves dye t r ace r  measurements  to verify mathe-

mat ica l  hydrodynamic and t r anSpor t  mode l s  for  a l ake .  Fol lowing a r e  the

germane r e su l t s  of  a review made of  dye - t r ac ing  t e s t s ,  measurements

and techniques .

1 . Use  of  Rhodamine B .  The  p rob lems  of  u s ing  Rhodamine
B dye ,  including the effects  o f  physical  adsorp t ion ,  pho to -
chemical decay ,  water  temperature  and pH,  were  i nves t i -
ga ted  by  Feue r s t e in  and Sel leck (1963) .  Foxworthy and
Kneel ing (1969) found that mos t  of  the problems encoun te red
i n  u s ing  Rhodamine B i n  t r ace r  t e s t s  in e s tua r ine  wa te r
carrying highly-di lu ted was t e  f ie lds  were  of  minor
impor tance ,  howeve r ,  the e f fec t  o f  wa te r  t empera ture  on
fluorescence  was  s ignif icant .

Tempera tu re  Cor rec t i on  for  F luo re scence  Measu remen t s .
A sa t i s f ac to ry  me thod  of  co r r ec t i ng  fo r  the t empera tu re
ef fec t s  on  Rhodamine B ,  u sed  byPr i t cha rd  and Ca rpen te r
(1960) and o the r s ,  i s  t o  moni tor  con t inuous ly  the wa te r
temperature and apply a co r r ec t i on  fac tor  to  measu red
fluorescence  l eve l s .  Another method,  u sed  by  Foxworthy,
e t  a l  (1966) ,  i s  to  measu re  fluorescence  with  a fluorome te r ,
enabling rap id  f ie ld ca l ib ra t ion ,  u s ing  s t anda rd  so lu t i ons
of  dye and loca l  ocean  wate r  a s  a di luent .

Dye  Plume Behavior  and Dye  Concen t ra t ions .  FOXWorthy
and Kneeling (1969) found that the time behavior of dye
concen t r a t i ons  a t  a g iven  po in t  in the l ead ing  segmen t s ,
along the longi tudinal  ax i s  of was t e  f ie ld  p lumes  in  mar ine
wate rs  var ied cons iderab ly .  This  Wide variat ion was
at t r ibuted to uns t eady  condit ions caused  by  advect ion and
three-dimensional  diffusion throughout  the forward pa r t
of  the plume.  E l sewhere  on  the plume axis ,  the time
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behavior of dye concentration at a point remained nearly
constant, indicating virtual steady—state conditions and
essentially two—dimensional diffusion laterally and
vertically.

Foxworthy and Kneeling (1969) and Csanady (1966)
have shown that in dye fields created by  continuous
point—releases, the mean concentration distributions both
laterally and vertically Were  virtually Gaussian.

Foxworthy and Kneeling (1969) specified formulas for
computing the "effective” diffusivity coefficients, based
on tracer measurements, for unsteady and steady flows,

2
Unsteady: D 2.1.. d S ; S 2  : f (time) ( 2 -57 )

2 d t

Steady: D :LJ; d S2 ;s2 : f ( d i s t a n c e )  (2—58)
2 d x

where:

D = coefficient of effective diffusivity.

S2 = point source variance in a given coordinate
direction.

U = average current velocity.

These coefficients are variable unless the asymptotic
or linear diffusion phase is reached, that is,

5200 X (or t) ( 2 .59 )

2 2D : 1 ds and, D : _1_I_ dS (2—60)
2 dt 2 dx

Integrating Equation ( 2 -60 )  between appropriate limits we
obtain:
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I' 2D=fdx é—%—Id5

0 O

D'=-L-J- SI_SO
2 XI -x  .

0

( 2 -61 )

and s ince  802+  ze ro  for  a po in t  sou rce ,  Equat ion  (2—61)
reduces  t o

D .3 iii .
2x  (2-62)

For  a l a rge r  p lume ,

D :.__ y_ (Tn—06

2 Xi— x0 (2—63)

where

0' = computed s tandard deviation of  the mean
dis t r ibu t ion .

062 = mean coord ina te  var iance  o f  concen t ra t ion
dis t r ibu t ion  a t  the or igin of a l a rge - sca l e  p lume .

x ,  y ,  z = orthogonal  coord ina te  d i r ec t i ons ;  x i s  a long
the longitudinal ax is  of the p lume;  y i s  l a t e ra l ly  pe rpen -
d icu la r  to  x ;  z i s  vert ical ly perpendicular  t o  the x and y .

U = ave rage  cu r r en t  ve loc i ty ;

In the de t e rmin i s t i c  mode l s ,  the va r i ances  52  o f
l a t e r a l  and ve r t i ca l  dye  concen t r a t i on  d i s t r i bu t ions  a r e
known to va ry  l inear ly  With d i s t ance .  Hence ,  the sp read
of dye in t he se  coordinate  d i rec t ions  can  be  desc r ibed  by
Fickian-type equa t ions  involving a cons t an t  d i f fus iv i ty .
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Dens i ty  Effects on  Init ial  Plume S ize s  and Subsequen t
Di lu t ion  Ra te s .  V i t a l  expe r i ence  conce rn ing  d i spe r s ive
and  t r anspo r t  phenomena has  s t emmed  f rom coas t a l
was t e  ou t f a l l  s t ud i e s .  Foxwor thy  and Kneel ing  (1969)
in  reviewing Harremoé’s (1967) ex tens ive  r epo r t  on
dens i ty  e f f ec t s  i n  mar ine  d i sposa l ,  po in t  ou t  tha t  i n  some
cases ,  buoyancy  may  have a g r ea t  ini t ial  e f f ec t  on  the
l a t e r a l  sp read  of a was t e  p lume .  Coas t a l  t e s t s  showed
that maximum dye and bac te r i a l  concen t ra t ions  were
usua l ly  found a t  o r  ve ry  nea r  the wa te r  su r f ace .

The e f f ec t s  o f  buoyancy  t r anSpor t  and  was t e  plume
format ion f rom l a rge  volume,  submar ine ,  off— sho re
was te  outfall  f ac i l i t i e s  have r e l evance  to  this s t udy  be -
cause  i t  i s  within the purv iew of  th i s  work  to  cons ide r  the
movement  o f  conse rva t ive  ma te r i a l  a f t e r  i t  ha s  “ su r f aced"
f rom a submerged  ou t fa l l ,  t heo re t i ca l l y  c r ea t i ng  in  the
p roces s ,  a fu l ly-mixed su r f ace  l aye r .

Foxworthy and Kneel ing (1969)  found tha t  the was t e
plume d i lu t ion  r a t e  i s  a f fec ted  g rea t l y  by  the in i t ia l  s i ze
of the plume a t  the o r ig in .  Genera l ly ,  the smal le r  the
in i t ia l  p lume s i ze ,  the h ighe r  the ini t ial  di lut ion r a t e .
This  does  no t  infer  that the di lu t ion ra te  a t  a point  down-
s t r eam in  the p lume su r f ace  wil l  be  g rea t e r  fo r  su r f ace
plumes  o f  re la t ive ly  smal le r  s i ze .  This  i s  t r ue  because
the l a t e r a l  d i f fu s ion  r a t e  which  has  a g r ea t  e f f ec t  on  the
ne t  dilution, i s  dependent  on  the initial s i ze  of  the p lume .
Foxworthy (1969) conc luded  that  the w ide r  the in i t i a l  p lume ,
the h igher  the l a t e r a l  diffusion r a t e .  And,  that  in  the
p roces s  of  " su r f ac ing" ,  the wider—plume unde rgoes  a
higher  initial  d i lut ion.  Th i s  i s  the r ea son  why subsequen t
di lu t ion  r a t e s  appea r  l ow ,  a t  f i r s t ,  in  wide p lumes  a f t e r
su r fac ing .  Spec ia l  cons ide ra t i on  has  been  g iven  to the
above findings concern ing  the behavior  of  subsu r f ace
d i scha rges  a f t e r  su r fac ing .  They  ind ica te  the imprac t i -
ca l i ty  of  a ssuming  a cons t an t  depth for  the fu l ly -mixed ,
nea r—sur face  s t r a tum of an  impoundment. The re  i s  a
gene ra l  impor tan t  s imi la r i ty  be tween  the ca se  o f  a sub -
mar ine  ou t fa l l  d i s cha rg ing  buoyant  subs t ance  i n  a body  of
wa te r  through a diffuser  and,  an open-channel  d i s cha rg ing
a fu l ly -mixed  flow having a r ad i ca l l y  d i f fe ren t  dens i t y
than the rece iv ing  body .  Thus ,  a t  f i r s t ,  the fully—mixed
s t r a tum ex tends  t o  the full dep th .  Af t e r  " su r f ac ing" ,  the
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mass  transport stratum can  have  a highly va r i ab le
th i ckness .  The spec i a l  a s sumpt ions  and s t ipu la t ions  i n
the p reced ing  chap te r ,  and the spec i a l  s t r a t i f i ca t ion
co r r ec t i on  f ac to r  developed in  Chap te r  VII ,  s t em f rom
these  outfall  s t ud i e s .

Mathematical  Hydrodynamic,  Hydro log ica l  o r  T ranSpor t  Model ing for

Inland Wate r .  Impoundments

Or ig ins .  McEwen (1929) made the f i r s t  major  a t tempt  to

dev i se  a r i go rous  mathematical  t r ea tmen t  fo r  the phys i c s  o f  a r e se rvo i r

thermal  sys t em.

Hutch inson  (1957) computed  hea t  t r ans fe r  coe f f i c i en t s  f rom

assumed  tempera ture  p ro f i l e s  i n  l akes .  Th i s ,  and  ea r l i e r  e f fo r t s ,

cha rac t e r i zed  the thermocline a s  the limiting mechanism o f  ene rgy  trans—

fer  into the impoundment.

Munk and Ande r son  (1948) ,  applying R icha rdson ‘ s  Theo ry  of

Stabi l i ty  for  dynamic a i r  masses ,  found that  changes  in  the mixing p rope r t i e s

of  ocean  masses  cou ld  be  made d i r ec t  funct ions  o f  fluid dens i t y ,  and in

tu rn ,  density cou ld  be  co r r e l a t ed  to thermal ene rgy .

Er t e l  (1954) made a tempora l  and Spa t i a l  d i f fus ion mode l  of

the rmocline development  based  on  cons t an t  coef f ic ien t  of d i f fus iv i ty .

Throughou t  the pe r iod  of the ini t ial  e f fo r t s  typif ied above ,

there  was  a continual r ecogn i t ion  of  the need  to  ba lance  the hyd rome teo -

ro log i ca l  fo r ce s  govern ing  the r eg ime  o f  ene rgy  a t  the su r f ace  o f  wa te r

bod ie s  with the internal  hydrodynamical  p roces se s  of  fluid masses .  Fo r
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example,  ene rgy  budge t  computa t ions  per ta in ing to  Lake Hefner  we re

bas i ca l l y  mass  ba l ances .

Lake Hefner  S tud i e s .  The  comprehens ive  Lake Hefner ,

Oklahoma s tud i e s  by  the U .  S .  Geo log ica l  Su rvey  and o the r  government

agenc i e s ,  (1954) had the ob j ec t i ve s  o f  deve lop ing  "an  improved  me thod  o r

methods  fo r ‘ t he ' de t e rmina t ion ,  and i f  pos s ib l e  the p red ic t ion  f rom

cl imatologica l  and l imnological  da t a ,  of wa te r  l o s se s  by  evapora t ion  us ing

mass—energy  and ene rgy -budge t  t heo ry” .  Th i s  s t udy  p roved  that  the

c l a s s i ca l  energy—budget equat ion  needed  modificat ion.  The  re levant

finding 5 we r e :

1 . The  wa te r -budge t  con t ro l  me thod  me t  the  r equ i r emen t
that  e r ro r s  in  the computed  wa te r  budge t  no t  exceed  5
pe rcen t  of the monthly evapora t ion .

Evapora t ion  computed  us ing  the budge t  equa t ion  showed
that :

a .  Fo r  pe r iods  o f  l e s s  than s even  days ,  e r ro r s  we re
exces s ive  because  changes  i n  ene rgy  s to rage  cou ld
no t  be  measu red  with suff ic ient  accu racy .

b .  Fo r  pe r iods  of s even  days  o r  more ,  evapora t i on  cou ld
be  de t e rmined  wi th  an accu racy  o f i  5%,  i f  a l l  t e rms
in  the energy—budget equat ion  were  care fu l ly  ca lcu la t ed .

Of  cons iderab le  importance in  the Lake Hefner  s t ud i e s
was  the exhaust ive inves t iga t ion  on  evapora t ive  l o s se s
due  to  w ind -wave  ac t i on .  Two  types  o f  mass - t r ans fe r
equa t ions  were  examined:  One  type  involved  the Prandt l
"mixing leng th”  concep t ;  another  type involved the
”cont inuous  mixing" concep t .  Relevant  r e su l t s  we re :

a .  No devia t ion  f rom the loga r i thmic  wind law cou ld  be
de tec t ed  be tween  2 and 8 mete r s ,  r ega rd l e s s  of
s t ab i l i ty  cond i t i ons ,  ove r  pe r iods  o f  3 hour s  o r  l onge r .
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b .  The lake su r f ace  was  aerodynamical ly  rough  a t  a l l
t imes  with  no  evidence of a critical wind speed  fo r
wa te r—ai r  boundary  p roces se s .  The roughness
length  va r i ed  f rom O. 55  to l .  15  cm,  i nc rea s ing
with wind—speed.  Taken  a s  a who le ,  the ev idence
indicated that flow condi t ions  ve ry  nea r  the su r f ace
a re  c r i t i c a l l y  impor tan t  in  p r ed i c t i ng  evapora t i on .

c .  Of  a l l  the mass - t r anspo r t  equat ions  t e s t ed ,  only
those  of  the form deve loped  by  Sut ton  and  Sve  rd rup
(1937) proved  amenable to  the u se  o f  f ield da t a  w i th -
in  the  measu remen t  capab i l i t i e s  o f  cu r r en t  i n s t rumen t s .

Saue r  and Masch  (1969) r epo r t ed  that a s  a r e su l t  of the
Lake Hefner and o the r  s t ud i e s ,  the Harbeck  quasi—
empir ica l  mass  t r ans fe r  equat ion  fo r  p red ic t ing  evapo—
rat ion,  deve loped  in  l 962 ,has  ga ined  accep tance .  The
“mass  t r ans fe r  coe f f i c i en t " ,  which i s  the c rux  in mos t
mass  t r ans fe r  equa t ions ,  r ep re sen t s  a combina t ion  o f
many var iab les ,  including:

a .  manner of  variat ion o f  wind with height

b .  s i ze  o f  the lake

c .  r oughness  o f  wa te r  su r f ace

d .  a tmospher ic  s tabi l i ty

e .  ba rome t r i c  p r e s su re

f .  dens i t y  and kinematic v i s cos i t y  of  a i r .

Saue r  and Masch ,  (1969) point  ou t  that  the Harbeck
equation i s  re la t ive ly  s imple ,  requi r ing  only:

a .  Wa te r  su r f ace  t empera tu re

b .  a i r  t empera ture

c .  relat ive humidity

d .  Wind movemen t .
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And,  they conclude  that:

”Obse rva t ions  of  climatic factors a t
nea rby  wea the r  s t a t ions  may be  u sed
fo r  e s t ima t ing  pu rposes .  ”

Velz and Gannon (1960) in their s tudy of impound—
ment  temperature  predic t ion  techniques ,  demons t r a t ed
the p rac t i ca l i t y ,  economy and,  neces s i t y  of s t a t i s t i c a l
ana lys i s  o f  l oca l  me teo ro log i ca l  r eco rd  da t a ,  i nc lud ing
a i r  t empera tu re ,  wind ve loc i ty ,  and vapor  p re s su re .
'They  emphas i zed  the impor tance  of  long—term me teo ro -
log i ca l  da t a .

The  s tud ies  by  Ve lz  and Gannon (1960) and ,  by
Saue r  and Masch  (1969) ,  b r ing  ou t  a ma t t e r  o f  spec i a l
re levance  to  this numer ica l  model ing i nves t i ga t i on .
This  re levance  was  exp re s sed  by  Ve lz  and Gannon (1960)
as  fo l l ows :

”Wi th  a ra t iona l  method  fo r  fo r ecas t i ng  expec t ed
wa te r  t empera tu re  cond i t i ons ,  ba sed  on  the
probabi l i ty  o f  occu r r ence  of  the cont ro l l ing
meteo ro log i c  and hydro log ic  va r i ab l e s ,  i t  i s
poss ib l e  to  eva lua te  tempera ture  e f fec t s  be fo re
cons t ruc t ion  of  f ac i l i t i e s .  Th i s  p rov ides  an
advance in  s t r eam san i ta t ion  eva lua t ion  dea l ing
with  an  i nc reas ing  va r i e ty  of was t e  hea t
p rob lems .  . . "

In sho r t ,  the syn thes i s  o f  a numer ica l  model  with
key ,  r ea l - t ime  var iab les  of  a g iven  phys ica l  sy s t em i s
indispensable  .

The Raphael  Mode l  Concep t .  Raphael (1962)  demons t r a t ed  a

prac t i ca l  p rocedure  o f  making t empera tu re  fo recas t s  u s ing  uni f ied  ene rgy

relationships to impoundments on  speci f ic  r e se rvo i r s  and r i ve r s  in Ca l i -

fornia  and Wash ing ton .  The  Raphael concep t  (1963)  env i saged  a r e se rvo i r

as  being made up of  a s e r i e s  of  hor izonta l  l aye r s  each  having the ave rage
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t empera tu re  o f  the t empera tu re  g rad i en t  in that  l aye r .  Hea t  moves  in

and ou t  o f  the layer ch i efly  by  means  of  wa te r  t r an3por t ed  in  and ou t  of

the l aye r .  Some  hea t  i s  t r ans fe r r ed  be tween  l aye r s  by  conduc t ion  (mole—

cu la r  d i f fus ion) . Thi s  concep t  i s  ba sed  on  making sub jec t ive  j udgmen t s ,

and a rb i t ra ry  a s sumpt ions  r ega rd ing  in ternal  mixing p roces se s  and the

e f f ec t s  o f  advec t ed  and withdrawn f lows .

The Wunder l i ch-Elder  Graphical  Tempera tu re  P red ic t ion

Mode l .

In t roduc t ion .  Wunder l i ch  and E lde r  (1968) r epo r t ed  tha t
as  a f i r s t  s t ep  in the s ea rch  for  a mathematical  model
which cou ld  s imu la t e  the i nfluence  o f  r e se rvo i r  (o r
impoundment)  hyd rodynamics  on  s t r eam wa te r  qua l i t y
and ,  even tua l ly  a l so  p red i c t  wa te r  qua l i t y  in  a r e se rvo i r
and i t s  d i s cha rge ,  the Tennessee  Va l l ey  Au tho r i t y  (TVA)

dec ided  to deve lop  a p re l imina ry ,  b road - sca l e  me thod  of
analyzing and predic t ing  e s sen t i a l  hydrodynamic e f f ec t s
and tendencies  in  thermal ly—stra t i f ied  r e se rvo i r s .  While
the TVA recogn ized  tha t  wa te r  qual i ty  in  r e se rvo i r s  i s
dependent  on  many f ac to r s ,  the Author i ty  r ecogn ized  the
gene ra l  sc ien t i f i c  consensus  t o  focus  on  thermal  o r
dens i ty  s t ra t i f ica t ion  s ince  the effects  of  t he se  phenomena
have pronounced  Spat ia l  and temporal  influences  on
wate r  movement  and wate r  qua l i ty  in  impoundments .  I t
appears  that the s tud i e s  conduc ted  on  TVA' s  Fontana
Rese rvo i r ,  we re  made to i nves t i ga t e  the hyd rodynamics
o f  a l a rge ,  dens i t y—st r a t i f i ed  r e se rvo i r ;  to eva lua te  the
obse rved  da t a  fo r  pos s ib l e  co r r e l a t i ons  be tween  e s sen t i a l
pa rame te r s ;  and ,  to  u se  the  da t a  fo r  concep tua l i za t i on  o f
a s t r a t i f i ed  r e se rvo i r  numer i ca l  mode l .

However ,  f o r  exped i t ed  i n t e r im  pu rposes ,  TVA
conce ived  a s impli f ied r e se rvo i r  t empera tu re  p red i c t i on
model which wou ld  cons ide r  some  of  the major  f ac to r s
involved in thermal s t ra t i f ica t ion  a s  a r e su l t  of  t empera tu re
dif ferences  caused  spec i f ica l ly  by  heat advec t ion  of  inflows
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and outflows. Wunderlich and Elder (1968) used the
temperature model to show the complex interrelation~
ships between such factors as reservoir geometry,

outlet works design, reservoir operation, hydrology

of the drainage basin, optical properties of the impounded

waters and the climate of the environment. The
successful, macro—scale approximations afforded by
the model in two cases, one involving temperature
prediction and another dissolved oxygen predictions,
initially gave some weight to the belief that the interim
model had indeed encompassed a large number of major
factors of the reservoir hydrodynamic system. This
matter will be discussed later, incident to modeling
efforts for selective withdrawal operations of reservoir
waters.

Basic Concepts and Assumptions Regarding the Ternper-
ature Prediction Model. The Wunderlich and Elder (1968)
reservoir temperature prediction model provided

important insights into the major factors of a reservoir
hydrodynamic system even though many aSpects, of
necessity, have been treated by intuitive and approximate
methods, pressed by the need to obtain practical,immediate
information. (Wing 1962, p. ix)

The assumptions made in the temperature prediction
model are:

a. Density changes are due to temperature changes only.

b. A lO—ft. surface layer only is involved in the heat
exchange process between reservoir and atmosphere.
This layer is established mainly by solar energy.
The layer insulates the rest of the reservoir from
surface heating. Downward transfer of heat by
molecular conduction and turbulent diffusion from the
layer is neglected.

c. The temperature of the lO—ft. surface layer is taken
as the equilibrium temperature of the impoundment
and is computed from the heat budget equation.

d. Inflow temperatures are based on observed records,
determined from appraisal of upstream conditions, or
computed from heat budget equations.
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e .  Rese rvo i r  inflow sp reads  uni formly  ove r  the
hor izonta l  a r ea  of  the co r r e spond ing  t empera tu re
s t r a tum.

f .  Be low the lO- f t .  l aye r ,  wa te r  r ema ins  a t  i t s
original  inflow tempera ture  for  the dura t ion  of the
re se rvo i r  s t ra t i f ica t ion  pe r iod  and no  t empera tu re
change  t akes  p lace  dur ing  migra t ion  to  i t s  l eve l .
Thus ,  no  mixing occu r s  be tween  inflow-wa te r  and
re se rvo i r -wa te r .

g .  Wa te r  withdrawal a f fec t s  only a l aye r  def ined  by
the top and bo t tom of  the withdrawal,  be low this
the re  a r e  s t agnan t  zones .

h .  Wa te r  i s  withdrawn from the hor izonta l  l aye r
extending ove r  the en t i r e  r e se rvo i r  s t r a tum a rea  a t
in take  l eve l .  Wa te r  f rom uppe r  s t r a t a  s ink  g radua l ly
as  whole l aye r s  to  the withdrawal  l eve l .

1 .  Af t e r  mid—summer  and ,  a s  the i nflow t empera tu re s
drop,  the inflows  will en t e r  the r e se rvo i r  a t  g r ea t e r
depths a s  the co ld  s ea son  approaches ,  thus lifting
the upper  l aye r s .

j .  As  the su r f ace  tempera ture  dec l ine s ,  the r e se rvo i r
as sumes  a homogeneous  t empera tu re .  Convec t ive
coo l ing  mixes  the r e se rvo i r  downward  f rom the
sur face  to  the i so the rm co r r e spond ing  to  the su r f ace
t empera tu re .  Hence ,  the fall i so the rms  a r e  a s sumed
to  be  ve r t i ca l  l i ne s  connec t ing  the wa te r  su r f ace  and
the i so the rm equal  to the su r f ace  t empera tu re .

Ana lys i s  of  Graph ica l  Tempera tu re  P red i c t i on  Mode l .
A t  the beginning of the yea r ,  the r e se rvo i r  i s  a s sumed  to
have a homogeneous  tempera ture .  Inflows ea r ly  i n  the
yea r  a r e  a s sumed  to mix with the r e se rvo i r  wa te r .  La t e r
a s  the i nflows  warm,  t hey  wil l  sp read  ou t  un i fo rmly  ove r
the co ld  su r face  l ayer  of  the r e se rvo i r .  Subsequen t ly
this l aye r  i s  topped by  addit ional ,  s l igh t ly -warmer  l aye r s
unt i l  a lO- f t .  wa rm su r f ace  l aye r  i s '  i nc remen ta l l y  devel—
oped .  The rea f t e r ,  the inflows sp read  ou t  beneath  the
lO- f t .  su r f ace  l aye r  and wil l  remain a t  i t s  o r ig ina l  inflow
tempera tu re .
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The outflow temperature corresponds to the value of
the isotherm at the withdrawal center line. The model
indicated that high inflows tend to spread out the temper—
ature gradient in a vertical direction, while low inflows

crowd the isotherms near the 10—ft. surface layer, thus
indicating the formation of a strong temperature gradient

below the homogeneous surface layer.

In dry years, characterized by low  inflows and out—
flows, the low temperatures at great depths may persist

longer than in a wet year with high inflows and outflows.

D r y  years are characterized by strong temperature
gradients below the surface layer and by cool outflow
temperatures; wet years are characterized by  gradual
temperature gradients and warmer outflow temperatures.

In summary, the idealized, graphical temperature
prediction model revealed useful insights into the effects
of stratification caused by: (l) variations in intake location,
(2) variation in inflow—outflow operations, and (3) reser—
voir size.

The model provided data for estimating: (l) the gen—
eral type of thermal system which might develop, (2) the
possible outflow temperature pattern, and (3) an idea of
the possible impacts of creating impoundments on streams.

The Wunderlich and Elder (1968) Mathematical Reservoir

Temperature Prediction Model.

1. Concepts and Assumptions.

a. In contrast to the graphic model, the mathematical
model does not assume  that diffusion of heat is
negligible, nor does it a ssume  that the bulk of
advected heat comes from inflows and outflows.

b. The mathematical model assumes that while hori-
zontal velocities are small, they are effective over
long periods of time in eliminating horizontal teinper—
ature gradients caused by  large inflows, wind and
other natural causes. This condition implies, that
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only ” long - t ime  mean  t empera tu re"  can  be  p red i c t ed
from this model  because  long pe r iods  o f  t imes  wou ld
be  needed  to b reak  down hor izon ta l  tempera ture
grad i en t s .  The  mode l  i s  one—dimens iona l ,  i n  wh ich
only the ve r t i ca l  dens i t y  o r  t empera tu re  g rad i en t s
a re  cons ide red .  No g rad i en t s  a r e  a s sumed  in  a
hor izonta l  p l ane .

The  mathematical  model  involves  the s imul taneous
solut ion  o f  the hea t  and mass  conse rva t ion  equa t ions .
The heat  conse rva t ion  equat ion fo r  a l aye r  of  thick—
ness  dz  be tween  e l eva t ion  z and ( z  + dz )  i s :

+ Eou t  + Ever t  + Eso l  + Edi f  + Ebo t  + Ec  : 0i n

(2—64)

where :
Ein  2 hea t  inflow ra t e  due  to advec t ion .
Eou t  2 hea t  ou tflow ra t e  due to  advec t ion .
Ever t  2 hea t  flow ra t e  due  to ve r t i ca l  wa te r  move—

. ' ment .

E501  = hea t  flow ra t e  due  to  so l a r  r ad i a t i on .
Edi f  = ne t  hea t  flow ra t e  due  to  ve r t i ca l  d i f fu s ion .

Ebo t  = hea t  flow r a t e  due  t o  ve r t i ca l  d i f fu s ion .

E = change of  hea t  con ten t  of  cons ide red  l aye r ,
(hea t / t ime) .

The mass  conse rva t ion  equa t ion  fo r  the same  l aye r  i s :

Q ve r t  - Qin  + Qout  = 0 ( 2 .65 )

where :
I

Q ve r t  = var ia t ion o f  ve r t i ca l  wa te r  flow wi th
elevat ion (vo lume/ t ime/un i t  of depth).

Qin  = wate r  flow ra te  en te r ing  l a t e ra l ly  i n to  the
l aye r  (vo lume / t ime /un i t  of dep th ) .

Qout  2 wate r  flow r a t e  exit ing la te ra l ly  ou t  of
l aye r  (vo lume/ t ime/uni t  of depth).
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d .  All t e rms  of  Equations (2-64)  and (2-65) are  functions
of  depth and t ime.  Introducing the prope r  part ia l
differentials or  analytical  expres s ions  for  these
t erms ,  and  combining the two equat ions ,  l eads  to
the d i f ferent ia l  equat ion  o f  hea t  t rans fer  in  the water
column. I f  the hea t  t rans fer  component ,  Ebot  i s
neg lec ted ,  i t  i s  found that Edi f  i s  the only  t erm
which cannot  be readily determined.  Accord ing  to
Fick ' s  F i r s t  Law,  the d i f fus ive  hea t  flux can  be
assumed  to  be proport ional  to the product  of  a
diffusivity, A ,and  a temperature  grad ient  36 ,82  .
The diffusivity,  A , i s  a s sumed  to cons i s t  o f  three
components :

i .  molecular  thermal conductivity,  Am.

i i .  f r ee  convec t ive ,  Af .

' i i i .  f orced  convec t ive ,  At '

Only  A has  been  e s tab l i shed  numerica l ly ,
(5.2 x 10 ‘4  sq. m.  /hr .  at  20°  C. ). At and Af may
ac t  s imultaneously  or  s epara te ly  during cer ta in  time
per iods ,  f or  example, At  as  wind- induced turbulent
di f fus ion and,  Af  a s  convec t ive  night—cooling.

The diffusivity,  A ,  can be  evaluated  from the
differential  equation o f  hea t  transfer  obtained f rom
Equations (2-64) and (2 -65 ) .  Or lob  and Selna (1967)
computed  va lues  of  A as  funct ions  o f  time and depth,
us ing  Fontana Reservo ir  field data .  With proPer
assumptions  for A ,  and the boundary condit ions a t
the water  sur face ,  and a t  the re servo ir  wa l l s ,  the
temperature  d is tr ibut ion  with  depth and time can  be
obtained by  the numerical  integrat ion o f  the hea t
t rans fer  equat ion .  [Wunderl ich  and E lder  (1968)
c i t ing  Or lob  and Selna (1967)] .

Evaluation o f  Mathematical  Reservo ir  Temperature
Predict ion Model .  If l arge  inflows and outflows  are
involved,  the a s sumpt ion  o f  homogeneous  hor i zonta l
Spreading in  a one -d imens iona l  mode l  wi l l  be  erra t i c ;
a refined two—dimensional model  would be  neces sary
but many o f  the simplified assumptions  used  prev ious ly
for the one-d imens iona l  model  would be  impract ica l .
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3 .  Wunder l i ch -E lde r  Tempera tu re  P red ic t ion  Model  and
Se lec t i ve  Withdrawal .  I t  was  no t ed  ea r l i e r  that  the
graphical  t empera ture  p red ic t ion  me thod ,  u s ing  many
simplifying a s sumpt ions ,  cons i s t ed  e s sen t i a l l y  of a
graphical  r ep re sen ta t ion  of  an  annual,  cyc l i ca l  mass
balance inventory of the r e se rvo i r ,  with spec i a l  emphas i s
on  accoun t ing  fo r  s t o r age  o f  wa te r  masses  and the i r
t empera tures  during the s t ra t i f ica t ion  phase .  The
impor tan t  s impl i fy ing  a s sumpt ions  gove rn ing  this  mode l
were  d i s cus sed  ea r l i e r ,

Wunder l ich  and E lde r  (1969) j udged  that the s imp l i -
fying a s sumpt ions  r ega rd ing  hea t  diffusion and inflow—
outflow d i s t r ibu t ion  within the r e se rvo i r  we re  accep tab le
only i f  mean f lows and t empera tu res  a r e  u sed .

Evaluating the r e su l t s  of  applying the pred ic t ion
mode l ,  Wunder l ich  and E lde r  conc luded  that fu r the r
s tudy was  needed  on:

a .  De te rmina t ion  o f  the th i ckness  o f  the r e se rvo i r
withdrawal l aye r .

b .  The uns tead iness  of  inflow and withdrawal.

c .  The sp read  of  inflow.

d .  The  d i f fus ion of hea t  and mat te r  in r e se rvo i r s .

They  a l so  conc luded  that  a concu r r en t  cons ide ra t i on
of all the aforement ioned c r i t i c a l  f ac to r s  i nc rea se s  the
complexity o f  the temperature  p red ic t ion  mode l  such
that r ecou r se  to  numer ica l  methods  (whe re  aga in  one  i s
f aced  with having to  a s sume  cons ide rab l e  s impl i f i ca t ions )
appea r s  t o  afford the bes t  chances  fo r  a so lu t ion  to the
temperature d is t r ibut ion  pred ic t ion  p rob lem.

Wate r  Resou rces  Eng inee r s ,  I nc .  (WRE) .  Wa te r  Resou rces

Eng inee r s ,  Inc .  , (1968) made a r i go rous ,  v iab le ,  phys i ca l  concep tua l

r ep re sen t a t i on  fo r  de sc r ib ing  the complex exchanges  and t r anspo r t  of hea t
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ene rgy  within a deep ,  f r e sh -wa te r  impoundment and also the hydrodynamics

of  the wa te r  mass .  The  complexity was  noted  by  the r ecogn i t ion  that fluid -

flows  can  be  funct ions o f  a l l  o r  combinat ions o f  the following f ac to r s :

boundary condi t ions ,  the i r r egu la r  three-dimensional i ty  o f  the impound-

ment ,  the extent  o f  dens i ty  and t empera tu re  s t r a t i f i c a t i on  caused  by

r e se rvo i r  inflows o r  outflows,  ene rgy  t r ans fe r s  through the su r f ace ,  and

internal mixing.

The pr imary  ob j ec t i ve  of the WRE mode l  was  t o  p rov ide  a

capabil i ty for simulating the thermal behavior o f  r e se rvo i r - channe l  sy s t ems .

WRE decided  to  s t ruc tu re  separa te  models  for  two c l a s se s  of p rob lems  and

t hen  coup le  them u l t ima te ly  t o  fo rm a cohes ive  simulat ion package .  Sepa ra t e ly ,

one model would be  capable o f  r epresen t ing  a “ turbulent  s t r eam o r  a fu l ly-

mixed, shor t—deten t ion  time r e se rvo i r ” .  The other would r ep re sen t  a more

compl ica ted  p rob lem of  ene rgy  d is t r ibut ion  in  a deep lake  o r  r e se rvo i r  in

which- tempera ture  dens i t y  s t ra t i f icat ion would occu r  s ea sona l ly .  Linked

t oge the r  through common boundary  cond i t ions ,  the mode l s  can  be  combined

to provide  capabil i ty  fo r  s imulat ion of a sy s t em o f  r e se rvo i r s  which tend to

become thermally s t ra t i f ied ,  r i ve r  channels and cana l s  ope ra t ing  unde r

s t eady  flow condi t ions ,  and combined sys t ems  o f  r e se rvo i r s  and d i s cha rge

channe ls .

Speci f ica l ly  the WRE mode l  was  des igned  to :

a.- Execu te  a wa te r  balance computat ion unde r  e i the r  s t eady
or  non - s t eady  cond i t i ons .
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b .  Rece ive  so lar  ene rgy  inputs  and accommodate ene rgy
los se s  through the r e se rvo i r  su r f ace  o r  flowing
s t r eams .

c .  D i s t r ibu te  ene rgy  by  advective and diffusional
mechanisms along the principal axis of  flow (the
ve r t i ca l  i n  ca se  o f  r e se rvo i r ) .

d .  Be  capable  o f  be ing  d i s c r e t i zed  i n to  any des i r ed
number o f  hor izonta l  s egment s  to Spec i fy  des i r ed
spatial  var ia t ions  i n  thermal ene rgy  o r  r e se rvo i r
geome t ry .

e .  Provide  fo r  temporal  de sc r ip t i on  of  thermal  ene rgy
changes  throughout  wa te r  body  ove r  s ea sona l  o r
operat ional  cyc l e s  a t  any  des i r ed  time in t e rva l .

f .  Desc r ibe  the development o r  decay  of  a thermal
prof i l e ,  including identification of  the thermocline
sub jec t  to  hydromechanical ,  hydrologic  o r  opera t iona l
changes .

The WRE model was  ver i f ied u s ing  the Fontana Rese rvo i r  da t a .

Resu l t s  indicate  “genera l ly  good  agreement”  between model  and pro to type

in  some f ea tu re s  such  a s  i so the rma l  con tou r s .  HOWever ,  the mode l  s t i l l

has  l imitat ions insofa r  a s  (1 )  the mathematical  s t ruc tu re  and (2) the quan t i ty

and qua l i tyof  data needed fo r  simulation and ver i f icat ion.  A l so ,  the model

i s  e s sen t i a l l y  one  -dimensional  in  a mathematical s ense ,  permit t ing t r ans fe r

to occu r  only along a s ingle  ax i s .  The re fo re ,  in  a s t r eam i t  i s  t a c i t l y  a s sumed

that no ver t ica l  s t ra t i f icat ion occu r s  and that the turbulence o f  flow keeps

the p rope r t i e s  o f  the fluid uniform a t  all  points  in  a c ro s s  s ec t i on  taken

normal to  the flow.  For  a r e se rvo i r ,  t ransport  o r  t rans fe r  i s  a s sumed  to

occu r  along the ver t ica l  axis and p roper t i e s  a r e  a s sumed  to  be  uniform
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th roughout  a hor izonta l  plane. While there a r e  r ig id i t i e s  and ove r s imp l i -

f ica t ions  in  the model ,  i t  has  demons t ra ted  through the techniques of

sensi t iv i ty  ana lys i s ,  i t s  obvious potential  for  comprehens ive  sys t em

ana lys i s  and data ana lys i s .  The WRE model  cons t i t u t e s  a major  b reak

through in  numer i ca l  model ing  technology .

The Chen Eco log ic  Mode l .  Us ing  the p rev ious ly  desc r ibed

WRE model  concep t s  of  the s egmen ted - s t r eam sys t em and the hor izontal ly—

l aye red  r e se rvo i r  sy s t em,  Chen (1970)  has  expanded and adapted  the WRE

mathematical model  so  a s  to encompass  the bas i c  eco log ic  p roces se s ,

including pho tosyn thes i s ,  resPi ra t ion ,  planktonic ac t iv i ty ,  sedimentat ion,

nu t r i en t  r ecyc l ing  and o the r s .  He has  demons t r a t ed  that the mathematical

funct ions represent ing  e s sen t i a l  phys i ca l ,  chemical  and b io log ica l  p roces se s

of  an ecosys t em can be so lved  by  compute r ized  a lgor i thms o r  se In i—algor i thms .

The Chen eco log ic  numerical  model  includes  a hydrodynamic p rog ram

which so lves  equations o r  motion and continuity s imultaneously fo r

d i sc r e t i zed  sys t ems  in o rde r  to define t r anspo r t  p rope r t i e s  of  t he se

sys t ems .  In addi t ion,  the model  i nc ludes  a r e se rvo i r  t empera tu re  p rog ram

to simulate densi ty-dependent  t empera ture  and flow reg imes  in  an  impound-

ment and to predict  thermal s t ra t i f icat ion and seasona l  ove r tu rn .  The

chemical  and biological  p rog rams  of  the model involve the s imultaneous

in tegra t ion  by  a Runge-Kut ta  method,  the differential  equat ions which

”expre s s  the r a t e  of  change of  each  chemical  o r  b io logica l  cons t i t uen t  a s
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a function of the other variables and coefficients describing the ecologic

process.n Chen concludes that:

"Preliminary tests of the ecological model indicate
the reasonableness of the technique. It is concluded
that model development and application will aid
greatly in the development of a more fundamental
understanding of eutrophication processes and
their control. ”

The functional test of the Chen model consisted of computed

concentrations at hourly intervals on a hypothetical, uni—directional

stream, using input data, coefficients and constants assumed or deduced

from a broad review of relevant literature. Bella (1970) ,  in his mathe—

matical model of lake dissolved oxygen incorporated the basic elements

of the Chen ecologic model focusing, however, on hypolimnetic dissolved

oxygen estimates in stratified lakes. Based on his evaluation of data

pertaining to Lake Sammamish, Washington, Bella concluded that:

"An investigator must determine the acceptability
of the model for each application of the model.
In other words, one does not verify a model but
rather one justifies the use of a particular model
for each situation in which it is used. The
acceptability of the model in one situation does
not guarantee its acceptability in other situations. "

Bella emphasizes some practical difficulties of applying assumption of

one—dimensional variations with space and the importance of considering

the time scale of variations over a horizontal area.

”Modification of the basic lake D O model. . .
might often be needed. A s  an example long lakes
and impoundments in which DO variations with
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length are substantial might be satisfactorily
modeled by dividing the length into adjacent

- segments with each segment containing vertical
variations. Also, waters immediately adjacent
to lake bottoms might be included as separate
regions within the model. "

These conclusions by Bella (1970) ,  added to those of Okubo (1968) which

were discussed earlier, lend further weight to the orientation of the

objectives of_ this study to numerical modeling in a horizontal, two-

dimensional, well-mixed, surface layer.



C HAPT ER III

MIXING AND DISPERSION IN LAKES AND RESERVOIRS

Mechan i sms  o f  Mot ion  and Sources  o f  Mixing i n  Lakes  and Rese rvo i r s

Genera l .  Much  data on diffusion and d i spe r s ion  in  wa te r

sys t ems  have been  found to be  highly empirical ,  and data obtained f rom

dye t e s t s  have been  l a rge ly  qual i ta t ive  in  na tu re .  The  l a rge  number  of

var iab les  invo lved  in  na tu ra l  and  a r t i f i ca l  wa te r  impoundments  ( e .  g .  ,

cu r r en t s ,  wind, wind- induced  waves ,  thermal e f f ec t s ,  bo t tom topography ,

sho re  configurat ions and many o the r s )  s eems  to have prec luded  up  to the

p re sen t  time the succes s fu l  conduc t  of  sy s t ema t i c ,  comprehens ive  f ie ld

t e s t s  which would  de te rmine  the re la t ive  importance to the mixing p roces s

of each  var iable ,  s ingly  o r  in  combination.

A rev iew of  the l i t e ra tu re ,  some  o f  which was  p re sen t ed

ea r l i e r  in  th is  s t udy ,  shows  that a. p reva len t  p r ac t i ce  has been  fo r  i nves t i -

ga to r s  to  cOnduct  a combinat ion  of qual i ta t ive  dye  o r  t r ace r  t e s t s  and  a

se r i e s  o f  model  expe r imen t s .  Then ,  the t e s t  r e su l t s  a r e  ana lyzed  wi th

the object ive o f  finding a gene ra l  mathematical exp res s ion  which wil l

de sc r ibe  some  fea ture  of  the mixing p roces s  and which can  be  u sed  to

p red i c t  the behavior  of  a contaminant  d i s cha rged  in to -a  g iven  body  of

wa te r .  Bu t  general ly ,  these  measurements  a re  no t  conc lus ive ly  and

c l ea r ly  co r r e l a t ed  with the t rue  governing  f ac to r s  and bas i c  kinematic

81
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mechanisms  o f  d i sPe r s ion .  Empirical  data  on  mixing and d iSpe r s ion  i n

wa te r  has  p roved  of l imited value fo r  p red ic t ion  of  the a s s imi l a t ive  o r

d i spe r s ive  capac i t i e s  in lakes  and r e se rvo i r s .  Sed iment  and so l id  po l lu tan t

t r anspo r t ,  including a r t i f i ca l ly—induced ,  ga s  -bubble pol lu t ion,  i s  s t rong ly

affec ted  by  tu rbulen t  d i spe r s ion ;  bu t ,  the knowledge of the d iSpe r s ion  charac—

te r i s t i c s  o f  a wa te r  molecu le  does  no t  s e rve  to desc r ibe  fully the d i spe r s ion

p rope r t i e s  of  such  types  o f  finite iner t i a  pa r t i c l e s .  I t  appears  that turbulent

d i spe r s ion  in .  wa t e r  bod ie s  i s  the con t ro l l i ng  t r anspo r t  mechan i sm fo r

sed imen t  and o the r  con taminan t s .  Howeve r ,  i n  sma l l  s t r eams ,  pa r t i cu l a t e

pol lu t ion  may be  t r anspo r t ed  mainly by  convec t ive  f low. In  e s tua r i e s ,  wide

r ive r s ,  and  the  ocean ,  d iSpe r s ion  of  po l lu t ion  i s  con t ro l l ed  by  mean  f low

and tu rbu lence .

The spec ia l  cogency  and re levancy  of  this  ma t t e r  was  b rough t

ou t  by  K .  F .  Bowden  in  a d i s cus s ion  o f  Masch ' s  (1964)  work  in  mixing and

d i spe r s ion  o f  was t e s  by  wind and wave ac t ion .  Refer r ing  to  the ma t t e r  o f

the general lapplic  abil i ty of  the L4/3 law to the re la t ionship  of  the diffusion

coe f f i c i en t  and  the s ca l e  o f  a d i spe r s ing  dye  pa t ch5 ,  Bowden  sugges t ed

that in  dif fusion p rob lems ,  i t  may be  neces sa ry  to  cons ide r  d i f fe ren t  k inds

o f  turbulence which a re  ”no t  all  amenable to  the same s t a t i s t i c a l  l aws” .

The re  i s ,  for  example,  a f i ne - s t ruc tu ra l  turbulence added to  the long wave—

5See  re levant  d i s cus s ion  per ta ining to  Okubo ' s  ocean ic
diffusion s tud i e s  and to Lev ich ' s  ana lys i s  o f  turbulent diffusion,  p r e sen t ed
in Chapter  II .
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l eng th  portion of the spectrum, for which the Kolmogoroff law may be

apropos. Then ,  there is a turbulence which is due to wave action, added

by energy at a shorter wave—length scale, for which a different law may

apply to the diffusion coefficient. Wind effects are further complicated

because in addition to induced wave action, they also impart energy on a

larger scale in a drift current. The resulting turbulence may be substantially

different from that of a large-scale current. The turbulence characteristics

of large natural bodies of water also are affected by  meteorological conditions,

flows and tidal conditions.

Therefore, it is evident that in order to apply available know—

ledge concerning the “laws of dispersion” first it is necessary to identify

the "mechanisms" which generate and sustain motion and turbulence in a

fluid system. Broadly speaking the "laws of dispersion" are the basis for

transport models, While the ”mechanisms" which generate and sustain

motion and turbulence are the basis for hydrodynamic models. Moreover,

transport and hydrodynamic models must  be formulated as complementary

elements of a physical system model. Hence, transport and hydrodynamic

modeling of a physical system requires identification and mathematical

formulation of the forces and motions governing the physical system.

In order to crystallize conditions for a specific study, first it

is necessary to identify and to examine in some detail, all major forces

Which are involved in the mixing and dispersion phenomena for lakes and
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reservoirs. The majo r  sources of mixing and diSpersion in lakes and

reservoirs are: currents created b y  reservoir outflows; wind—induced

currents; stability effects associated with density and temperature gradients;

turbulent wind-wave motions; large—scale circulations resulting from

periodic, seasonal overturnings of water within the reservoirs; and

artifical flows resulting from water resource uses such as industrial

plant recirculated cooling waters.

The degree of influence of currents, flows, and circulations

varies among impoundments. For example, in shallow reservoirs, it is

likely that there will be a lack of temperature and density gradients. The

lack of these gradients enhances the tendency for rapid uniform vertical

distribution of solutes. In deep impoundments, solutes would diSperse

vertically for prolonged periods of time resulting in a significant downward

transport of solute concentrations and a reduction in horizontal dispersion.

In strongly—stratified impoundments, downward vertical dispersion may be

inhibited severely by the increasingly dense lower strata. Dense  aquatic

plant growth also may enhance the formation of stagnated strata.

A closer examination of the effects of temperature, density,

stratification, wind, and hydrological phenomena follows:

Temperature, Density and Stratification of Lake and Reservoirs.

According to Vercelli (1951) ,  under conditions of stable equilibrium there

are two possible types of thermal stratification:
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1 .  D i r ec t  ( ”ana - the rma l " )  s t r a t i f i c a t i on ,  with t empera tu re s
i nc rea s ing  f rom bottom to  t op ,  p rov ided  that  the t empera -
tu re s  exceed  4°  C ,  which i s  the t empera tu re  co r r e spond ing
to  maximum dens i ty .

2 .  Inve r se  ( " ca t a—the rma l” )  s t r a t i f i c a t i on ,  with t empera tu re s
i nc reas ing  f rom top to bot tom provided  that the t empera -
tu re s  a r e  be low 4°  C .

Vercelli (1951) credits Forel (1894, 1901) for devising a

qual i ta t ive  c l a s s i f i ca t i on  of va r ious  t ypes  of  l akes  acco rd ing  to  the rma l

r eg imes .  Thus ,  lakes  having d i r ec t  s t ra t i f i ca t ion  were  t e rmed  ” t rop i ca l

l akes” ;  those  having inve r se  s t ra t i f ica t ion were  te rmed “po la r  l akes” .

The rev i s  a third type which a r e  des igna ted  a s  " tempera te  l akes" .  The

”temperate  l akes"  a r e  “ t rop ica l "  dur ing the hot  s ea sons  and "po la r "  dur ing

the co ld  s ea sons .  They  have a uniform tempera ture  in  the sp r ing  and

autumn.

I t  i s  pos s ib l e  that  i n  an impoundment,  f ea tu re s  of  the above

three types  could  ex i s t  s imul taneous ly .  The predominant  wa te r  mass

cou ld  s t r a t i fy  acco rd ing  to  one  of the above  types ,  whi le  a long  sho re l i ne s

s t r a t i f i c a t i on  cou ld  be  o f  a d i f fe ren t  t ype .  Fo r  example,  Lake Baikal

(be tween  51 .  5 °  and 55 .  5 °  Nor th  Lati tude) demons t ra t e s  "po la r  l ake"

s t ra t i f ica t ion,  having about  99% of  i t s  water  volume continually under

4°  C ,  while va r ious  i so l a t ed  sho re l i ne  a r ea s  r each  16°  C ,  demons t ra t ing

” t empera t e  l ake”  thermal  s t r a t i f i ca t ion .  The  l a rge  sub-Alp ine  l akes  a r e

“ t rop i ca l " ,  bu t  in  the co ldes t  win te rs  the shal low shore l ine  zones  f r eeze .
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Cold  sea son  convec t ions  in  warm l akes  evo lve  by  vi r tue  o f

certain pred i c t ab l e  thermal e f f ec t s :  the coo led  su r f ace  wa te r s  s i nk  and

in  so  doing make the t empera ture  of  the zone through which i t  s inks

uniform down to that l eve l  that has  the same  minimum tempera tu re  a s

the over ly ing  s t r a t a .  Then  th i s  thermal  convec t ion  cease s .  Th i s  phen—

omenon i s  acce l e r a t ed  by  thermal conductivi ty o r  by  mechanical (phys ica l )

convect ion .  The  turbulent  wind cu r r en t s  hea t  the lower  s t r a t a  a t ' t he

expense  of the ove r ly ing  s t r a t a  i n  the ca se  of  " t rop i ca l  l akes" ,  and  con—

verse ly ,  in  the ca se  of "po la r  l akes" .  Qu ie scen t  condit ions on  the wa te r

su r f ace  tend to e s t ab l i sh  s t ab l e ,  we l l -de f ined  s t r a t i f i ca t i on .  The  wa te r s

in  the  ca lm ,  sha l low  zones  a r e  pa r t i cu l a r ly  sub j ec t  to ex t r eme ly  s t ab l e ,

thermal  s t r a t i f i c a t i on .  Inve r se  ( ca t a - the rma l )  s t r a t i f i c a t i ons  a long the

l i t to ra l  zones  of the " tempera te  l akes"  remain in equi l ibr ium with r e spec t

to  the main wa te r  mass  o r  " co re”  o f  the lake because  be tween this co re

and the shore l ine  there  develops  a ”wa l l "  having a temperature  of 4 °  C ;

this  wall a c t s  a s  a thermal ba r r i e r .  This  ba r r i e r  i s  a zone in which

turbulent  cu r r en t s  prevai l  and which t r ans fe r  heat  f rom the warmer  cen t r a l

co re  of  the lake to  the co lde r  wa te r  masses  along the l i t t o r a l .  The  ba r r i e r

phenomenon r ende r s  poss ib le  the coexis tence  of  two different  thermal

r eg imes  in the same  lake bas in .

The  lower  s t r a t a  in  deep  l akes  and r e se rvo i r s  a r e  conduc ive

to the development o f  wel l -def ined ” t rop ica l "  thermal s t ra t i f ica t ion  in the
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warm o r  temperate  c l ima te s ,  and o f  the ”po la r "  type in  the co ld  c l ima te s .

A shal low lake i s  conducive  to “ t empera t e“  thermal  s t ra t i f ica t ion ,  while

in  the same cl imate a deep  lake cou ld  behave e i t he r  a s  a ” t rop i ca l "  o r

”po la r "  type insofa r  a s  thermal s t ra t i f ica t ion i s  conce rned .

The f reezing of  su r face  l aye r s ,  due  to  the poo r  conduc t iv i ty

of  i ce ,  a t t a ins  a l imi ted t h i cknes s ;  i c e  shee t s  o f  f rom 70  cen t ime te r s  t o  1

mete r  in  thickness  a r e  at tained only  in  c l imates  in  which i ce  l a s t s  through-

ou t  a g r ea t e r  pa r t  of  the yea r .

The  spec ia l  cha rac t e r i s t i c s  (morphologica l ,  c l ima to log ica l ,

hydrodynamical ,  and opt ica l )  of each  lake determine the thermal regime

and can  p roduce  widely  d ive r se  e f f ec t s .  I n  l akes ,  the uppe r  s t r a tum which

i s  involved in the annual cyc l i ca l  var iat ions has  a l e s se r  th ickness  than the

similar  l aye r  involved in ocean ic  masses .  In turbid  wa te r s  the l aye r s  can

be  only a few me te r s  in  t h i cknes s .  In  the l ower  s t r a t a ,  the t empera tu re s

a re  s ta t ionary ;  they va ry  only due to accidenta l  c auses  which a r e  indepen-

dent  of  annual cyc l i ca l  f ac to r s .  A t  g r ea t  depths the tempera tures  cou ld

r each  to  the l imit  co r r e spond ing  to  maximum dens i ty ,  that  i s ,  be low 4°  C .

In “ t rop ica l  l akes" ,  the t empera tures  a re  genera l ly  above these  ex t reme

va lues .

Thi s  ana lys i s  of t empera tu re ,  dens i t y  and  s t r a t i f i c a t i on

ind ica tes  that shallow r e se rvo i r s  a r e  usua l ly  wel l -mixed ,  having minor o r

no ver t i ca l  t empera tu re  and dens i t y  g rad i en t s .  Hence ,  the shal low r e se rvo i r
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under  t he se  homogeneous  cond i t ions  would be  ea s i e r  to  model  — both

mathemat ical ly  and exper imenta l ly .  I n  s t r a t i f i ed ,  deep  r e se rvo i r s ,  cu r r en t

.movemen t s  a r e  confined gene ra l l y  to the more  homogeneous  s t r a tum o f

wa te r  above  the thermocl ine .  Howeve r ,  the des igna t ion  o f  the the rmoc l ine

as  the r e fe rence  datum for  this  pu rpose  i s  inaccura te  f rom a s t r i c t  v iew-

point  because  s t ra t i f ica t ion  ac tua l ly  i s  a d i r ec t  r e su l t  o f  dens i t y  d i f ferences

be tween  wa te r  s t r a t a  r ega rd l e s s  of  whether  the dense r  wa te r  i s  c aused  by

d i s so lved  so lu t e s  o r  by  l ower  t empera tu re s .

Seasona l  Hydro the rma l  Phenomena .  The  fol lowing impor t an t

phenomena of thermal s t ra t i f i ca t ion  of impounded wa te r s  mus t  be  cons ide red

ca re fu l ly ,  (Krenke l  1968) :

1 .  Af t e r  the win te r  months ,  the impoundment has  a uniform
quali ty  and a low tempera tu re .  If the impoundment i s
qu i e scen t  and c l ea r ,  so l a r  rad ia t ion  pene t r a t e s  the su r f ace
and i s  abso rbed  a t  an  exponent ia l  r a t e ,  c r ea t i ng  an  expo—
nential t empera ture  grad ien t .  If the wa te r  su r f ace  i s
undergoing  evapora t i ve  coo l ing  and shea red  by  Wind-
induced  cu r r en t s ,  mixing will  ensue  which will  enhance
the downward  t r anspo r t  o f  hea t  and momen tum.

2 .  R i se s  in a tmosphe r i c  t empera tu re  cause  r e l a t i ve  t emper—
atu re  i nc rea se s  bo th  in  impoundment su r f ace  and the i n -
flows to the impoundment. Wi th  the tempera ture  r i s e
the re  i s  a dec rease  i n  wa te r  dens i t y .  Th ree  s t r a t a  of
wa te r  a r e  deve loped :  the upper  s t ra tum,  o r  epilimnion;
the lower  s t ra tum o r  hypolimnion; and the thermocline
which i s  a t r ans i t i on  zone  be tween  the se  two .  Acco rd ing
to Hutchinson (1957) the thermocl ine i s  the plane of
maximum ra t e  o f  dec rease  o f  t empera tu re ;  that i s ,

dze _as” (3-1)
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where :

e : the t empera tu re .

h = the depth .

Fa i r ,  e t  a1  (1968) i nd i ca t e  tha t  the t he rmoc l ine  i s
convent ional ly  r ega rded  a s  cons i s t i ng  o f  the wa te r  l aye r
in which the t empera ture  dec rease s  by  a t  l e a s t  0 .  5 degrees
F .  fo r  each  foo t  of  depth.

The thermocl ine  ex i s t s  gene ra l l y  du r ing  the pe r iod ,
Apri l  to  November .  The  thermocl ine  i s  10  t o  20  f ee t
t h i ck ;  t he  ep i l imnion  i s  30  to  50  f ee t  t h i ck ;  and  the
hypolimnion ex t ends  to  the bo t tom of the impoundment .

Dur ing  the summer  mon ths ,  the s t r a t i f i c a t i on  becomes
inc reas ing ly  p ronounced .  In  au tumn ,  the impoundmen t
beg ins  to  deve lop  a hea t  de f i c i t .  As  the wa te r  becomes
co lde r  and  dense r ,  the thermocl ine  l eve l  d rops  and  an
unstable  s i t ua t ion  i s  c r ea t ed  which ult imately causes
comple t e  mixing in  the l ake .  Lakes  wi th  the hyd ro -
thermal behavior  j u s t  de sc r ibed  a r e  ca l l ed  monomict ic
l akes .

In r eg ions  whe re  the  wa te r  t empera tu re  may  go  be low
4° C (which i s  the t empera tu re  o f  maximum wa te r  dens i t y ) ,
the onse t  o f  su r f ace  hea t ing  ( s ay  up to  4°  C)  may cause
the  su r f ace  wa te r  t o  aga in  become  more  dense  than the
l ower  l aye r s ,  r e su l t i ng  i n  uns t ab l e  s t r a t i f i c a t i on  and
caus ing  ano the r  t u rnove r  o f  the lake wa te r s .  Lakes  with
the hydrothermal  behavior  j u s t  de sc r ibed  a r e  ca l l ed
d imic t ic  l akes .

Ci rcu l a t i on  due  to  hydro thermal  g r ad i en t s  may  va ry
depending on  the ex ten t  of dens i t y  s t r a t a .  Some impounded
wa te r s  c i r cu l a t e  comple t e ly ;  t he se  a r e  ca l l ed  ho lomic t i c
impoundments .  Some  impounded wa te r  c i r cu l a t e  on ly
par t i a l ly ;  t he se  a r e  ca l l ed  meromic t i c  impoundmen t s .
The  appa ren t  s t ab i l i t y  of  the ex t r eme ,  l ower  l aye r s  of
an  impoundment  may  be  caused  by  d i s so lved  o r  su spended
so l id s  that  impar t  v i r tua l ly  a ”pe rmanen t  i nc rea se”  i n
dens i ty .  '
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Fair ,  e t  a1  (1968) summar i zed  in  e f f ec t  the s ea sona l ,
hydrothermal  phenomena in  l akes  a s  fo l lows :  In the
c i r cu l a t i on  o r  ep i l imnet ic  zone  the wa te r  i s  o f  subs t an -
t i a l l y  un i fo rm t empera tu re  and  dens i t y ,  and  the re fo re ,
” i s  ea s i l y  moved a long hor izon ta l ly  by  wind- induced
cu r r en t s  and ve r t i ca l l y  by  convec t ive  cu r r en t s” .  The
t r ans i t i ona l  o r  meso l imne t i c  zone  i s  a r e l a t i ve ly  th in
s t r a tum in  which  the t empera tu re  changes  a t  the r a t e  of
a t  l e a s t  0 .  5 degrees  F .  pe r  ve r t i ca l  f oo t  of  dep th .  In  the
l owermos t  zone ,  - the s t agna t ion  o r  hypol imnet ic  zone ,
"ho r i zon ta l  movemen t s  a r e  ve ry  s l i gh t "  and ,  “ve r t i ca l
ones  a r e  a lmos t  absen t ” .

The  effect  of  d i s so lved  subs t ances  on  impoundment s t ab i l i t y

phenomena war ran t s  de ta i l ed  a t t en t ion .  Th i s  wi l l  be  taken up nex t .

Stabi l i ty  Phenomena .  We have s een  that  i f  dens i t y  s t r a t i f i c a t i on

were  a function o f  t empera tu re  only ,  the t empera ture  prof i le  and the inflow

tempera tu re  would  suf f ice  to  indicate  which s t r a tum the inflow wil l  en t e r .

However ,  mos t  na tu ra l  wa te r s  wil l  con ta in  va ry ing  amoun t s  and types  o f

d i s so lved  subs t ances .  These  subs t ances  may affect  fluid dens i t y  to  such  an

extent  that they will  gove rn  the s t ra t i f ica t ion  p roces s  in the impoundment.

However ,  B rooks  and Koh (1969) sugges t ed  that:

" In  l akes  and r e se rvo i r s ,  s t ab l e  dens i t y  s t r a t i f i c a t i on
i s  caused  p r imar i ly  by  the t empera tu re  var ia t ion with
depth,  and seconda r i l y  by  a var iable  concen t r a t i on  o f
d i s so lved  and suspended  so l id s .  "

In ' add i t i on ,  Har leman (1961) has—ind ica t ed  that s i nce  i t  i s

rea l i s t ic  to  cons ide r  s t ra t i f ied  fluids  a s  vir tual ly i ncompres s ib l e  because

of  the inherently small magnitude of  the ve loc i t i e s invo lved ,  i t  fol lows tha t :
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”The  dens i t y  d i f f e r ences  a r e  t he re fo re  due to
t empera tu re  g rad i en t s  and  va r i a t i ons  i n  so lu t e
concen t ra t ions  o r  var ia t ions  in  suspended  so l id
concen t r a t ion  and a r e  independent of  the p re s su re
in t ens i t y  and the e l a s t i c  p rope r t i e s  of the f lu id .  "

Accord ing  to Krenke l  (1968) ,  the National  Bureau  o f  S tandards

" "A  dens i t y  cu r r en t  i s  the movement ,  without
lo s s  of i den t i t y  by  turbulent  mixing a t  the
bounding su r f ace ,  o f  a s t r eam o f  fluid,  unde r ,
through o r  ove r  a body  of fluid, with which i t
i s  m i sc ib l e  and the dens i t y  of  which va r i e s
f rom that  cu r r en t ,  the dens i ty  d i f f e rences
being a function of the d i f fe rences  in t emper -
a tu re ,  s a l t  con t en t  and /o r  s i l t  con t en t  o f ’ the
two flu ids .  ”

Krenke l  (1968) shows  that the condit ion leading to a s t r a t i f i ed

flow i s  r ep re sen t ed  by  the relat ion:

where :

AP _ 00005
P "' _ (3-2)

I! the fluid  dens i t y  o f  the upper  l aye r ;  andP
the dens i ty  differential  be tween  the f luid l aye r s .

Expres s ing  this c r i t e r i a  i n  t e rms  o f  t empera tu re  di f ferent ia l ,  i t  c an  be

shown that the dens i ty  difference between wate r  a t  31°  C and 32 .  5 °  C may

be  su f f i c i en t  t o  cause  s t r a t i f i c a t i on  i n  which ca se  the  r e l a t i on  i s :

AB.P = 0 .000503  (3-3)
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If the dens i ty  of an inflow in to  an impoundment i s  g r ea t l y

af fec ted  due  to  i t s  d i s so lved  subs t ance  l oad ,  it would mig ra t e  to  i t s

co r r e spond ing  dens i t y  s t r a tum,  a s t r a tum which might have a l ower

t empera tu re  than the inflow t empera tu re .  This  s i tua t ion  i s  dep i c t ed  in

Figu re  (3-1). Thus ,  the inflow wa te r  With t empera tu re ,  0 ,  and dens i t y ,

P ,  would bea t  the ”p rope r "  dens i t y  s t r a tum bu t  with a f ic t i t ious  t emper -

a tu re ,  s ay  9 f .  Th i s  t empera tu re  i s  defined by  the fol lowing re la t ionship :

8(9) = g‘ef) (3—4)

where :

dens i ty  o f  inflow wa te r  a t  t empera tu re ,  0 .elm)
5,356,)

I t  i s  to be noted that P (6f)  cannot be > 0 .  999973 g .  /CC- , WhiCh i s  thep

1! dens i ty  o f  pu re  wa te r  a t  t empera tu re ,  o f .

maximum dens i ty  a t  4°  C .

Refe r r ing  aga in  to  F igu re  (3 -1 ) ,  no t e  that  fo r  the s i t ua t i on

r ep re sen t ed ,  the var ious  t empera tu res  and dens i t i e s  shown have the

following re la t ionships :

62<  61<  6

P'< P < P2 (3-5)
The inflow wa te r  with dens i t y ,  P ,  and  t empera tu re ,  0 ,  ha s  moved  in to  a

dens i ty  l aye r  which does  no t  co r r e spond  to  i t s  temperature  l aye r .  Thus ,

the upper  boundary  o f  the inflow s t r a tum bo rde r s  on the l aye r  with 01  and
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TEMPERATURE CONCENTRATION DENSlTY
D +

INFLOW
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C2 (02

V V

Figu re ;  3 -1 ,  D i s tu rbance  o f  Thermal Stra t i f ica t ion  by  Po l lu t ed

Inflow. (Af te r  Wunder l i ch  and E lde r ,  1968) .
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I P1 ;  the lower bounda ry  bo rde r  on  the l aye r  with 02  and ' 02 .  Hence ,

cool ing  o f  the inflow wil l  take p lace  along both  i t s  upper  and lower

bounda r i e s .  A t  the upper  bounda ry ,  heat ing of  the over ly ing  wa te r  wil l

make i t  l e s s  dense ,  while coo l ing  o f  the inflow will make i t  dense r .  Thus ,

buoyancy  and g rav i ty  fo rce s  tend to  move wa te r  pa r t i c l e s  a t  the uppe r

bounda ry ,  t he re fo re  l i t t l e  i n t e r change  wil l  occu r  be tween  the two l aye r s .

Bu t  coo l ing  o f ' t he  top o f  the inflow l aye r  and heating of the bot tom of  the

overlying l aye r ,  will induce ve r t i ca l  mixing in  the inflow and over ly ing

l aye r s .

Cool ing  of  the l ower  interface of  the inflow l aye r  wil l  i nc rea se

i t s  dens i t y ;  heat ing of  underlying l aye r  bounda ry  wil l  dec rease  i t s  dens i t y .

Mixing will  normally occu r  ac ros s  th is  l ower  in t e r f ace  with a consequen t

rapid exchange o f  t empera ture  and so lu t e  concent ra t ion .  The t empera tu re

and concen t r a t i on  exchange  has  a g r ea t  p ropens i ty  fo r  downward  d i f fu s ion ,

i nc reas ing  the diffusive component  o f  hea t  t r ans fe r .  On  the o the r  hand,

dens i ty  unde rcu r r en t s  along the bo t tom o f  an impoundment will  become

"ove r s t ab i l i z éd"  by  the p re sence  of d i s so lved  subs t ances ,  and little o r  no

mixing with over ly ing  s t r a t a  t akes  p l ace .

Har leman (1961)  s a id  tha t  one  o f  the mos t  i n t e r e s t i ng  a spec t s

of  the motion in  a fluid having a ve r t i ca l  dens i t y  gradient  i s  the condit ion

neces sa ry  for  the maintenance of  ve r t i ca l  tu rbu lence .  The change of

po ten t i a l  ene rgy  due  to ve r t i ca l  mixing mus t  be  ba lanced  by  a change  in  the
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k ine t i c  ene rgy  o f  the motion produc ing  the  mix ing .  I f  i t  i s  a s sumed  tha t

the k ine t i c  ene rgy  o f  the t u rbu l ence  r ema ins  cons t an t ,  t hen  the ene rgy

mus t  be  supp l ied  f rom the mean  ho r i zon ta l  mo t ion ,  U . In t roduc ing  the

coe f f i c i en t  o f  eddy  d i f fu s ion  fo r  the ve r t i ca l  d i r ec t i on ,  EZ f tZ /Sec ,  t hen

" the  t ime r a t e  o f  i nc rea se  o f  po t en t i a l  ene rgy  pe r  un i t  vo lume“ i s :

8P
95232— (3—6)

where :

_WIP I
E :——-————— .

z ap /az  (3-7)

On the o the r  hand,  ” the  t ime ra te  a t  which k ine t i c  ene rgy  i s

l o s t  f rom the mean  mo t ion  pe r  un i t  vo lume" ,  i n  t e rms  o f  the eddy  coe f f i c i en t ,

62 1s. a 2

P62  ”5::— (3-8)

where:
.55???

2:351:13} ' (3-9)
The cond i t i ons  unde r  which  tu rbu len t  mixing may  occu r  wi l l  now

be deve loped  f rom ano the r  app roach .  Acco rd ing  to  P rand t l ,  the o rde r  of

magni tude  o f  a t u rbu l en t  ve r t i ca l  d i s tu rbance  ve loc i ty  wI  can  be  exp re s sed

w '  i- 1-29..
82

approx imate ly  a s :

(3  - 10 )

where :
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1 : mixing l eng th .

Bu I a2 the velocity grad i en t  i n  the ve r t i ca l  d i r ec t i on .

The  k ine t i c  ene rgy  ava i lab le  fo r  the ve r t i ca l  movemen t  o f  a

l i qu id  e l emen t  o f  vo lume ,  V ,  i s :

2 2 2_ W' —' 32y.E“PVT"§'PV’£ az ’ <3-m
i . e . ,  Energy = 1 /2  (Mass  x Velocityz)

Equation (3 -11 ) ,  derived by Wunderlich and Elder (1968) i s

ana l agous  t o  Equa t ion  (3—8), the exp re s s ion  de r ived  by  Har l eman  (1961)

and ,  was  r e f e r r ed  to ea r l i e r  a s  ” the time r a t e  a t  which  k ine t ic  ene rgy  i s

l o s t  f rom the mean  mot ion  pe r  un i t  vo lume” .

Re fe r  aga in  to  F igu re  ( 3 -1 )  and suppose  tha t  a wa te r  pa rce l

o f  dens i t y ,  P a t  dep th ,  Z i s  f o r ced  upward  in to  wa te r  o f  dens i t y ,  P1  a t

depth  2 where  P > PI . Unde r  t he se  cond i t i ons ,  the upward  ac t i ng1)

fo rce  mus t  exceed  the  downward  d i r ec t ed  g rav i t a t i ona l  fo r ce ;  the  l a t t e r  can

be  exp re s sed  a s :

dP
F=gV(p—p') 2: n-z-(z—z')  , ( 3 -12 )

( i . e . ,  Fo rce  : Mass  x Acce l e r a t i on ) .

Where  a l l  symbo l s ,  excep t  g ,  r ep re sen t  pa rame te r s  p r ev ious ly  desc r ibed ;

g i s  the  g rav i t a t iona l  acce l e r a t i on .

The  work  neces sa ry  t o  move  the uni t  pa rce l  of wa te r  upward

aga ins t  the fo rce  of  g r av i ty  t o  the new dep th ,  21  : ( 2 -1 )  can  be  exp re s sed

as :
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z— t
d

w :—gv-E-((z— 2 ) d z :  ~ 9 V 1 2 3 P ,
Z

Z
(3-13)

(i. e. , Work  2 Force X Distance).

Equation (3-13) de r ived  by  Wunderlich and Elde r  (1968) is

analagous to Equation (3—6) derived by Harleman (1961) and was referred

to earlier as ”the time rate of increase of potential energy per unit volume”.

The criterion for the maintenance of vertical turbulence is

given by the ratio of the above quantities, W/E.

That is, the equilibrium between the above expression for

work, W ,  and the available kinetic energy, E, yields a minimum value

which the energy must exceed if turbulent mixing can occur. The ratio

W / E  is called the local Richardson number:

. W _ g d P / d  z
"zE' PldU/d2)2 ' (3—14)

The Richardson number may be defined as the dimensionless ratio of the

shear forces to the buoyant forces acting on a portion of stratified fluid.

Theoretically, the following conditions of motion may exist:

1. Ri = 1 or, W = E ,  (Equilibrium exists; turbulence dies

out).

2. Ri > 1 or, W > E, (Turbulence cannot develop).

3. R1 = 0, (Neutrality exists, as would prevail in the absence
of density).

4. Ri < 1 or, W <  E ,  (Turbulence can develop).
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and, F .  - A U

VAPB'QAZ (3-17)
we can obtain a further insight into the physical significance of the Richard-

son number. Harleman (1961) ,  in his treatise on stratified flows, indicates

that the Froude number remains as the primary similitude parameter for

subsurface flows. In its generalized form, the densimetric Froude

number may be written as

I—__._.____

F —_\/-g—l-Z— , (3—18A)

whe re:

P (3-18B)

. . A P
which 13 the gravitational acceleration, reduced by the factor —-—— .

P
However, it is of interest to review also how Wunderlich and

Elder (1968)  derived the relationship between the local Richardson number

and the densimetric Froude number:

Let:
‘ u :  A U

9'=(AP/P)'9
z = A Z

Substituting the above values in the equation for the densimetric Froude

number, U (3-19A)

Vg ' zF'= U
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we  ob ta in :

FI"  AU

V‘<Aplp>_"‘-9Az “-19%
Squar ing Equation (3-19 B) ,  we  obtain:

ZA(F ' f  ( U)

"(AP/Pm AZ ' (3-19C)

Taking the rec iproca l  o f  Equation (3—19 C),  we obtain:

(AP /P ) -9 -A2 )  _ I
"' ‘ 3-20(Au)?- (F ')2 ( )

Thus ,  the Richardson number i s  equal to the rec iproca l  o f  the square  o f

the dens imetr i c  Froude  number:

Ri='(-l‘::'-TT2 (3 -2 l )

There  i s  a bas i s  for  be l i e f  that the l oca l  R ichardson  number  i s

not  an adequate cr i t er ion  for defining the relative propens i t i es  o f  turbulence

in  a hydrodynamic reg ime .  The following so -ca l l ed  "flux form" o f  the

Richardson  number  (Rf) may be  more  meaningful:

" H dz  __ KH . (3—22)V do 2 _. T— “2"M _)  M
where :  d2

KH = eddy  diffusivity for  heat .

KM = eddy  diffusivity for  momentum.

However ,  meager  analytical  or  experimental information has  been  found

about  the ra t io  K H / K M ’  Tenta t ive  ind ica t ions  are  that  for  the neutra l
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condit ion,  the ra t io  va r i e s  f rom 1 .  0 ~ 2 .  0 ;  for  l a rge  va lues  o f  Ri ,  the

rat io KH/KM assumes  va lues<< l .  0 .  Fo r  example ,  fo r  Ri = 4 t o  10 ,  the

value of KH/KMz 0 .  4 and Rf E<  1 .  Ye t ,  turbulent  exchange may p reva i l

even  while the va lues  o f  Ri a r e  l a rge .  Wunder l ich  and E lde r  (1969)  conc luded

that g r ea t e r  knowledge o f  the s ignif icance of  Rf values  mus t  be  de termined

to  enhance chances for  major  advance in  r e se rvo i r  wa te r  quali ty model ing.

The  fo rego ing  ana lys i s  o f  s t r a t i f i c a t i on  by  Wunde r l i ch  and

Elde r  (1969) r ep re sen t s  a syn thes i s  of two concep t s :  the mul t i - l aye red

sys t ems  and cont inuous  -dens i t y  g rad i en t s .  Harleman (1961)  c i t e s  Y ih

(1957)  a s  the one who e s t ab l i shed  the link be tween  flows  with a con t inuous -

dens i ty  var ia t ion and those  with a l a rge  number  of d i s c r e t e  l aye r s .  Harle—

man s t a t e s :

” I t  has  been  shown that the cont inuous—dens i ty
variat ion can  be  analyzed a s  the limiting ca se
of  the mu l t i - l aye red  sys t em.  ”

Diffusion Phenomena. The hydrodynamical analysis  of

stratified flow can be subdivided into 3 phases :

1 .  Pa t t e rns  of flow in  wel l -def ined  l aye r s .

2 .  Stabil i ty of  l aye red  flow.

3 .  Advanced  s t ages  o f  mixing beyond the poin t  o f  i n s t ab i l i t y .

The prev ious  s ec t i on  d i s cus sed  phases  1 and  2 above .  Now

the th i rd  phase  wi l l  be  d i s cus sed .  6 This  phase  involves  the bas i c  ques t ion :

6See  d i scus s ion  on analys is  by  Levich,  in  Chapter  I I .
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“What  i s  turbulent  diffusion i n  a s t r a t i f i ed  flow?  ”

Rouse  and Dodu  (1955) i nves t iga ted  experimental ly  the

mechan i sm o f  ve r t i ca l  d i f fus ion  ac ros s  a ho r i zon ta l  i n t e r f ace  be tween

l iquids  of s l ight ly  different  dens i t y .  Turbulence  p roduced  mechanical ly

in  the upper  l aye r  did no t  pene t r a t e  extensively into  the l ower  l aye r ,  bu t

p roduced  int-erboundary cu5ps  f rom which s t r eamer s  were  p ro j ec t ed  in to

and ,  d i f fused  th rough ,  the upper  l aye r .  Th i s  i s  con t r a ry  t o  the concep t  of

the formation o f  a buffer  l aye r  of in te rmedia te  dens i t y ,  a s  in the ca se  of

breaking  in te r fac ia l  waves ,  be tween  pa ra l l e l  s t r eams .  I t  i s  r ea sonab le  t o

conc lude  that  the format ion  of  an in t e rmed ia t e  dens i ty .  l aye r  i s  a cha rac t e r -

i s t i c  of  shea r -gene ra t ed  tu rbu lence .

The  equat ion exp re s s ing  turbulent  mixing o f  i ncompres s ib l e

fluids  containing a t  l e a s t  one p rope r ty  in  varying amounts  i s  ca l l ed  the

convec t ion—di f fus ion  equa t ion .  I t  i s  a mass  conse rva t ion  exp re s s ion  and

i s  no t  t o  be  con fused  wi th  a dynamical  equat ion  o f  mot ion .  The  gene ra l

convec t ion-d i f fus ion  equat ion i s :

agiEUaaZfia z_{Ezacz )
( 3 -23 )

ac  ac ac  wac  ____ a_( ac
8+ 3x  69 waz  ax  Xax

whe r e :

c = the concent ra t ion  of  a conServa t ive  p rope r ty .
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u ,  v ,  w = mean  velocity components  i n  the x ,  y and  z
d i r ec t i ons .

E , E = coef f ic ien t s  o f  eddy  diffusivi ty in  the x ,  y and
Z 2. d i r ec t i ons .

And ,  i f  E i s  cons t an t  due  t o  homogeneous  t u rbu l ence ,  the equa t ion  can  be

wr i t t en  a s

8c  ._ - 23T+U 'g radc  __ EV c . 
(3 -24 )

Note  that the t r anspo r t  o f  concen t r a t ion  due to the mean cu r r en t ,  ( u ,  v ,  w) ,

i s  independent  o f  t r anspo r t  due to  tu rbu lence ,  (Ex ,  Ey ,  Ez ) .

Numerous  so lu t ions  of  simplified modif icat ions of the above

genera l  convect ion—diffus ion equat ion  have been  sugges t ed .  As  an  i n t ro -

duc t ion  t o  the sub j ec t ,  Ha r l eman  (1961) i l l u s t r a t e s  the ca se  of  the uns t eady ,

one -d imens iona l  d i f fus ion.  I f  the mean mot ion o f  the fluid  i s  z e ro  (11 = v =

w = 0)  and ,  the concen t r a t i on  g rad i en t s  i n  the Y and Z d i r ec t i ons  a r e  sma l l

compared  to  that in the X d i rec t ion ,  the gene ra l  convect ion—diffus ion equa t ion

r educes  t o :

ac. _ a 22 .
a1- _ a Xax  . (3 -25 )

And,  i f  homogeneous  turbulence  i s  p r e sen t ,  Ex  = a cons t an t ;  then the above

equa t ion  becomes :

a? x ax?- (3-26)
The so lu t i on  o f  t he  fo rego ing  equa t ion  fo r  a s emi - in f in i t e

medium extending in the X d i rec t ion  with a cons tan t  concen t ra t ion  C0
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maintained a t  the boundary ,  X = O i s

X
C =1—er f
c0 2 {Ext (3 -27 )

Var ious  theor i e s  of  t u rbu l en t  d i f fu s ion  show that
4I3

Ex  = ( cons t an t )  (GI /3 )  ( ) ( 3 -28 )

where  :

G mean ra te  o f  ene rgy  d i s s ipa t i on  pe r  uni t  mass  of flu id .

l = the measu re  of  the s ca l e  of turbulence ,  o r  “mean eddy
s i ze” .

The above relation was  verif ied by  Or lob  (1959) and by  Har l e -

man and Ippen (1960) .

In a s t r a t i f i ed  f lu id ,  when  the re  i s  a cons ide rab l e  dens i t y

difference be tween a diffusant  and the surrounding fluid ( a s  in the ca se  of

sa l twa te r  i n t rus ion  i n  f r e shwa te r ) ,  mixing ensues  a s  a r e su l t  o f  t u rbu lence

and grav i ta t iona l  convec t ive  cu r r en t s  due to  dens i ty  d i f fe rence .  Hence ,

the p rob lem i s  no l onge r  a one—dimens iona l  one  s ince ,  u ,  w ,  and

%:F 0 7 eve rywhere .  A r i go rous  so lu t i on  i s  hope l e s s ly  complex .

The  mass  t r ans fe r  due to  gravi tat ional  convect ion (due to  dens i t y  d i f ference)

and t rans fe r  due  to  turbulence may be  combined and cons ide red  a s  a one -

d imens ional  p rob l em i f  the eddy  diffusivity Ex  i s  r ep l aced  by :

E x 2 Ex +AEx  (3 -29 )

where A Ex i s  a function o f  the d i s s ipa t ion  ra te  and the dens i ty  difference

be tween  the di f fusant  and r ece iv ing  f lu id .  Th i s  conso l ida t i on  i s  j u s t i f i ed
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on the bas i s  that gravi ta t ional  convec t ion  current s  r e su l t  in  a ne t  c i r cu -

lat ion o r  eddy formation which i s  phys ica l ly  l a rge r  and,  from a mixing

standpoint ,  i s  similar t o  turbulent  edd ie s .  As  a comparat ive i l l u s t r a t i on

fo r  l ow- tu rbu lence ,  the value of  A Ex i s  approximately  an  o rde r  of

magnitude l a rge r  than the value of  Ex  cor responding  to a dens i ty  difference

of about  1%.  Fo r  i nc rea s ing  turbulence l eve l s ,  the ve r t i ca l  g rad ien t s  be -

come  smal le r  under  the ac t ion  o f  i n t ense  t u rbu l en t  mixing and A Ex-—->-0

for  the t ruly one-dimensional  ca se .

Types  o f  Impoundments

Lakes and impoundments can  be c l a s s i f i ed  accord ing  to  thei r

u se ,  their  geomet ry  and thei r  b io logica l  and chemical  development.  How-

eve r ,  a rev iew of the var ious  phenomena which take p l ace  in impoundments,

shows the difficulties o f  permanent ly  t ype -c l a s s i fy ing  a g iven  body  of wa te r .

The  lake o r  r e se rvo i r  i s  a variable sys t em whose  sur face

a rea  expands and con t rac t s  a s  the water  r i s e s  and fa l l s .  C lose r  obse rva t ion

revea l s  that  t hese  o sc i l l a t i ons  have s ea sona l  t r ends ,  and ope ra t e  be tween

variable ex t r emes .

The deg ree  to which an impoundment may be cont ro l led

depends  l a rge ly  on  phys i ca l  cond i t ions  such  a s  the su r round ing  topography ,

the p re sence  of  ou t l e t s ,  the s i ze  of  the contr ibuting wa te r shed ,  and the

inflow o f  wa te r .  The water  flowing into the impoundment will determine

l a rge ly  the amounts  of  wa te r  that  mus t  be  r egu la t ed  t o  ga in  con t ro l .
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Not  a l l  p rob l ems  s t em f rom a need  fo r  control or  stabilization, 1

some may  a r i s e  f rom an  eng inee r ing  need  to  i nc rea se  o r  dec rease  the

su r f ace  a r ea ,  o r  r a i s e  o r  l ower  the  ave rage  l eve l .  Wha teve r  the pu rpose ,

the so lu t i on  wi l l  involve  a change  in  some  phys i ca l  f ea tu re  connec t ed  wi th

the impoundment ,  and  some  manipula t ion that  will  t end  to  coun te rac t  the

norma l  p roces s  o f  na tu re :  p r ec ip i t a t i on ,  evapora t i on ,  t r ansp i r a t i on ,

p roduc t iv i t y ,  change  o f  t empera tu re ,  su r f ace  runoff ,  and  unde rg round  in -

flow and ou tflow.  Phys i ca l  f ea tu re s  f r equen t ly  may  be  changed ,  and the

changes  made qu i t e  pe rmanen t ,  bu t  u sua l ly  i t  i s  p r ac t i ca l  t o  ob t a in  on ly  a

l imi ted  con t ro l  ove r  the na tura l  p roces se s .  Wi th  th is  mul t ip l i c i ty  o f

p roces se s  the s tudy  of impoundments  becomes  a s t udy  in  hyd ro logy .  Engi—

nee r ing  cons ide ra t i ons  r equ i r e  knowledge  o f  the deve lopmen t  o f  a g iven

impoundment ,  the f ac to r s  tha t  t end  even tua l ly  to  ob l i t e r a t e  i t ,  the annua l

cyc l e  o f  wa te r  t empera tu re ,  the t heo ry  o f  t empera tu re  changes  wi th in  the

body  o f  the impoundment ,  evapora t i on  p rob lems  invo lved  in  a t t emp t ing  to

s t ab i l i z e  lake  l eve l s ,  and the na tu ra l  p roces se s  that  e f f ec t  the behav io r  o f

a l l  impoundments .  K i t t r e l l  (1959) i n  ana lyz ing  impoundments  f rom the

viewpoint  o f  d i s so lved  oxygen  r e sou rces  and the p rob lem o f  l oca t ion  o f

in takes  in  dams ,  c l a s s i f i ed  r e se rvo i r s  in to  tw0 bas i c  t ypes :  s t o r age  and

main—st ream re se rvo i r s .  The  s to rage  r e se rvo i r  s t o r e s  wa te r  when  su r f ace

run—off  i s  h igh  fo r  r e l ea se  when  run—off i s  l ow;  i t s  su r f ace  l eve l  va r i e s

g rea t l y  f rom 60  to  80  f ee t .  The  t yp i ca l  ma in - s t r eam re se rvo i r  gene ra l l y
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changes  the conf igu ra t ion  o f  the s t r eam l e s s  than the s to r age  r e se rvo i r ;

much of the impounded wa te r  i s  r e s t r i c t ed  to the original channel ;  the

i nc rea se  in  su r f ace  a r ea  i s  smal l  compared  to  the s to r age  r e se rvo i r ;

flow ve loc i t i es  a r e  l e s s  than in  the or ig ina l  s t r eam;  the re tent ion pe r iod

of  wa te r  i s  f rom a few days  t o  a few weeks ;  u se s  o f ten  include nav iga t ion ,

power  and o the r s  which involve a reasonab ly  constant  su r f ace  l eve l ,  within

2 t o  3 f ee t .  K i t t r e l l  ( 1959)  i nd i ca t e s  that e ach  o f  the two types  o f  r e se rvo i r s

exhibits i t s  individual type of  s t ra t i f icat ion.  Hutchinson (1957) has  amassed

a l a rge  amount of  vital data on  natural  l akes .  Churchill  (1957) a l so  has

ana lyzed  a va s t  amount  of  da t a  on  a r t i f i ca l  s t o r age  r e se rvo i r s  of the

Tennessee  Val ley  Author i ty .  Thermal  s t ra t i f ica t ion in  both  na tura l  l akes

and ar t i f ical  s t o r age  r e se rvo i r s  i s  s imi lar  i n  many ways .

From the viewpoint  of aqua t ic  b io logy ,  the conven ien t  concep t

of a lake o r  impoundment a s  a ” c lo sed  community“ affords a ba s i s  fo r

c la s s i f i ca t ion  o f  l akes  acco rd ing  to their  ”p roduc t iv i t y " .  A combinat ion

of  phys i ca l ,  chemica l  and b io t i c  e lements  a f fec t s  the ”nu t r i en t  l eve l s "

for  the ”produc t iv i ty" .  Fa i r ,  e t  a1 (1968) sugges t  that ba sed  on  product iv i ty

levels ,  l akes  and impoundments can  be  c l a s s i f i ed  a s :  (1 )  o l i go t rop i c ,  (2)

eu t roph ic ,  and (3) dys t roph ic  - - signifying l i t t l e ,  wel l  and poo r ly—nour i shed

cond i t ions ,  r e sPec t ive ly .  The c i t ed  au tho r s  fur ther  indicate  that  i n  t ime ,

an evolut ion p roces s  t akes  p lace  a s  a r e su l t  of  natural  and cu l tu ra l  po l lu t ion

which changes  o l igo t rophic  lakes  into eutrophic  lakes  and  the l a t t e r  u l t ima te ly

into  dys t rophic  bod ies  o f  wa te r .
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Difficulties in Formulating Mathematical Hydrodynamical Models for

Reservoirs

General. Throughout the entire course of practical, experi—

mental work runs the common experience that it is rare to encounter a

steady current in natural impoundments. Invariably, anomalies intrude into

the system. The direction and magnitude of the current changes gradually;

variations occur in the observed lateral diffusivities and in the observed be-

havior of maximum concentration along diffusing dye plumes. For example,

Csanady (1966) concluded in his lake experiments that the major cause of

the day—to-day changes in observed horizontal diffusivity values were  due

not to changes in the horizontal eddy structure, but rather changes in the

structure of the mean current, such as the introduction of a strongly skeWed

velocity profile or the onset of a rapid change in the direction of the current.

A careful consideration m u s t  be made of the main kinematic

factors involved in a reservoir hydrodynamics. The subject can be sub-

divided into two parts: (1) spatial and (Z) temporal. These will be discussed

in detail. Table (3-1) lists symbols and notations used in Csanady‘s mathe-

matical formulations, and are tabulated to facilitate reference in the

discussion which follows in this chapter.

Spatial Considerations. Spatial non—uniformity seems to be the

"normal" state of natural impoundments. For  example, Csanady (1966)

noted that the top layers of the Great Lakes were not characterized by steady
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Tab le  3—1. Symbols and Nota t ions  Used  in Csanady‘s Formulations

W

U(z) = mean velocity component along X—axis, a s  a function of
depth, z.

V(z)  = mean velocity component along Y-axis, as  a function of
depth, 2.

Z = depth.

Z l ’  Z2 = depth at levels 1 and 2, respectively.

S Y  : standard deviation in the direction of the y-axis.

a I 2 angle between the velocity vectors at any two levels Z 1  and
2 2 '

x : distance from the point of release in a suitable intermediate
' direction between the two current vectors.

V, U = current velocity components.

U0, a, b, c are constants.

t = time (also t1, to).

x, y _. : are coordinates.

r : radius.

Ke : effective diffusivity for turbulent diffusion.

h : the depth of a diffusion layer.

v . : root mean square turbulent velocity in the lateral direction.

V d  = diffusion velocity.
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parallel current s  bu t  ra ther  by  a ve loc i ty  s t ruc tu re  of  th ree -d imens iona l

bounda ry  l aye r s ,  which may  be  desc r ibed  by  two,  more  o r  l e s s ,  independ—

ent  ve loc i ty  p ro f i l e s  a s  shown in  the upper  por t ion  of F igure  (3 -2 ) .  The

lower  po r t i on  of the f igu re  shows  the hodograph7  of  hypo the t i ca l  ve loc i ty

vec to r s  a t  va r ious  dep ths .

. Rea l i s t i ca l ly ,  bo th  the d i r ec t i on  and magni tude of  the cu r r en t

ve loc i ty  change with depth.  Mathematically,  the s i tuat ion should be  des -

c r ibed  by  U(z) and V(z ) ,  the mean  ve loc i ty  components  a s  func t ions  of depth

along two hor izonta l  axes .  Re fe r  to the hodograph in F igu re  (3-2.) and

cons ide r  the k inemat ics  of  the mean  mot ion of the fluid a t  d i f fe ren t  l eve l s .

Fo r  example, a fluid par t ic le  a t  the sur face  and a par t i c le  a t  some depth

may  have d ive rgen t  pa th s .  Thus ,  a t r ace r  dye plume forming in  the wake

of a fixed, continuous dye  sou rce  would have a skewed c ros s—sec t ion ,  and

because  of  ve r t i ca l  mixing the wid th  of  the dye  plume a t  any dep th  would  be

l a rge r  than- i f  the cu r r en t  flowed a t  all  l eve l s .  This widening e f fec t  on  the

plume i s  what  Csanady  (1966) r e f e r r ed  to  a s  an  “acce l e r a t i on  o f  d i f fu s ion

in the l a t e ra l  d i r ec t ion” .  Csanady ' s  approximation o f  this ”acce l e r a t i on”

7Hodograph  - If the ve loc i ty  vec to r s  of  a moving par t ic le  a r e
la id  off f rom a fixed poin t ,  the ex t r emi t i e s  of  t he se  vec to r s  t r ace  ou t  a
curve  cal led the hodograph of  the moving particle.__'I_f-v>= f ( t  i s  the vec to r
equation of  the path o f  the par t i c le ,  then dv /d t  = f ( t )  i s  the equation of  the
hodograph.
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Figure  3-2 ,  > ’ Velocity  Distr ibut ion in  Typical  Lake Current s :

3.. Veloci ty  Profi les  .

b .  Hodograph.

‘ (After Csanady,  1966) .
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ef fec t  on  the lateral diffusion in  a 3 -d imens iona l  field was  based  on  the

rela t ion that the width o f  the dye  plume i s  proport ional  to  the tangent  of

the half-angle be tween  ve loc i ty  vec to r s  a t  the two l eve l s  Z1  and Z2

containing the bulk o f  the marked fluid .  That  i s :

I SY =35. tan(;§.) . ( 3 -30 )

where :

a = t an"1  1. — t an ' 1  1
U U

Z1  22. (3-31)

' SY = the s t anda rd  deviat ion in the d i r ec t i on  o f  the Y-ax i s ,
used  a s  the approximate measu re  of the 1 /4  plume width .

x = the d i s t ance  f rom the point of  r e l ea se  in  a sui table  inter—
mediate d i r ec t i on  be tween  the two cu r r en t  vec to r s .

See  a l so  Tab le  3—1, fo r  no t a t i ons .

The foregoing  mathematical  express ions  a r e  based  on  two

major  a s sumpt ions :  (1) eff icient  mixing occu r s  be tween  l eve l s  Z1  and Z2

so  a s  to p roduce  a. wide plume r a the r  than one with a shea red  c ros s—sec t ion ;

(2) the depth range Z1  to  Z i s  small compared with the ver t ica l  s ca l e  o f2

eddie 5 .

Temporal Cons ide ra t ions .  Le t  u s  now cons ide r  the temporal

fac tor  in  r e se rvo i r  hydrodynamics .  We  have s een  a l r eady ,  that in rea l i ty ,

we a re  confronted with non-uniformity in the spat ial  re la t ionships  o f
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r e se rvo i r  hydrodynamics ,  and that  idea l iza t ions  mus t  be  adopted  i n  o rde r

to p roceed  with the s tudy .  For  the temporal  f ac to r ,  i nves t i ga to r s  genera l ly

have adopted the ideal izat ion of  a s teadi ly—changing cu r r en t  having a cons t an t

angular  ve loc i ty  and a cons t an t  ve loc i ty  magnitude a t  a g iven  l eve l .  Th i s

ideal izat ion a s sumes  that the ve loc i ty  direct ion only i s  changing a t  a fixed

l eve l  and a t  a cons t an t  r a t e ,  a l though d i f ferences  in ve loc i ty  magnitude and

d i r ec t i on  be tween  d i f fe rent  l eve l s  may ex i s t .  Mathematically such  a cu r r en t

was  desc r ibed  by  Csanady  (1966) a s  fol lows:

U (UO - bz) cos [a (t - c2 ) ]  
( 3 -32 )

V (U0 - bz )  s in  [ a  ( t  - cz ) ]  - ( 3 -33 )

See  Table  3—1, for  no t a t i ons .

Note  careful ly  that in the above equa t ions ,  the ve loc i ty  components ,  U and

V,  do  no t  depend on the horizontal  space  coord ina tes  x and y s ince  cu r r en t

changes  happen simultaneously in  the diffusion a rea  of  i n t e r e s t .  Equat ions

(3-32) and '(3-33.) a re  based  on  the following simplifying a s sumpt ions :

1 .  The ver t ical  ve loc i ty  gradient  i s  l inear .

2 .  The angular ve loc i ty  i s  cons t an t .

’3 .  There  i s  a l inear  dependence of  phase  lag  on  depth .

in tegra t ing  the Equa t ions  (3-32) and (5 -33)  with r e spec t  t o

t ime,  yields the s e t  of equat ions for  par t ic le  t r a j ec to r i e s  a s  fo l lows:
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1.

_ Uo . _ .x=Iud+=  ? sma( t  —1'o)-sma(+|-+OJ

*1
f

Vb
g :  vd t :  E—cosdH— —-’rOJ—- cosaH—1'0J

(3-34)

The r e l ea se  time t1  may be  regarded  a s  a parameter  in  obtaining

the instantaneous shape of  a dye plume.  Allowing t 1  to a s sume  al l  va lues

f rom ze ro  to t We find, a t  a fixed time t ,  the pos i t ion  o f  all pa r t i c l e s  r e l ea sed

before to .  Eliminating t1 from Equation (3-34), we "ob ta in :

[(ax/Uo) -Isin a (t - to)]2 + [(ay/UO) + cos  a (t -. t o l  = 1
( 3 -35 )

Hence ,  the ins tan taneous  shape of a t r ace r  plume can  be  cons ide red  a s  an

a rc  o f  a c i r c l e  cen t e r ed  a t  coo rd ina t e s :

Uo
x =-a—— $111 a ( t  — t o )  and,

.110
y = cos  a ( t  - t )

a 0 (3—36)

and having a radius of r = Uo/a .

Par t i c l e  t r a j ec to r i e s  a r e  a l so  c i r c l e s ,  a s  i s  ev ident  f rom

Equation (3—34). For  the t r a j ec to r i e s ,  t i s  the pa ramete r  and t1  i s  fixed

(a  ce r t a in  par t ic le  may be identified by  i t s  r e l ea se  t ime . )  Af te r  eliminating

the parameter  we have:

[axluoHsindH-‘rOJJ 2+[ (ago -cose (+ -  toJ ]2=  . (3 -37 )
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Again ,  this i s  an a r c  o f  a c i r c l e  o f  r ad ius  r = Uola ,  c en t e r ed  a t  coo rd ina t e s

"U0  . . U0 .
X :: 3—sma(+ '—1 'o )  : g = -—e——cosd(1‘J-+o)-  ( 3 -38 )

Figure (3-3) denotes  that  par t i c le  t ra jec tor ies  and plume shapes

a re  c i r cu l a r  a r c s  of  equal  radius  bu t  opposi te  cu rva tu re .  And,  f rom the

hodograph o f  Figure (3 -2 )  i t  can  be  su rmised  that i f  the r ad ius  of  curva tu re

of  the plume shape dec rease s  with depth there will r e su l t  a l a te ra l  s t r e t ch ing

o f  the c ros s -Sec t ion  of  the p lume.

Figure (3-3) a l so  i l lus t ra tes  the diffusive e f fec ts  of  pa r t i c l e

and plume motions  which r e su l t  i f  paral lel  cu r r en t s  ex i s t ed  a t  all  dep ths .

The dye plume s t a r t s  off paral lel  f rom the sou rce  a t  the sur face  and a t  a

g iven  depth Z .  Then,  a f t e r  a point  in the flow i s  r eached  represent ing a

90°  change in the d i rec t ion  o f  the curving plume cu r r en t ,  i t  will be  no ted

that the curv ing  par t i c le  t r a j ec to r i e s  a r e  exactly perpendicular  to the i r

cor responding  plume element  in  which they a r e  ent ra ined.  A t  this impor tant

temporal  junct ion ,  a shea r  e f fec t  i s  c r ea t ed  a s  a r e su l t  o f  the i n t e r sec t i ng

di rec t ions  o f  the plume cu r r en t  and the par t ic le  t r a j ec to ry .  The i nc rease

in the effect ive diffusivity will be  in the di rect ion perpendicular  to  the

di rec t ion  o f  the plume cu r r en t .

In this ca se ,  which a s sumes  a s teadi ly-changing parallel

cu r r en t ,  the i nc rea se  in e f fec t ive  l a t e r a l  d i f fus ivi ty  a t  va r ious  po in t s  a long

a dye plume can  be  approximated by  resolving par t ic le  ve loc i t i e s  in to

components  which a r e  paral le l  and perpendicular  to the plume element .
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lNSTANTANEOUS
SHAPE are
PLUME

Psunnca

/ PARTlCLE
’ , , /  TRAJECTORIES

———‘-

PDEPTH and PSURFACE are the Simultaneous
Positions of Two Particles Released a t  Time
T = 0 .

Figure 3—3.. Instanane'ous Plume Shape and Part icle Trajector ies in
Steadily Changing Plume a t  Surface and at: a Constant
Depth. (After Csanady, l966) . '
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The  plume e lement ,  once  r e l ea sed ,  maintains i t s  d i r ec t i on .  Bu t ,  the

par t ic le  veloci ty  changes  i t s  d i r ec t ion  acco rd ing  to the s e t  o f  Equa t ions

(3-32) and (3-33.). The perpendicular veloci ty  component  can  be der ived

from Equations (3-32) and (3-33) by  set t ing c = O for  paral lel  cu r r en t

condi t ions :  "

V = (U0  — bz )  s in  a t (3_39)

Equat ion (3-39) may be  u sed  in  conjunct ion  with the following

equation for the rat io  o f  two dif fus ivi t iesg (Csanady  1966) ,  to es t imate  the

effect ive diffusivity Ke :

2KB _ hz [ av ]  2 _ Vd
Ky 16vZ dX 16x22 ' (3-40)

The Three  -Dimens ional  Charac te r  o f  D i spe r s ion .  The p re -

ceding sec t i on  included a d i s cus s ion  of the gene ra l  Spat ia l  non-uni formi ty

of flow p reva len t - in  impoundments.  Th i s  feature was  d i s cus sed  ea r l i e r

for the purpose  o f  conveying the overa l l  complexity encoun te red  by  o the r

inves t iga to r s  in attempting to  model  a comprehensive hydrodynamic reg imen

of a r e se rvo i r .  The previous  s ec t i on  included a genera l  mathematical

exp re s s ion  fo r  calcula t ing va lues  of  dye  plume Widths .  A t  this poin t ,  i t  i s

e s sen t i a l  to examine more  c lo se ly  the three-dimensional  a spec t s  o f  d i spe r s ion .

Csanady  (1966)  ana lyzed  the bas i c  di f ferences  in  d iSpe r s ion  phenomena when

the field of  d i spe r s ion  i s  ver t ica l ly  bounded and when the field i s  unbounded.
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Fi r s t ,  cons ide r  the ca se  i n  wh ich  the  f i e ld  o f  d i spe r s ion  i s  ve r t i ca l l y -

bounded ,  such  a s  when  a we l l -de f ined  the rmoc l ine ,  a c t i ng  a s  a “d i f fu s ion  _

f l oo r” ,  ex i s t s .  i n  the impoundment.  The  d i f fus ing subs t ance  i s  cons t r a ined

with in  a r e l a t i ve ly  thin su r f ace  s t r a tum.  Re fe r  t o  the hodograph  in F igu re

(3 -2 ) ,  and a s sume ,  fo r  example ,  tha t  the the rmocl ine  i s  a t  a sha l low dep th

o f  two me te r s .  When a d i f fus ing  subs t ance  has  r eached  the t he rmoc l ine ,

the ang le ,  a ,  be tween  ve loc i ty  vec to r s  [ s ee  Equa t ion  ( 3 -31 ) ]  r ema ins

cons t an t ;  and,  a s  an  approximation only ,  the plume width  i nc rea se s  l i nea r ly

with d i s t ance  i n  acco rdance  wi th  Equa t ion  (3 -30 ) .  Howeve r ,  mixing wi l l

r educe  the ra te  o f  plume sp read ing .  And,  for  ve ry  l a rge  d i s t ances  the

appl icabi l i ty  of  Equa t ion  (3-30) i s  doubtfu l .

To  ove rcome  th is  de fec t ,  Csanady  (1966) p roposed  the fo l lowing

expres s ion  for  ef fec t ive  eddy  diffusivi ty  fo r  tu rbu len t  d i f fus ion :

2
K = .3..-<_1_(_S_L)__ , ( 3 - 4 1 )e dx

where  U i s  a mean ve loc i ty  be tween  any two des i r ed  l eve l s ,  and Sy  i s  the

s t anda rd  dev ia t ion  i n  the y -d i r ec t i on .  Equa t ion  (3—41) g ives :

Ke = U- x -  tan2 ( a  /2)/4. (3 -42 )

A diffusivi ty  which  i nc rease s  l i nea r ly  with  x a l so  cha rac t e r i ze s

tu rbu len t  dif fusion i n  a homogeneous  cu r r en t  ve ry  c lo se  to  the dye  sou rce

and can  be  r ep re sen t ed  by  the fo l lowing exp re s s ion :

Ky = Vox- (V/U)  , (3—43)
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where  v i s  the roo t  mean squa re  t u rbu l en t  ve loc i ty  i n  the l a t e r a l  d i r ec t i on .

The  ra t io  o f  the two d i f fu s iv i t i e s ,  Equa t ions  (3 -42)  and (3—43), i s :

Ke

K
Y

= U2 t an2  ( a . /Z ) /4v2  (3-44)

Thi s  ra t io  i s  an indica tor  of  condi t ions  under  which shea r

e f f ec t  on  diffusion may  be cons ide red  s ign i f ican t .  Tha t  i s ,  the e f fec t ive

dif fus ivi ty  caused  by  cu r r en t  shea r  i s  dominant o r  no t  acco rd ing  to whether

tan ( a / 2 ) > %  (3-45)

The  quanti ty 2 v / U i s  twa t imes the l a t e ra l  turbulence  l eve l ,  a quanti ty

ca l l ed  ”gus t i ne s s "  in  a tmosphe r i c  app l ica t ions .  I f  the angu la r  d ive rgence

of l aye r s  above  a di f fusion f loor  i s  g r ea t e r  than a few deg rees ,  s ign i f i can t

l a t e r a l  diffusion i s  l ikely to  occu r .

The  angle a / 2  can  be  exp re s sed  in  t e rms  o f  mean ve loc i ty

grad ien t ,  a s  fo l lows :

t an (%)  2: [21H ] [%][ 11]»  
(3—46)

provided  that d V / d z i s  nea r ly  cons tan t  over  the diffusion l aye r  of depth ,

h ,  where  V i s  the component  of the mean ve loc i ty  perpendicular  to U .

Using  Equat ion  (3 -44 ) ,  the r a t i o  o f  the two d i f fus iv i t i e s  becomes :

2 2
e hr2 d v Vd

: Z ' = ,

K

where  Vd = h( dV  / d z ) i s  r ega rded  a s  a di f fusion ve loc i ty .
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Second ly ,  cons ide r  the ca se  in  which the f i e ld  of  d i sPe r s ion

extends  f rom a poin t  sou rce  on  the wa te r  sur face  into an hypothet ical ly

infinite fluid, i .  e .  , where  the dye c loud  depth i s  ve ry  smal l  compared  to

e i the r  the t he rmoc l ine  dep th  o r  the l ake  dep th .  In  t h i s  ca se ,  the ang le ,  a .

may inc rease s t ead i ly .  I t  i s  evident  that a wide var ie ty  o f  c loud  g rowth

ra tes  i s  pos s ib l e  depending on  the ac tua l  r a t e  of growth  o f  the ang le ,  a ,

and the ac tua l  va r i a t ion  of the ve r t i ca l  ve loc i ty  p ro f i l e .  Fo r  example ,

re fe r r ing  to  Equat ion (Ii—30): Sy  = X/Z  tan! ( a  / 2 ),. i t  will be  s een  that i f

‘ the ver t i ca l  Spread  i s  by  mic ro - sca l e  movements ,  such  a s  in  mo lecu l a r

1 /2  . Fo r  sma l l  va lues  o fdiffusion,  the depth of  diffusion i nc rease s  a s  x

angle a ,  and a ve loc i ty  profi le  which va r i e s  l inearly with depth,  the

standard deviation, syz  x3/Z.
Csanady  (1966) summar ized  h i s  ana lys is  of  the gene ra l

re la t ionships  be tween  effect ive hor izonta l  diffusivity and obse rved  dye

plume width,  under  condi t ions o f  skewed shea r  flow, a s  fol lows:

u (1392 2 I
. =-———— : . . 4 3-48K2 zdx  Uxfan (d12)  ( )

(Effec t ive  hor izonta l  d i f fus iv i ty)

V
K9=V‘X("U‘_‘ ( 3_49 )

(La te ra l  diffusivity)

K 2*Ffizuz’ranzidlzfl‘w (3-50)
(Ratio of diffusivities)
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Behavior  o f  Effec t ive  Hor izonta l  Dif fus iv i ty  and

Obse rved  P lume Wid th  i n  Skewed  Shea r  F low

. . Effect ive  Hor i zon ta l  La t e r a l  S tandardCondi t ion  . . . . .D i f fu51v1ty ,  Ke Dev ia t i on ,  Sy

I f  the dye plume extends  Ke i s  cons tan t  and
ove r  the available depth of  magnitude ranging 8)" z x 1 /2

f rom KY t o  102  h ighe r .

If plume deepens  Ke i nc rea se s  a s  x“ ;  S ~ x(n  + 1 /2 )
gradual ly  along x n = 1 to 2 ,  o r  h igher .  Y

I f  plume i s  c i r cu l a r  Ke i nc rea se s  sharp ly  S z xm ;
and in  a swinging with ang le .  y
cu r r en t

(After  C sanady,  1 966)

Fie ld  Measu remen t  of  D i spe r s ion  and Mass  Convect ive  T ranSpor t

The Coeff ic ients  of  D i spe r s ion .

l . Laminar F low.  Taylor  (1959) in  reviewing the contempo—
rary  pos i t ion  on  the theory of turbulent  diffusion s t a t e s
that  the d i spe r s ion  of soluble  mat ter  in laminar ,  s t eady
flow th rough  a p ipe  i s  due  mainly t o  laminar convec t ion .
The  flow in the middle of  the pipe i s  f a s t e r  than i t  i s
nea r  the wall .  If diffusible mater ia l  i s  in t roduced in to
the flow,  the pa r t  a t  the cen t e r  of  the pipe ge t s  t r anspor t ed
into the uncontaminated fluid.  This p roduces  a "radial
grad ien t  of  concent ra t ion”  which causes  radial t r anspor t
by  mo lecu l a r  dif fusion and so  p reven t s  the contaminating
subs t ance  f rom sp read ing  a long the pipe a s  f a s t  a s  i t
would without  mo lecu l a r  d i f fus ion.  The r e su l t  of the
combined convec t ion  and molecu la r  diffusion i s  to cause
the so luble  mater ia l  to d i spe r se  re la t ive  to a point
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which moves  with the'mean ve loc i ty  o f  flow as  though i t
were  affected by  a ve r t i ca l  coeff icient  of diffusion:

KL = %48_9~fi_ 
( 3 - 5 1 )

where :
KL = d i spe r s ion  coeff icient .

a = radius  of the tube .

0. = mean ve loc i ty .

D = coef f i c ien t  o f  mo lecu l a r  d i f fus ion .

Turbu len t  F low.  In  turbulent  pipe flow,  the rad ia l  trans—
por t  i s  due  mainly t o  tu rbu lence ,  no t  mo lecu l a r  d i f fus ion .
Tay lo r  (1954) pred i c t ed  that d i sPe r s ion  a long  a pipe
relat ive to a point  moving with the mean ve loc i ty  of  flow
would be  a s  though i t  Were  due to  a vir tual  coef f ic ien t  o f
longitudinal tu rbu len t  diffusivity in  the p ipe .  The  mean
coefficient  of  diffusion,  KI due to  the longitudinal com-
ponents  of  turbulent  ve loc i ty  i s

K' = 0.052 a V* . (3-52A)
The co r r ec t ed  value of  d i spe r s ion  coeff ic ient ,  allowing for
longitudinal diffusion i s

KL = (10 .06  + 0.05) =' (10.1)a v* , ( 3 .523 )

where :
KL 2 d i3pe r s ion  coef f ic ien t .

V* = W— = the shea r  ve loc i ty .

‘T = su r f ace  shea r  s t r e s s .

P = dens i ty .

a = pipe r ad ius .

Tay lo r  (1959) conf i rmed by  t e s t s  that i f  a concen t r a t ed
mass  of  some contaminant i s  r e l ea sed  into a pipe flow a t
time t = 0 ,  i t  will sp read  so  that the concentra t ion,  c i s
propor t ional  to the value indicated be low:



123

- l  2
ace 1' I exp(—x2/4KL1') ,

(3-53)

where :

t = time s ince  r e l ea se  o f  contaminant .

x = dis tance  f rom point of  r e l ea se .

Malkus ,  i n  h i s  d i s cus s ion  following Tay lo r ' s  (1959)

pape r  on  the t heo ry  of turbulent  diffusion,  made the
following comments on  some poss ib l e  limitations of
Tay lo r ' s  formula,  Equat ion  (3-52 B) :

” .  . . one might  expect  that kinematic
v i scos i t y  V and molecu la r  diffusivity
D to appear i n  the exp res s ion  for
turbulent  d i f fus ivi ty  fo r  longi tudinal
diffusion i n  pipe flow.  The apparent
unanimity among available experiments
on  the empir ica l  coef f ic ien t  10.1 may be
attr ibutable to the fact  that a l l  liquid
cases  with a sympto t i ca l l y  l a rge  mo lecu l a r
Prandtl  number V /D .  ”

Elde r  (1959) applied Tay lo r ' s  ana lys i s  and deve loped
the following formula for  the d i spe r s ion  coeff ic ient  for
tu rbulen t  shea r  flow in a two-d imens iona l  open  channel
of infinite width:

* .ET : 5 .93hu  , (3_54)

where :

h = depth of flow.

u*- = shea r  ve loc i ty .

F i sche r  (1966) has  cau t ioned  that the applicat ion of
Tay lo r ' s  concep t  may have become  ove r - ex t ended .  F rom
h i s  rev iew o f  the r e l evan t  l i t e r a tu re ,  he no t ed  that wha t -
eve r  causes  the Spreading ou t  o f  a pollutant has  been
desc r ibed  gene  ra l ly  by  the c l a s s i ca l  d i f fus ion equa t ion ,
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us ing  an apparent diffusion o r  d i spe r s ion  coe f f i c i en t .
And,  th is  concep t  has  been  applied to  type o f  flows  fo r
which i t  was  no t  spec i f ica l ly  de r ived ,  such  a s  f lows in
na tu ra l  s t r eams  and e s tua r i e s  ye t ,  exper iments  by  many
inves t i ga to r s  have gene ra t ed  d iSpe r s ion  coeff ic ient  va lues
grea t ly  exceed ing  those  de r ived  f rom the Tay lo r  fo rmu lae .
Fi sche r  (1966) no te s  that  the w idesp read  eng inee r ing
p rac t i ce  i s  ” to  a s se r t  that a coeff ic ient  ex i s t s ,  bu t  to
obta in  that coeff ic ient  by  exper iment" .

Lake Measu remen t s  by  Csanady .  Csanady  (1966) r epor t ing  on

his  ea r l i e r  exper imenta l  da ta  on  the Grea t  Lakes ,  a t t r i bu t ed  t o  the shea r

effect  the fac t  that the longitudinal diffusion of  a dye pa tch  on  Lake Huron

was  much  f a s t e r  than the l a t e r a l  d i f fus ion .  He a s sumed  the longi tudinal

d i r ec t i on  a long  the mean cu r r en t  and the l a t e ra l  d i r ec t i on  pe rpend icu l a r

to mean cu r ren t .  A l so ,  in  experiments  on  Lake E r i e  and Lake Huron ,  he

found that the effective la tera l  diffusivity was  2 to  4 t imes  g rea t e r  in  the

changing cu r r en t  than in a s t eady  cu r r en t .  In Lake E r i e ,  fo r  example, the

la te ra l  diffusivity in a changing cu r r en t  was  2000 5-13-12 / sec .

Genera l ly ,  var ia t ions  in  diffusivity a r e  due t o  tempora l

cu r r en t  changes .  Csanady  (1966) recommends  that the following equat ion

be  used  to  obtain  a t heo re t i ca l  e s t ima te  fo r  the ef fec t ive  d i f fus ivi ty ,  (See

Table  3 -1 ,  f o r  no t a t i ons ) :

V:  (Uo-bz )  s i na t  (3-55)

This  i s  obta ined by  l e t t e r  C = 0 i n  Equa t ions  (3 -32 )  and (3-33). Equa t ion

(3-55) applies  point  by  point  along a ben t  plume; the ave rage  ove r  a full
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90°  change i s  r ega rded  a s  1 /2  maximum va lue .  Us ing  Equa t ion  (3—55),

the effect ive diffusivity. can be  computed from:

2 z _ '  2Ke : U0  h / 30  K2  o r  Ke - AUO / 30KZ (3-56)

“ However ,  Csanady  (1966) found that  the Equa t ion  (3-56) gave

values  cons iderab ly  l e s s  than the aCti lal  d i fS iVi tY  measu red .  The  dis—

'c repancy  was  a t t r ibuted  to the fac t  that  the cha rac t e r i s t i c  ve loc i ty  d i f fe rence

under  ac tual  shea r  flow condit ions i s  2 to  3 t imes  g rea t e r  than the value

computed by  the formula.  I

In o ther  t e s t s ,  involving continuous concent ra t ion  sampling a t

a small depth while travell ing a long  what was  thought to be  the th ickes t  pa r t

of the dye  plume,  Csanady (1966) obtained r e su l t s  that  we re  not  compatible

with those  eXpected under s t eady  and  uniform cu r r en t  theory .  The  ra t iona le

i s  a s  fo l lows,  u s ing  the principle o f  cont inui ty  to exp re s s  maximum concen—

t ra t ion :

Cm = (cons tan t )  - Q/USy  SZ  (357 )

where :
Cm = maximum concen t ra t ion .

Q ‘ 2 sou rce  s t r eng th .

U = cu r r en t  ve loc i ty .

Sy’  S = s tandard  devia t ions  in  the hor izon ta l  and  ve r t i ca l
d i r ec t i ons .

Nea r  a sou rce ,  i n  a s t eady  and uniform flow,  Cm:  x ‘2  i f  Sy  and SZ

i nc rea sed  l inear ly .
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Values  o f  Cm ranging f rom x ‘1  to  : 6”2  a re  obtained rapidly

once  the bottom,’ the thermocl ine ,  o r  a "diffusion floor”  i s  reached .  At

grea t e r  d i s t ances ,  Cm can  a t ta in  a value o f  x ' 3  . Final ly ,  Csanady  (1966)

indicated that ana lys i s  o f  the diffusivity equat ion:

_ 2 2Ke - U0 h /30KZ (3—58)

explains  impor tan t  obse rva t ions  indicat ing that the l ower  the value o f  K2

the more  complex the flow pa t te rn  i s  l ikely to  be .  A l so  important  i s  the

fac t  that the p roduc t  Ke . Kz  (which p roduc t  i s  re levant  to the de terminat ion

of  Cm) tends to remain more  nea r ly  cons t an t  wi th  a changing Kz  than the

value o f  K6 . Kz  in  a para l le l  cu r r en t .  Thus ,  overa l l  di lut ion f ac to r s  a r e

much l e s s  s e r ious ly  a f fec ted  by  s tab le  s t ra t i f ica t ion  of the top l aye r  than

might  a t  f i r s t  be  expected.

Sayre  - Chang Ana lys i s  o f  Open-Channe l  D i sPe r s ion  Measu re—

ment s .  Sayre  and Chang (1968) in  explor ing  the va r ious  app roaches  fo r

determining d i spe r s ion  in  open—channel flow,  found that all known approaches

cou ld  be  g rouped  under  five ma jo r  ca t ego r i e s :

1 .  The  Fick diffusion theory .

2 .  The  theory o f  diffusion by  cont inuous  movements .

3 .  The Kolmogorof f  t heo ry  of  l oca l  s imi l a r i t y  i n  t u rbu l ence .

4 .  The theory  of longitudinal d i5pe r s ion  by  differential
convect ion due to  a ve loc i ty  grad ien t .

5 .  The  diffusion theory  pertaining to the t r anspo r t  of  su spended
sediment .
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Sayre  and Chang (1968) r epo r t ed  the results of tests conducted

in a rigid—boundary laboratory flume having an artificially roughened bed ,

in order to provide additional information on dispersion processes in

open channels. The test series included lateral dispersion experiments

. with suspended silt-size particles and fluorescent dye, as well as longitudinal

and lateral dispersion experiments with small polyethylene particles floating

on the water surface. The results of application of several dispersion

theories to open-channel flow were evaluated. The following relevant

conclusions were reported regarding the determination of dispersion co—

efficients of a dissolved dispersant in twa-dimensional turbulent flow in a

rough—bed, open-channel:

1. The longitudinal dispersion process can be approximated
generally well by the one-dimensional Fickian diffusion
equation, except in the initial mixing stages. The Fickian
equation starts to be valid and applicable at a distance
downstream from the source, expressed by

9 n  U
L = .8 ""'"" —"' (3-59)m I K Ur

where:

Lm = length of initial increment of dispersion distance
I "Within which the one-dimensional Fickian dif~

fusion theory does not apply.

yn = normal depth; depth of flow in a channel with
uniform flow.

K = Von Karman turbulence coefficient.

U = Average velocity of flow in cross—section. '
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U = Shea r  velocity in  a wide open channel ,  def ined
as  VII-6,7 o rm .

The  longitudinal  d i spe r s ion  coe f f i c i en t  can  be  compu ted
with suff ic ient  accu racy  us ing  E lde r ' s  (1959) equa t ion ,

0 .404  K
Kx= T +3-  gnUr  ' (3—60)

The la tera l  d i spe r s ion  p roces s  fo r  a d i s so lved  d iSpe r san t
r e l ea sed  f rom a cont inuous  po in t  sou rce  can  be  c lo se ly
approximated by  the two-d imens iona l  Fickian  d i f fus ion
equat ion  i f  the d i spe r san t  i s  fully—mixed in  the f low.
The  minimum d i s t ance  to obtain a uniform, ful ly-mixed
condi t ion,  i s  approximately

9n  ULm=0~457 'u ‘ ; '  ‘ (3-61)
The l a t e r a l  d i spe r s ion  coeff ic ient  i s  abou t  1 /30  tha t  of
the longitudinal d i spe r s ion  coe f f i c i en t .

Boundary  wall  e f fec t s  on  the l a t e r a l  d i s t r ibu t ion  o f  the
d i s so lved  d iSpe r san t  can  be  r ep re sen t ed  by  the pr inc ip le
of  r eflec t ing  ba r r i e r s .

Genera l ly ,  i f  a d i spe r s ion  p roces s  does  no t  conform to
Fickian dif fusion,  the va r ious  me thods  which  mus t  be
used  to eva lua te  d i spe r s ion  coe f f i c i en t s  may  l ead  t o
s ignif icant ly  different  va lues .  To  faci l i ta te  comparat ive
analysis  of the coeff ic ients ,  Sayre  and Chang (1968)
r ecommend  tha t  evaluat ing equat ions  should  be  of the
type

K = _];_( do .  2 )
Z d t ( 3 -62 )

where O' 2 ,  the va r i ance  o f  the concen t r a t i on  d i s t r i bu t ion
with r e spec t  to  t ime,  i s  eva lua t ed  by  the method  of
moments  .
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Wilson  - Masch  Ana lys i s  Ve r sus  Ins t an taneous  Dye  Re lease

Methods  in Fie ld  Measu remen t s  of  Dispers ion  Coe f f i c i en t s .  Wi l son  and

Masch  (1967) ,  eva lua ted  two methods  of dye  r e l ea se  i n  u s ing  t r ace r  dye

methods  fo r  determining d i spe r s ion  coef f ic ien ts  and re la ted  a spec t s .

1 .  The f i r s t  method i s  the r e l ea se  of  the dye a s  a s l ug  ( i .  e .  ,
an ins tantaneous  point  sou rce ) .  The  dye c loud  i s  then
fo l lowed and a t  uniform t ime in t e rva l s ,  concen t r a t i on
measu remen t s  a r e  made in  the th ree  coo rd ina t e  d i r ec t i ons .
The  d i spe r s ion  coef f ic ien ts  a r e  computed fo r  the concen—
trat ion profi le  along each  of  the coord ina te  axes  by  u se  o f
Equation (3 -62 ) .  Th i s  confirms the conc lus ions  r eached
by  Sayre  and Chang (1968) .  The  d i spe r s ion  coef f ic ien t
can  a l so  be  determined by  p lo t t ing  graphical ly  0" ve r sus
W and then measur ing  the s lope  of  the line of be s t  fi t .
The s lope of  the line i s  ‘\I 2 .

2 .  The s econd  method i s  the r e l ea se  o f  dye  in  a cont inuous
flow f rom a fixed point .  I t  was  found that the longi tudinal
d i spe r s ion  coef f ic ien t  cou ld  no t  be  ea s i l y  ca l cu l a t ed  u s ing
a con t inuous  dye  r e l ea se  approach .  And,  the l a t e r a l  and
Ver t i ca l  d i spe r s ion  coef f i c ien t s  cou ld  be  ca lcu la t ed  only  by
the expedient  o f  ” in s t an t aneous"  concen t ra t ion  p ro f i l e s
taken in a plume a t  a known d i s t ance  x f rom the sou rce ,
us ing  the equa t ion

I - d(0'2)
D=——U_" ’ "—" '—"  .2 d t  (3-63)

Cons ide rab le  uncer ta in ty  su r rounds  the accu racy  of  measu r ing

5 ,  the mean veloci ty  o f  the dye p lume .  The Wi l son  and Masch  (1967) t e s t s

cou ld  no t  adopt  a s  valid the a s sumpt ions  u sed  in  the Csanady  (1963 ,  1966)

plume measurement  t e s t s  fo r  evaluat ion of  d i spe r s ion .  Hence ,  in  the Wi l son

and Masch  (1967)  t e s t s  no data  f rom cont inuous  flow re l ea se s  were  u sed  to

es t ima te  the magnitude of d iSpe r s ion  coe f f i c i en t s .  Howeve r ,  i n so fa r  a s
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measu r ing  the e f f ec t  o f  s ca l e  on  d i f fu s iv i t y ,  the me thod  o f  con t inuous

re l ea se  was  found p re fe r ab l e  t o  the i n s t an t aneous  r e l ea se  me thod  because

fo r  s ca l e  e f f ec t  one  i s  conce rned  p r imar i l y  wi th  the co r r e l a t i on  be tween

the r e l a t i ve  change  in  d i f fu s iv i t y  ve r sus  plume s i ze .  So ,  i f  the flow

ve loc i ty  i s  a s sumed  cons t an t  dur ing  t e s t s ,  the e f f ec t s  of  flow ve loc i ty  a r e

prec luded  by  examining the r e l a t i ve  change  in  d i f fu s iv i t y .

Howeve r ,  f o r  measu r ing  r e l a t i ve  changes  in the d i spe r s ion

coe f f i c i en t ,  the con t inuous  dye  r e l ea se  p lume i s  t heo re t i ca l l y  p re f e r ab l e  t o

the ins tan taneous  dye  r e l ea se  c loud  because  the con t inuous  r e l ea se  t echn ique

enab le s  making more  measu remen t s  a t  any  g iven  po in t  and  the r e su l t i ng

concen t r a t i on  p ro f i l e s  unde rgo  an  ”ave rag ing  e f f ec t " ,  t hus  r educ ing

s t a t i s t i c a l  e r ro r .  I n  con t r a s t ,  measu remen t s  i n  an  i n s t an t aneous  r e l ea se

c loud  neces sa r i l y  a r e  made a t  va r ious  t imes  and ,  canno t  unde rgo  comparab l e

”ave rag ing  e f f ec t s " .  Ano the r  advan tage  o f  the  con t inuous  r e l ea se  t echn ique

i s  the f lexibi l i ty  o f  r educ ing  the measu remen t  i n t e rva l  so  tha t  a t  any  g iven

point

AO‘Z d(o*2)——-—-—> ———-.
£3>< d ' t

( 3 — 6 4 )

In  con t r a s t ,  the measu remen t s  i nc iden t  t o  the i n s t an t aneous  dye  r e l ea se s

may invo lve  cons ide rab l e  t ime  l apses  in  mak ing  succes s ive  measu remen t s .
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Collings' Analysis of Site Selection Criteria for Dye—Injection

and Measuring Sites for Time—of—Travel Studies. Collings’ (1968) analysis

of time—of—travel methods using fluorescent dyes in streams, provides

practical criteria regarding the selection of sites for dye injection and

measurement, as well as other practical guide—lines which should be

considered in any field investigation using dye—tracers. Following are

essential guide -1ines of special relevance to this study:

1 . Time—of-travel estimates in streams may be made
either by a single injection for an entire study reach or,
by separate injections for subdivisions of the reach. The
injection method adopted in a given situation should be
made after a field reconnaissance of channel characteristics,
potential loss of dye, municipal restrictions, tributary
inflow, and channel discharge. Ideally, both methods of
injection should be used for a given reach. In practice,
a choice of one method is made since study objectives
generally can be established either as being compre—
hensive in nature and requiring multiple injections, or
preliminary in nature and requiring a single injection
only.

The selection of dye injection points should be governed
by the objectives to minimize dye loss and to maximize
recovery. Estimates should be made of the effects of
sorption, chemical reaction, and photochemical decay.
These processes, in addition to natural dilution, m u s t
be considered in order to determine the size of adequate
dye dosages to insure reliable detectability at the m o st
remote sampling site despite losses. The loss in most
cases will not vitiate measurement. It should be borne
in mind that high concentrations of sediment or organic
material may reduce the peak dye concentration before
reaching the sampling site, e. g. , laboratory tests on
40 —percent solutions of Rhodamine B dye have shown losses
of up to lZ—percent dye after 4-hour contact with sand
and, losses of up to 28 ~percent dye after 2—hour contact
with organic material.
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3 .  The lo s s  of  dye  by  so rp t ion  and (o r )  chemica l  r eac t i on
may be  remedied  by  use  o f  Rhodamine W T ,  which i s
l e s s  so rbed  than o the r  dyes .  A l so ,  the dosage  cou ld
be  i nc reased ,  o r  the in jec t ion  po in t s  cou ld  be  l oca t ed
a t  sho r t e r  in tervals .  If  l a rge  dye  l o s se s  a r e  expec ted ,
s t r eam samples should  be co l l ec ted  be fo re  dos ing  and
known dye  concen t r a t i ons  should be  p repa red  and t e s t ed
with a f luo romete r  to  a sce r t a in  an  e s t ima te  of the magnitude
of  dye l o s s .  P re—tes t i ng  i s  neces sa ry  a l so  t o  a sce r t a in
and to co r r ec t  for  background  fluorescence .

An excellent i l lus t ra t ion  of  the p rac t i ca l  application of the fo rego ing  bas i c

gu ide—l ines  i s  con ta ined  in Wi l l i ams '  (1967) field t e s t s  on  the movement

and d i sPe r s ion  o f  fluorescen t  dye  in  the Duwamish R ive r  Es tua ry ,  Wash ing ton .

Synthes is  o f  Bas i c  Dif fus ion - Dispers ion  - Convec t ive  Concep t s

In t roduc t ion  and Clar i f ica t ion of  Terminology.  The d i spe r s ion

proces s  can  be  desc r ibed  r i go rous ly  i n  d i f fe ren t i a l -equa t ion  form by  the

diffusion equation for  tu rbu len t  flow, which i s  ba sed  on  the p r inc ipa l  of

the conserva t ion  of  mass .

Clar i f ica t ion  of  the terminology and components  of this vital

equation by  Hol ley  (1969) i s  helpful .  Hol ley  sugges t ed  that ”d i f fus ion"  be

applied to t ranspor t  which i s  a s soc i a t ed  mainly with  t ime-ave raged  ve loc i ty

fluctua t ions ,  and “d i spe r s ion”  r e f e r  to t r anspor t  a s soc i a t ed  with  spa t i a l ly

ave raged  ve loc i ty  fluc tua t ions .

Gebha rd  and Masch  (1969)  sugges t ed  that a be t t e r  under s t and ing

of the mass  balance equat ion would  r e su l t  f rom the c l ea r  r ecogn i t i on  o f  the

three prirnar‘y "phenomenological” causes  o f  mixing which a r e  involved in .



the equat ion namely:  molecular  diffusion,  turbulent  di f fusion,  and con -

vec t ive  d i5p l acemen t .  Fo r  cons i s t ency  and c la r i f i ca t ion  i n  their  s t udy

they  adopted the following c r i t e r i a :

1 .
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If a c a se  ex i s t s  where  the e f fec t s  o f  three  phenomena
a re  d is t inguishable ,  the name of  the sepa rab le  phenomena
should be u sed .  ’

The  t e rm "d i f fus ion"  shou ld  be  u sed  for  molecu la r  and /o r
tu rbu len t  diffusion,  when no  convec t ive  d i sp l acemen t
effec ts  a r e  involved .

The t e rm “d i spe r s ion"  shou ld  be  u sed  fo r  convec t ive
disPIacement  e f f ec t s  r ega rd l e s s  of o the r  e f f ec t s  involved .

More  de t a i l ed  desc r ip t i ons  of  phenomena should  be  u sed
fo r  c l a r i t y  where  neces sa ry ,  e .  g .  , ” longi tudina l
t u rbu len t  d i f fus ion" ,  l a t e r a l  d i spe r s ion ,  e t c .

A s imi la r  t e rmino logy  wi l l  be  adopted  for  this s t udy .  The  t e rm

"di f fus ion"  wil l  be  u sed  for  pu re  mo lecu l a r  and turbulen t  diffusion;  and ,

the t e rm  "d i spe r s ion"  wil l  be  u sed  for  convect ive  d i sp lacement  and to all

combined ef fec ts  o f  convec t ive  d i5p l acemen t  and di f fus ion.

The Gene ra l i zed  Mass  Conse rva t ion  Equat ion.  The  gene ra l i zed

di f fe ren t ia l  equa t ion  for  conse rva t ion  o f  mass ,  s t a t ed  in  t enso r  fo rm,  fo r

d i spe r s ion  in  a s t eady  flow of i ncompres s ib l e  fluid ,  and as suming  that  the

fluid p rope r t i e s  o f  the d i spe r san t  a r e  iden t ica l  wi th  t hose  of  the t r anspo r t i ng

medium, was  given by  Sayre  and Chang (1968), as  fo l lows :

625
31' -tl%

as  =_ac 'u ' i  + age
'5)? 8x ;  EM axia'xi

(3—65)
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where :

C = E + c !  = C (x1 ,  x2 ,  x3 ,  t )  i s  the l oca l  concen t r a t i on  o f

dispersant expre s sed  a s  the sum of  the s lowly  varying
pa r t ,  C ,  and a rapidly  fluctuat ing pa r t ,  c .

t = t ime .

Ui  = E + uI  = U 1(x1 ,  x2 ,  x3  ) i s  the l oca l  ve loc i ty  o f  flow
i

expreslsed as1 the sum of3 the t ime—  ave raged  ve loc i ty ,
Ui’  and the turbulent  component ,  u i .

xi = the d i s t ance  and the index  i = 1 ,  2 ,  3 i nd i ca t e s  d i r ec t i on
in  a r ec t angu la r  coo rd ina t e  sys t em.

eM = coeff ic ient  o f  molecular  diffusivi ty .

A coeff ic ient  o f  turbulent  d i f fus ion ,  E T (x i ,  x2 ,  x3 )  can

i j
be  defined a s

a6
5 --- E -—-c‘u'- -TiJ  axj ' (3-66)

.Assuming  that  molecu la r  and turbulent  diffusion a r e  indepen-

den t  and addi t ive ,  a s  shown by  Micke l sen  (1960) ,  the coe f f i c i en t s  o f

molecu la r  and turbulent  diffusion can  be  exp re s sed  a s

X2’ X3 ) =€T J. + 6M‘  
(34 :7 )

Combining Equat ions  (3-66) and (3~67) and,  e l iminat ing the

ave rage  ba r s ,  pe rmi t s  Equa t ions  ( 3 -65 )  t o  be  t r ans fo rmed  a s  fo l lows :

ac  3C  a 2
-- U.-—- = —— 3C a_._C___

a t  + ' a x i  ax i e  Ti '  ax—_JH-€Max. 'ax j

(3-68A)
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3C 8C  6 3C a
a ' i_  = x .“  n j  “3.” (6 £3) '

( 3 -68B)

3C +aaC a ( + ) ac  '
——_ =-——- 6T  e _ .

T' M .3f  aX‘  ' J  aXJ

‘ (3 -68C)

Synthes i s  of  Molecular  Turbulent  Diffusion.  Whether  turbulent

diffusion and molecular  diffusion a r e  t ruly '  independent  cont inues  to  be  a

moo t  ques t ion .  HOWever,  for  mos t  p r ac t i ca l  pu rposes  the d i s t i nc t i on  be -

tWeen the two types i s  academic .  Fo r  example, i f  we a r e  dealing with

open channel flows the quest ion would be trivial s ince  6 T >>€  M . A l so ,

suppose  that the coordinate  axes  a r e  des igna ted  to  coincide  with the p r inc ipa l

axes  o f  the di f fus ion t enso r  then 6 i 1 j  = 0 fo r  a l l  i 9t j .  And,  suppose  we

define 6 i j  = 61  fo r  i = j ,  then Equation (3-68 C)  simplifies to

- C- ac a ci— + u.—— — _ a .. -- 6 '  -———31' ' 3" ;  3x3  ' a», (3-69)
Using  the convect ional  fo rm exp re s sed  in Ca r t e s i an  coo rd ina t e s ,  i .  e .  ,

letting

5 ' ,  e E = D D , D (3-7OA)
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we obtain the gene ra l i zed  equa t ion

ac ac ac acaaca  aca§c_
57+Uax +V3LJ +w62  : ax(DXax)+ag(D‘:lag 3.50232 °

(3—70B)

Harleman (1966) i s  more  explicit i n  h is  development o f  the

conserva t ion  of  mass  equation fo r  a subs tance  in t roduced  into a fluid

medium.  Neglec t ing  mo lecu l a r  diffusion re la t ive  to mac roscop ic  t u rbu -

l ence ,  he e lucidates  the phys ica l  significance o f  the equation cons ide rab ly

by  introducing the bas ic  concept  of  mass  flux into the genera l i zed  equat ion .

Har l eman ' s  r i go rous  de r iva t i on  o f  the fo rego ing  equa t ion  syn thes i ze s  a l l

the major  d i spe r s ion  and diffusion concep t s .



CHAPTER IV

FORMULATION OF A TWO—DIMENSIONSAL CONSERVATIVE

' TRANSPORT MATHEMATICAL MODEL

'Gene ra l

A mathematical model i s  a functional representa t ion  o f  the

physical  behavior o f  a sy s t em o r  p roces s ,  ' and  i s  exp re s sed  in  a form

amenable to  economical  solut ion.  The mathematical formulation of  a

p roces s  cons i s t s  of  an input, a t r ans fe r  function and an output.  The output

i s  re la ted  to  the inpu t ,o r  some function of  the input,  by  the t r ans fe r  function.

Mathematical  mode l s  genera l ly  pe rmi t  d i s c r e t i z ing  a l a rge r  p rob lemhor

’ sys t em into s egmen t s  which  a r e  ea s i e r  t o  ana lyze  and more  t rac tab le  to

mathematical  so lu t ion .  Th i s  i s  e spec i a l l y  des i r ab l e  in  sys t ems  where

boundary condit ions a r e  numerous  and varied.  D i sc re t i za t i on  involves

gubdivision of  a complex prototype into subsys t ems  that can be  exp re s sed

by  feas ible  mathematical formulat ions and so lved .  Numerical  methods a r e

well—suited for  application to d i s c r e t i zed  sys t ems  where  the t rans fe r

functions may be r ega rded  a s  " t ime ~independent" i f  the in te rva ls  of  time

a re  ve ry  shor t .  Howeve r ,  there  a r e  l imi ta t ions  inhe ren t  i n  the numer ica l

proces s .  The re  i s  an  optimum s i ze  of  e lement  and time~ in terva l .  Invar iably

a dec i s ion  mus t  be  made r ega rd ing  the des i r ed  accu racy  o f  the model ve r sus

the economy o f  computational effort  required to  obtain a mathematical

137
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so lut ion  which i s  s table  and conve rgen t .  The  concep t  r ega rd ing ' a  lake o r

r e se rvo i r  a s  a sy s t em composed  o f  a hydrodynamic model  and a comple -

mentary  t r anspor t  model ,  i s  a l og i ca l  so lu t ion  method o f  a complex fluid

sbody .  However ,  i t  mus t  be  emphas ized  that the at tendant  d i s c r e t i za t i on  i s  t o

faci l i ta te  the "mathemat ica l  ana lys i s  and so lu t ion  of  the hydrodynamic and

t r anspo r t  p rope r t i e s  of  the fluid bod ie s .  The d i s c r e t i za t i on  i s  a p rac t i ca l

s implif icat ion d i c t a t ed  by  eng inee r ing  expediency.  However ,  ultimate

syn thes i s  mus t  take  p l ace  to  r econs t ruc t  the fragmented sys t em.  ‘D i sc re t i za t i on

of sys t ems  fo r  ana lys i s  pu rposes  without u l t imate  syn thes i s  and r econs t ruc t ion

would  be  a ma jo r  de f i c i ency  f rom the p rac t i ca l  eng ineer ing  VieWpoint. The

ob jec t i ve s  of  th is  s t udy  a r e  o r i en t ed  toward  engineer ing  u t i l i t y .

The  Equa t ions

In the p rev ious  chap te r  the gene ra l i zed  fo rm o f  the t h r ee -

dimensional  convect ive  d i spe r s ion  equat ion  fo r  conse rva t ive  d i f fusants  was

developed,  s ee  Equat ion (3—70). The ob jec t i ve s  and scope  of  this  s tudy

requ i re  that the genera l ized  convect ive  d i sPe r s ion  equa t ion  be  modified to

r ep re sen t  d i spe r s ion ,  in  a hor izon ta l ,  two-dimensional  field.  Th i s  mod i -

f icat ion s t ems  f rom the adoption of  the following specif ic  a s sumpt ions :

1 .  The  mo lecu l a r  diffusion i s  deemed negl ible  compared  to
turbulent  d i f fus ion ,  and the re fo re ,  can  be  neg l ec t ed .

2 .  The epilimnion r eg ion  o f  the impoundment i s  a re la t ive ly
wel l -de f ined  and  wel l -mixed l aye r .  (However ,  this  does
no t  infer  a cons  tant—thickness  epilimnetic l aye r . )
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3 .  The  c i rcu la t ion ,  transport and d i spe r s ive  characteristics
of the upper  po r t ions  of  the epil imnetic l aye r  can  be
ana lyzed  to r evea l  adequa t e ly  the r eg imen  o f  the fully—
mixed su r face  l aye r .

In  view o f  the fo rego ing  a s sumpt ions ,  the ve loc i ty  condi t ions

can  be  expressed  a s

#Viocl

=0

£1

and,  the condi t ions  governing  the ”e f fec t ive"  mac roscop ic  turbulent

diffusion coeff ic ients  a r e

DX¢DY#0

Thus ,  the modified equat ion becomes  a s econd  o rde r  parabol ic  par t ia l

differential  equation a s  fo l lows:

aE 032 we __ a at: a "3'5
ax  8L3 Hag

+ .a1 ex 69 ex )
' (4-1)

Diach i sh in  (1963 A) and Glove r  (1964) de r ived  expl ic i t  so lu t i ons  to  bo th  the

two-and  th r ee—dimens iona l  convec t ive  d i spe r s ion  equa t ions .  Diachishin

(1963 B) s t a t ed tha t  the three  -d imens iona l  equat ion had. r ece ived  l i t t le

a t ten t ion  up  to 1962 .  Fu r the rmore ,  no  effor t  had been  made to measu re

the three d i spe r s ion  coef f ic ien ts  s imul taneous ly ,each  o f  which appeared t o

have different s ignif icant  pe r iods  o f  t ime:  molecu la r  o r  mac roscop ic .
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Diach i sh in  (1963 A) ,  emphas i zed  the impor t ance  o f  no t ing  the pe r iod  o f

obse rva t ion  and the e s t ima ted  s igni f icant  pe r iods  of  each  d i s t i nc t  d i f fus ion

coe f f i c i en t .  Th i s  i s  important  because  peak  concentra t ions  dec rease  f a s t e r

a t  l a t e r  pe r iods ,  due  to  the dec rease  in  the to ta l  d i f fus ion coe f f i c i en t .  As

shown  by  Gebhard  and Masch  (1968) ,  the so lu t i on  for  the two-d imens iona l

equat ion  i s

co exp_[(x—G'l')2/4Ext] exp_Rg—\71‘)Zl4  59+]
c:..- . . ..

27F \/ 25, ;  VZE‘; (4-2)

A s imi la r  so lu t i on  was  p re sen t ed  by  Diach i sh in  (1963  B)  fo r  the th ree—

dimens iona l  equa t ion .  Howeve r ,  Gebhard  and Masch  (1968) found tha t  t he se

exp l ic i t  so lu t ions  often do  no t  de sc r ibe  the concen t ra t ion  d i s t r i bu t ions  which

occu r  i n  mos t  moving fluids  because  only the mean  ve loc i ty  of  the flu id -mass

in  mot ion i s  cons ide red  and the d i spe r s ive  e f fec t s  of  shea r  flow a re  neg l ec t ed ;

i .  e .  , the convec t ive  diffusion phase  o f  the p rob lem i s  so lved  ra ther  than the

convec t ive  d i spe r s ion  phase .  Gebha rd  and Masch  (1968) d i scus s  the deve lop -

ment and use  o f  a ” to t a l  d i spe r s ion  coef f ic ien t"  which appears  to afford the

bes t  p rospec t s  for  a r ea l i s t i c  approximation of  the convec t ive  d i sPe r s ion

d i s t r i bu t ion  fo r  mos t  commonly occu r r ing  p rob lems  o f  mixing in  moving

flu ids .  Howave r ,  t he re  con t inues  t o  be  a h igh -p r io r i t y  need  fo r  r e sea rch

of  th ree -d imens iona l  mathematical  mode l s  fo r  determining complex hydrau l i c

condi t ions  on  bo th  mac ro  and mic ro - sca l e s ,  a s  recommended by  Pa rke r

and Krenke l  (1969) ,  and Masch ,  e t  a1 (1970).
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Solution by the Me thods  o f  Finite D i f f e r ences

Introduct ion.  The re  a r e  three  major  approaches  involving

the so lu t ion  of  non—linear ,  pa r t i a l  differential  equa t ions .

1 .  Reduce  the p rob lem to  o rd ina ry  different ia l  equa t ions  and
so lve  them us ing  numer ica l  in t eg ra t ion  t echn iques .

2 .  Reduce  the equat ion by  l inear iza t ion  techniques  and so lve
them by  analytical  methods .

3 .  Reduce  the equations by  the method of  finite d i f ferences  to
obta in  a s e t  o f  a lgeb ra i c  equa t ions  and so lve  them by  e i t he r
d i r ec t  o r  i t e ra t ive  t echn iques .

The  f i r s t  two app roaches  involve  exces s ive  analyt ical  work ;  a l so ,  the i r

appl icat ion i s  l imited because  of  the neces s i t y  t o  a s sume  s t eady -flow

cond i t i ons .  In  con t r a s t ,  the finite d i f f e r ences  me thods  have a w ide r  r ange  o f

appl icat ion,  including uns t eady -flow condit ions and compl ica ted  boundary

configurat ion.  Howeve r ,  i t  i s  Wel l  to  r ecogn ize  that a l l  forms and methods

of p rac t i ca l  modeling involve varying deg rees  of  rat ional  s implif icat ions

th rough  l i nea r i za t i on ,  bounda ry  approx ima t ions  and the u se  o f  t r ans i t i on  and

geomet r i ca l  symmet r i e s .  A l so ,  i t  should be  apprec ia ted  a t  the ou t se t  i n so fa r

a s  hydro log ica l  and hyd rome teo ro log i c  p roces se s  a re  conce rned ,  exper ience

indica tes  that  g r ea t  d i s c r epanc i e s  can  ex i s t  be tween obse rved  and ca l cu l a t ed

model  r e su l t s  under  the same simulated exci ta t ion.  Theore t i ca l ly ,  the

re l a t i onsh ips  be tween  the s e l ec t ed  var iab les  in mos t  hydrodynamic p rob lems

a re  p rov ided  by  so lu t i on  o f  the equa t ions  o f  momentum,  ene rgy ,  mass  and

s t a t e ;  bu t ,  in  p r ac t i ce ,  the formulat ion o f  the equat ions i s  found to be

imprec i se  because of:
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1 .  Incomple te  knowledge  o f  hydrodynamic  sys t em behav io r .

2 .  Sys t em he t e rogene i t i e s  and an i so t rop i e s  which mus t  be
t r ea t ed  only  in tu i t i ve ly  o r  in empi r i ca l  t e rms .

3 .  T ime  dependence  re la t ionsh ips  of pa rame te r s  which mus t
be  a s  s igned  cons t an t  va lues  mere ly  to  make numer ica l
so lu t i on  t r ac t ab l e .

4 .  Approximations which mus t  be  in t roduced  fo r  computat ional
economy.

Bas i c  Cons ide ra t ions  in" Adoption o f  the Implici t  Fini te  D i f f e rence

Method .  Gebhard  and Masch  (1968) eva lua ted  the l imitations and r e l a t i ve

advantages  o f  three finite difference methods  fo r  the mathematical  so lu t ion

of  the  two-d imens iona l ,  convec t ive  d iSpe r s ion  equa t ion ,  name ly ,  the exp l i c i t ,

implici t  and cha rac te r i s t i c  me thods .  The i r  findings on  d i sPe r s ion  in  wa te r

bod ie s  conf i rmed those  o f  Peaceman  and Rachford (1955) r ega rd ing  the

numerica l  so lu t ion  of parabol ic  and e l l ip t ic  different ial  equat ions  in connec t ion

wi th  so lu t ions  o f  the hea t  flow equat ion  in two Space  d imens ions .  Expl ic i t

d i f f e r ence  equa t ions  a r e  s imple  t o  so lve  bu t  r equ i r e  an  exces s ive ly  l a rge

number  o f  t ime s t eps  o f  l imi ted  s i ze .  Impl ic i t  d i f fe rence  equa t ions  do  no t

l imit  the time s t ep  bu t  r equ i r e  a t  e ach  time s t ep  the so lu t ion  by  i t e ra t ion  of

many se t s  of  s imul taneous  equa t ions .

A fundamental cons ide ra t ion  in  finite difference methods  and

applicat ions i s  the r equ i r emen t  o f  conve rgency  of the so lu t i ons .  Two

important  concep t s  a r e  involved in  conve rgency .  TheSe  a r e :  s tab i l i ty  and

cons i s t ency .  As  desc r ibed  by  Carnahan ,  e t  a l  ( 1969) ,  s t ab i l i t y  i s  the be—
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hav io r  demons t r a t ed  by  a g iven  f ini te  d i f f e r ence  equa t ion  a s  the t ime

i nc remen t  A t—>O. In  o the r  words ,  a s  A t—r-O, there  i s  an uppe r  l imit

t o  the pos s ib l e  ampl i f ica t ion  o f  any  da t a  e i t he r  ex i s t i ng  in  o r  i n t roduced  in to

the computational p rocedure .  S tab i l i ty  r ep re sen t s  the re la t ive  ”boundedness"

of  the finite d i f ference so lu t ion ,  a t  a g iven  time t ,  a s  A t—VO.  The r e l a t ed

concep t ,  cons i s t ency ,  deno te s  whether  o r  no t  a finite d i f ference  approximat ion

approaches  the t rue  so lu t i on  o f  the pa r t i a l  d i f fe ren t ia l  equa t ion  unde r  s tudy .

These  two concep t s  gove rn  the bulk  o f  the des ign  e f fo r t s  invo lved  in numer i ca l

model  formulat ion.  Unde r ly ing  the p rob lem o f  a t ta in ing s t ab i l i t y  and

cons i s t ency  a r e  the gene ra t i on  o f  t r unca t ion  e r ro r s  o f  f i n i t e  d i f f e r ence

equa t ions  and d i s c r e t i za t i on  e r ro r s  o f  the so lu t ion  of t he se  equa t ions .

Genera l l y ,  d i s c r e t i za t i one r roxs  a r e  dec reased  by  us ing  sma l l e r  i nc remen t s ,

bu t  the number o f  s t eps  and hence  the amount of computa t ion  r equ i r ed  to  cove r

a g iven  in t e rva l  a r e  i nc rea sed .  When the number  o f  s t eps  taken a r e  l a rge ,

there  i s  the pos s ib i l i t y  that round—off e r ro r s  will  accumula te  s igni f icant ly .

As  a r e su l t  o f  mathemat ica l  s t ab i l i t y  t e s t s ,  u s ing  the g ros s

va lues  o f  d i spe r s ion  coe f f i c i en t s  expec t ed  t o  be  encoun te red  in  in land

impoundments ,  i t  was  found neces sa ry  t o  adop t  the impl ic i t  f inite d i f fe rence

so lu t ion  method to the convec t ive  d i spe r s ion  equa t ion .  The ce l l  s i ze s  of work—

able  hydrodynamic models  we re  an equal ly  vital  f ac to r  in  the des ign  p roces s .

The expl ic i t  method was  found to  be  inadequate  for  the so lu t i on  of  the two—

dimens iona l ,  convec t ion  d i spe r s ion  equa t ion  cons ide r ing  the range  o f
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hydrodynamic  factors ( i . e .  , flows ,  ve loc i t i e s ,  g r id  i n t e rva l s  and coe f f i c i en t s

o f  d i spe r s ion )  expec t ed  to  be  encoun te red  i n  t he  Lake  Bas t rop  impoundmen t ,

where  the hydrodynamic and  t r anspo r t  mode l s  wi l l  be  ve r i f i ed .  The

fo l l owing  th r ee  s t ab i l i t y  r equ i r emen t s  p l aced  undes i r ab l e  r e s t r i c t i ons  on  the

t ime inc remen t ,  which p rec luded  the u se  of the expl ic i t  method:

A‘t I. 0<  S- - - -
1 (Ax)2 2 (4-3)

2 2AX)  (A )
2. A tS  ( 2 9 22 Ex(Ag) +E (Ax)

9 (4-4)
2E  2E3 -AXS‘U—5— ; Ags  V9-

MAX MAX (4-5)

In  con t r a s t ,  the impl ic i t  method  ove rcomes  the s t ab i l i t y  and

t ime in te rva l  obs t ac l e s  a t  the expense  of s l igh t ly  more  de t a i l ed  and compl ica ted

computa t ions  p rocedure s .  Carnahan ,  e t  a l  (1969) conc luded  that  the impl ic i t

method conve rges  to  the so lu t i on  of  the par t i a l  equat ion  a s  A t->- 0 and ,  a s

At
(AXV2

i nd i ca t ed  ea r l i e r  i n  th i s  d i s cus s ion ,  the s i ze s  o f  the time and space  i nc re -

. However ,  a sA Lac—>0, r ega rd l e s s  of  the value of the ra t io

ment s  mus t  be  cons t r a ined  to  i n su re  tha t  t r unca t ion  and d i s c r e t i za t i on  e r ro r s

a re  within accep tab l e ,  p r ac t i ca l  l im i t s .

Sa l ien t  E lemen t s  of  the Impl ic i t  Me thod .  Es sen t i a l l y ,  the

impl ic i t  finite d i f fe rence  method cons i s t s  in  r ep re sen t ing  the value of
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second  o rde r  par t i a l  der ivat ions  by  the finite di f ference form evaluated  a t

an advance point  of  time t k+  l , i n s t ead  o f  a t  time tk ,  a s  in the expl ic i t

method.  The re  a r e  s eve ra l  methods for  the approximate evaluat ion o f

par t ia l  der ivat ive  exp re s s ions .  The method of cen t ra l  d i f ferences  i l l u s t r a t e s

the fundamental theory .  F igure  (4 -1 )  shows a rec tangular  g r id  with uniform

Spacing,  h ,  i n  the x -y  p lane .  Fo r  example, suppose  that  we des i r e  t o

exp re s s  the Laplacian ope ra to r ,  V2¢  , in terms of the function va lues

¢ (x ,  y) a t  the node po in t s .  Fo r  the node  (v = i ,  x = j) we  may wr i t e :

3% 
.__[4’i,j- 7,243.34 + ‘l’u H]

2.2‘ . . "  i
a x hJ 5 (4—6)

and a l so ,

824) _[¢i-I,j-24>i,j +<Pi+l , j ]

3 92 a,-_; h2 (4-?)
then

2 Z. a qb 6 ¢2v : —— + .

(P ' a ' xz  id. 392  i n}  
(4-8)

Crank and Nico l son  (1947) u sed  a more  accura te  method o f  averaging the

second  o rde r  der ivat ive  approximations in  te rms of cent ra l  d i f ferences  ove r

two t ime- in te rva l s .  Fo r  example, the approximation in the y—direc t ion ,
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Figure  4 -1 .  Molecu le  for  Cen t r a l  Dif ferences  Method o f  Approx imat ions .
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32¢ __ ”(Pi-H, k 2% +<Pl~ -,I k) +(4DI'H, km“ 2¢ i ,k+ l  +¢l I-I,k+I)
2‘7  (A9) (Ag)

0

(4-9)

Rewr i t i ng  Equation (4—1), omi t t i ng  the  ave rag ing  ba r s  fo r  c ,  u ,

and  v ,  we  have  the no rma l ,  two-d imens iona l ,  convec t ive  d i spe r s ion  equa t ion :

8c  __ 32c 82c BC BC
--- - -E  + U 'a t  xax2  E3692 ax ag (4-10)

Subs t i t u t i ng  i n  Equa t ion  (4—10) the Crank -Nico l son  (1947) pa r t i a l  de r iva t i ve

approx imat ions  we  ob ta in :

Kw54/ - 55/.
AZ‘ _

€25 (C: -,/j —2C‘Jj  +Cl+l,/) +C(  “fa—2 C3/7LC1A2Z/ +

2 _ (AX)? . (AX):

Q (Ci/Ll ‘2Q3/ +i+d+ (Cir/{4 ——ZCI:/'H¥— Cit/44)] +

Z _ (Ag) (Ay)
- k H , A'fl

U [Cl'f/j —C£-  ) j )  + {C:;/,/-‘C__——_—-——[-—/{/)+

2 flAfl  yaw
L F(C‘f‘+l-_C_lf/‘/) 7L (Civil/"‘6- i l l . )

2 . (2A9) {ZAy}

(4-11)
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See  F igu re  (4 -2 )  showing the space  time nodal re la t ionship  of  the computa -

t ional  mo lecu l e .  I t  i s  ev iden t  f rom the fo rego ing  d i s cus s ion  and numer i ca l

formulat ions  of  the finite di f ference exp re s s ions  that the convec t ive

d iSpe r s ion  equat ion  i s  t ime-dependen t  in  na tu re ,  r equ i r ing  g iven  ini t ia l

cond i t i ons  and g iven  t ime-dependen t  boundary  condi t ions  fo r  i t s  so lu t i on .

In us ing  the finite d i f ference technique a ne twork  o f  g r id  po in t s

mus t  be  e s t ab l i shed  th roughou t  the en t i r e  r eg ion  o f  i n t e r e s t .  F igu re  (4 -3 )

r ep re sen t s  a po r t ion  o f  such  a g r id  network showing ce l lu la r  pa rame te r s  and

- var iab le  l oca t ions  a t  time k ,  (pe r t a in ing  t o  the convec t ive  d i spe r s ion  equa t ion .

Actua l ly ,  a doub le  Eu le r i an  mesh  i s  i nvo lved : '  one  fo r  mapping the  ave rage

ce l lu la r  va lue ;  and one fo r  mapping ad jacen t  ce l l  ave rages .  The  so l id  g r id

divides the sys t em in to  ce l l s ;  and the dashed  line g r id  i s  u sed  for  variable

p lacement .  In  this  pa r t i cu l a r  ca se ,  the concen t ra t ion  Ci ,  j i s  def ined a t

the cen t e r  of  the ce l l  while the hor izon ta l  components  of the ve loc i ty ,

U.  . and Vi ,  j l  and  the e f f ec t i ve  coe f f i c i en t s  of  ho r i zon ta l  d i spe r s ion
1 , J

Ex-  . and Ey .  _ a re  def ined a t  the s ide s  of the ce l l .  The g i s t  of  the p rob lem
1, J 1 ,  J '

i s  to approximate the par t ia l  de r iva t ives  of the or ig inal  par t ia l  different ial

equat ion by  use  o f  su i t ab le  f inite d i f ference exp re s s ions  involving A x ,

A y ,  A t and o the r  initial  funct ions  such  a s  Ci ,  j ,  k '

Rear ranging  Equat ion  (4-11) so  tha t  a l l  exp re s s ions  of C a t

t ime k a re  on  the l e f t  s i de  o f  the equa t ion  and a l l  exp re s s ions  o f  C fo r  t ime

k + l a r e  on  the r i gh t  s i de ,  we obta in  Equa t ion  (4 -12 ) ,  which fo l l ows :
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Ci, i-l,k+l

Figu re  4 -2 .  Space  - Time  Molecu le  fo r  Use  in  the Implicit Fin i t e

Dif fe  r ence  5 Method .



—
.

—
.

_ I

U = Velocity in x Direction
V = Velocity in y Direction
D = Depth
E = Coefficient of Dispersion

F igure  4-3. Double Eu le r ian  Mesh

(The i j  th  Ce l l  i s  Highlighted)
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(4-12)

The  above equa t ion  exp re s se s  f ive  unknown va lues  of C a t  t ime k + 1 ,  i n

t e rms  of  five known va lues  of C a t  time k .  Th ree  unknowns a r e  on  the x -

axis  and three  unknowns on  the  y -ax i s .  The  above  exp re s s ion  can  be  r e so lved

by  solving s imul taneous  equa t ions  fo r  each  po in t  ( i ,  j) a t  t ime k .  The  Spec i f i c

method  se l ec t ed  wi l l  be  desc r ibed  in  the fo l lowing  sec t i on .
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Adop t ion  o f  the Al t e rna t ing  -D i r ec t i on  Implicit Method  (ADI)

Peaceman  and Rachford  (1955) deve loped  the so -ca l l ed

Alte rna t ing  —Direction Implici t  Method  (he re ina f t e r  ca l l ed  the ADI method)

fo r  the  so lu t ion  of  hea t  flow equa t ions .  The ADI method af fords  a p r ac t i ca l ,

d i r ec t  applicat ion fo r  the so lu t i on  of  the two—dimensional ,  s t eady - s t a t e ,

convec t ive  d i spe r s ion  equa t ion .  Ca rnahan ,  e t  a1  (1969) i nd i ca t ed  tha t  the

ADI  method has  gene ra l  appl ica t ion.  The  method was  deve loped  with the

spec i f i c  ob j ec t i ve  o f  obtaining a r a t e  o f  conve rgence  subs t an t i a l l y  g rea t e r

than obtainable by  o the r  finite d i f ference  me thods .  Ana lys i s  of the ADI

method shows  that  i t  i s  s t ab le  for  any t ime—step s i ze  and r equ i r e s  l e s s

computat ional  e f fo r t  than o the r  implici t  me thods .

The  ADI  method invo lves  so lv ing  a sy s t em o f  equa t ions  wi th  a

t r id iagona l  coef f i c ien t  mat r ix  of  the following bas i c  fo rm:  Let t ing  a ,  b ,  c

be  coe f f i c i en t s  and v be  va r i ab l e s ,

Vbl  V1 + Cl  V2 = d1

a1v1+b2v2+c2v3  : d2

a3v2+b3v3+C3v4  = d3

Jill—175617;; I- = d1
2:17staging:1‘c;‘_‘;:;‘:"-an: 1

n Vn _ 1 + bn  Vn : dn

(4—13)
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Refe r r ing  to the tridiagonal matrix formed by the coefficients

a, b and c a lone ,  Carnahan, et a1 (1969)  i nd i ca t ed  that the system of equations

could be solved by using a Gaussian elimination method at the expense of a

considerable amount of computation or, by using the Gauss-Seidel iterative

method provided that the large number of iterations are made to achieve

proper convergence. The ADI method precludes these disadvantages.

Therefore, the ADI method has been adopted in this study as the basis of the

numerical model algorithm for the solution of the convective dispersion

equation. Essentially, the principal involved in the ADI method is to

employ two difference equations which are used in turn over successive time-

steps of duration. The first equation is implicit only in the x-directionAt
2

and the Second is implicit only in the y-direction.

Figure (4-3) depicts the grid system including the specific

node locations assigned to the relevant variables at time k, applicable to the

ADI me_thod.__ Note the values of U and V, the velocities in the x and y directions

of a horizontal plane, are assigned to nodes on the borders of a grid cell.

The values of the coefficients of dispersion, Dx and DY in the x and y

directions, respectively, also are assigned to the node locations on the

borders of the cell. The value of the cellular concentration, C i ,  j’ is

assigned to the central node of the cell.

Rearranging Equation (4—1), in the form of Equation (4—14)

which follows, illustrates the essential components which must be trans-
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fo rmed  by  pa r t i a l  der ivat ive  approximat ions  and a r e  des igna t ed  by  the

c i r c l ed  l e t t er s :  A,  B ,  C ,  D and E .  The  va lues  o f  t hese  componen t s  a t

time ( t  + A t ) ,  that i s ,  t = (k + 1) a r e  shown in  the s e t  of  Equat ions

(4 -15 ) ,  which also fo l lows .  By  subs t i t u t ing  the component  approximat ions ,

Equa t ion  (4 :15 ) ,  i n to  the bas i c  Equa t ion  (4 -14 )  and then combining t e rms ,

we obtain Equa t ion  (4 -16 ) ,  which i s  the f i r s t  equat ion  of the r equ i r ed  pa i r

of a l t e rna t ing -d i r ec t ion  impl ic i t  equa t ions .  Equat ion  (4 -16)  i s  impl ic i t  in

the x -d i r ec t i on .  Similar ly,  a t  t ime,  ( t  + 2 At) ,  that  i s ,  a t  t = (k + 2) ,

the approximations fo r  the five bas i c  components  of  the par t ia l  d i f fe rent ia l

equat ion  a r e  shown by  the s e t  o f  Equa t ions  (4 -17 ) .  By  subs t i tu t ing  the

component  approximat ions ,  Equa t ions  (4 -17 ) ,  in to  the bas i c  Equa t ion  (4—14)

and then combining t e rms ,  we obta in  Equat ion  (4 -18)  which i s  the s econd

equa t ion  of the required pair  of  equa t ions .  Equat ion  (4 -18)  i s  impl ic i t  i n

the y -d i r ec t i on .  The  ove ra l l  p rocedure  for the two time s t eps  i s  s t ab l e

fo r  any s i ze -o f  t ime s t ep .  The  coe f f i c i en t s  of the three  Ck + 1 t e rms  in

Equat ion  (4—16) and Equat ion (4 -18)  will  be  u sed  in  the t r id iagonal

coe f f i c i en t  mat r ix  compu ta t i ons .  (See  ea r l i e r  Equa t ions  (4 -13 )and

re l a t ed  d i s cus s ion . )
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Differenced  Boundary  Condi t ions

I t  was  indica ted  ea r l i e r  i n  the d i s cus s ion  o f f in i t e  d i f ference

techniques that a double  Euler ian g r id  network (F igu re  4-3) mus t  be

es t ab l i shed  to  cove r  the fluid r eg ion  o f  i n t e r e s t .  Th i s  ne twork  o f  ce l l s

mus t  s a t i s fy  the fol lowing c r i t e r i a :

1 .  Enable approximation of  the land—water  boundary in  t e rms
of line s egmen t s  of the g r id  sys t em.

2 .  Encompass  the r eg ions  in  which fluid mo t ion  ex i s t s .

3 .  Pe rmi t  i n t e r f ac ing  o f  the hydrodynamic and t r anspo r t
mode l s  to  enab le  f eed - in  of  hydrodynamic model  output
in to  the t r anspo r t  mode l .  The models  involve the so lu t ion
of a lgor i thms by expl ic i t  and implici t‘f ini te  d i f ference
methods ,  r e spec t ive ly .

4 .  Enab le  p rope r  " f l agg ing“  o f  ce l l s  i n  o rde r  t o  des igna t e
mathemat ica l ly  bounda ry  condi t ions  and o the r  vital,
ave raged  pa rame te r s  which  a r e  un ique  to  each  ce l l ,  such
as  ce l l  geome t ry ,  depth ,  flow re s i s t ance ,  d i spe r s ion
coe f f i c i en t s ,  and inflow and ou tflow sou rces .

5 .  Enable  des igna t ion  o f  mode l  exc i t a t ion  ce l l s .

' The so lu t ion  of the algori thm involved in  the interfacing

hydrodynamic  and t r anspo r t  mode l s  neces s i t a t e s  u se  of quant i t ies  f rom

sur rounding  g r id  ce l l s  i n  o rde r  t o  compute  va lues  in  any pa r t i cu l a r  ce l l .

In o rde r  to compute va lues  nea r  a l and-water  boundary,  the boundar ies  a r e

manipulated to ac t  a s  " r eflec t ing  ba r r i e r s " .  Tha t  i s ,  a l aye r  of image ce l l s

a r e  cons t i t u t ed  ou t s ide  of the fluid  boundary ,  and the values  fo r  t hese  image

ce l l s  a r e  dependent  upon the spec i a l  land—water  boundary  cond i t ions  which

ex i s t  a t  the junc t ion  of  the ac tua l  and image  ce l l s .  Say re  and Chang (1968)

have val idated the p rac t i ca l i t y  o f  the r eflec t ing  ba r r i e r  boundary  concep t
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i n so fa r  a s  open-channe l  lateral distributions a re  conce rned ,  ba sed  on

compar i sons  o f  open-channel  dye  d is t r ibut ion  cu rves  with theore t ica l

cu rves  based  on  the Fickian mode l .  Howeve r ,  due to l ack  o f  de t a i l ed

ve r t i ca l  d i spers ion  da t a ,  they  were  no t  ab le  t o  eva lua te  the appl icabi l i ty

of the concept  a t  channel bed  and a t  the wa te r  su r f ace .  Neve r the l e s s ,  they

concluded that  the reflec t ing  ba r r i e r  pr inc ip le  was  r easonab ly  adequate fo r

pred i c t i ng  the d i spe r s ion  d i s t ance  r equ i r ed  for  uni form mixing in  the ve r t i ca l

d i r ec t i on .

The  r eflec t ing  ba r r i e r  concep t  i s  qui te  simple and can  be

applied to  an ex t remely  wide va r i e ty  and combinat ion of boundary  cond i t ions .

The bas i c  concep t  i s  e a s i l y  i l l u s t r a t ed  by  the t rea tment  of  the impermeable

boundary .  Assume  that an impermeable  boundary impedes  a flow in  the

x-d i r ec t i on .  Then ,  i f  Cki ’  . , the concen t r a t i on  ex i s t ing  i n  a l ive  ce l l  i s

as sumed  to ex i s t  symmetrical ly a l so  in  i t s  image  ce l l  a c ros s  the impe rme-

able  boundary,  an  equiva lence  o f  concen t ra t ion  i s  ach ieved ;  there  i s  an

absence  o f  g r ad i en t s  and hence ,  no  t r anspo r t  c an  occu r .  Tha t  i s ,

C. .=ck .  .
1 ,3  1+1 ,_ ]

and a C

(4—19)
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Thi s  i s  a mathematical construct r ep re sen t ing  an  absence  of t r an5por t

and the  consequen t  neu t r a l i za t i on  o f  o the r  k inet ic  g r ad i en t s .

Af t e r  the i r r egu la r ly - shaped  p lan imet r ic  l and -wa te r  bounda ry

has  been  l i nea r i zed  in to  l ine s egmen t s  o f  the ho r i zon ta l  g r id  ne twork ,  a

f l agged  ce l l  “sys t em i s  dev i sed  which bes t  r ep re sen t s  the unique phys i ca l

cha rac t e r i s t i c s  of a g iven wa te r  impoundment and which will  s e rve  a s  the

mathemat ica l  computa t ion  g r id .  A typica l  g r id  scheme  and boundary

indexing sys t em fo r  ce l l s  i s  shown  in  F igu re  (5 -5 ) ,  indicat ing the i and j

r ec t angu la r  coo rd ina t e s  which  spec i fy  the ce l l  c en t e r s .  The  x -ax i s

(a long  which i -va lues  a r e  measu red )  i s  o r i en t ed  in any d i rec t ion  of

conven ience .  The  ce l l  s i ze s  a r e  s e l ec t ed  a s  a compromise  be tween  the

requ i r emen t  of  re ta in ing  the e s sen t i a l  f ea tu re s  of the phys ica l  sy s t em and

the r equ i r emen t  of  s e l ec t i ng  the p rope r  g r id  i n t e rva l  to avo id ,  on  one hand,

computa t iona l  coa r senes s  and ,  on  the o ther  hand, exces s ive  f i nenes s

r equ i r i ng  l a rge  compu te r  s t o r age  r equ i r emen t s .  The  comple te  f l agged

ce l l  sy s t em inc ludes -no t  on ly  the ce l l s  ins ide  the bounda r i e s  bu t  a l so  the

spec i a l  image  ce l l s ,  input  and ou tpu t  ce l l s  and o the r s  which fall ou t s ide  the

bounda r i e s .  Each  quad r i l i nea r  ce l l  i s  ident i f ied accord ing  to  the unique

cond i t i ons  that  ex i s t  a t  i t s  f ou r  s i de s .  The ce l l  flag sys t em used  in the

numer i ca l  mode l s  deve loped  in  this  s t udy ,  i s  the sys t em des igned  by  Masch ,

e t  a l  (1969) i n  t he i r  deve lopmen t  o f  numer ica l  mode l s  fo r  t idal  and

es tua r ine  hyd rodynamics ,  and i s  i l l u s t r a t ed  schemat ica l ly  in  the work  of
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Following are the salient types of flags  of the cell

External Boundary Cells, i. e. , cells which fall outside
the impoundment system boundaries but border the
system. There are two types:

a. Flow — Indicate inflow to or  discharge from the
system.

b. No flow — Indicate zero flow across the cell boundary.

Empty Cells, i. e. , cells which fall outside the system
boundary and not used, but needed to fill out the indexing
matrix.

Internal Boundary Cells, i. e. , cells which fall inside the
system boundary or on internal barriers. There are
three types:

a. Flow — Indicate inflow to or discharge from the system.

b. No flow - Indicate zero flow across the cell boundary.

c. Barrier n Indicate a submerged or partial barrier.

Internal Cells, i. e. , cells which fall inside the system
boundary but are not adjacent to the system boundary or
any internal barrier.

Three  models are involved in this study representing the basic

components of the hydrodynamic physical system:

1.

2.

3.

A lake or reservoir hydrodynamic model.

An open—channel transport model.

A lake or reservoir transport model.
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The  Lake  o r  Rese rvo i r  Hydrodynamic Mode l .  The  tw0-

d imens iona l ,  t ida l  hyd rodynamic  mode l  fo r  sha l low ,  we l l -mixed  bays  and

es tua r i e s ,  deve loped  by  Masch ,  e t  al  (1969) was  found to  be  ea s i l y  adap ted

t o  the sha l low l aye r  in  well—mixed f r e sh  wa te r  impoundments .  The

ce l lu l a r  ve loc i t i e s  compu ted  f rom the mode l  fo r  any  g iven  se t  hyd rome te -

oro log i ca l  and hydromechanica l  cond i t ions  app roach  s t eady  s t a t e  va lues  i f

the compu ta t ions  a r e  ca r r i ed  ou t  acco rd ing  to  i t s  l ong - t e rm mode l  a s sumpt ions .

Veloc i t i e s  we re  gene ra t ed  un t i l  t hey  s t ab i l i z ed  t o  an ave rage  fluc tua t ion  o f

17 .  5%.  Th i s  ma t t e r  i s ,  d i s cus sed  in  g rea t e r  de t a i l  i n  Chap te r  VI .  These

ave raged  ve loc i t i e s  s e rved  a s  d i r ec t  input  to  the t r anspo r t  mode l .

The  hydrodynamic  mode l  i nvo lves  the s imu l t aneous  so lu t i on

of two dynamic equa t ions  of  mot ion  and  the con t inu i ty  equa t ion .  The

mot ion  equa t ions  a r e :

a 3H I 2 ‘2D—-— = K -8+  +g  ax  V cosW fQQxD +9.0,g

3Q —2*9 +9o—3H = K'sin‘If-fQQ D —-.QQa t  39  9 x . (4—19)

where :

Qx and Q : the mean  f lows  pe r  un i t  width i n  the x and y
d i r ec t i on ,  r e spec t ive ly .

H 2 wate r  su r f ace  with r e spec t  t o  Mean  Sea  Leve l  (MSL) as
datum.
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D : depth of  wa te r  a t  pos i t i on  x ,  y a t  t ime t .

21 /2 .Q:  (QXZ+Qy)
f = d imens ion l e s s  bed  r e s i s t ance  coe f f i c i en t  compu ted  f rom

the Mann ing ' s  equa t ion  a s  (gnZ/Z.  21  Dl/3) where  n i s
Manning ' s  roughness  coe f f i c i en t .

WV : wind ve loc i ty  a t  10  me te r s  e l eva t ion  above  the wa te r
su r f ace .

W : the ang le  be tween  the wind  ve loc i ty  vec to r  and  the pos i t i ve
d i r ec t i on  o f  the x—ax i s ,  measu red  i n  a coun te r - c lockwise
d i r ec t i on .

K = a d imens ion l e s s  coe f f i c i en t  i n  the Van  Dorn  (1953)  r e l a t i on
fo r  wind s t r e s s ,  a s  r epo r t ed  by  Shankar (1970) .

g = acce l e r a t i on  o f  g r av i ty .

‘2 = the Cor io l i s  pa rame te r ,  a r i s i ng  f rom the ea r th ' s  r o t a t i on .
The  pa rame te r  i s  equal  to ZCUSinG 5 O.) i s  the angu la r
ve loc i ty  of  the ea r th  taken a s  0 .  73  x 1 .0 ' 4  rad ians  pe r
second .  '

® = the l a t i t ude .

‘The  two-d imens iona l  cont inu i ty  equa t ion  i s :

aq'x aq'y aA
+ + : 0

ex  89  6+ (4-20)
whe r e :

Q'x  and QI  a r e  the componen t s  o f  the volume r a t e s  o f  flow in
the x and y d i r ec t i ons .

A = c ros s - sec t i ona l  a r ea  of  flow.

Equat ions  (4—19) a r e  e s sen t i a l l y  i n  the form rega rded  by  Chow

(1954) as  adequa te  to desc r ibe  approximate ly  the mot ion  of  s ea  wa te r .  Wi th
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fu r ther  modificat ions they se rve  a l so  to  desc r ibe  approximately,  within

the f r amework  of compara t i ve  i nves t i ga t i ons ,  the hydrodynamics  of l a rge

wa te r  impoundments .  The  t ransformat ion of the partial  d i f ferent ia l

Equa t ions  (4-19) and  (4 -21 ) ,  i n  t e rms  of finite d i f f e r ence  approx ima t ions ,

a r e  contained in  the work  of  Masch ,  e t  a1  (1969) .  The computer  p rog ram

(a. comple t e  desc r ip t i on  of wh ich  i s  no t  within the s cope  of this s t udy ) ,

inc ludes  the so lu t ion  of the fo rego ing  equa t ions  by  the expl ic i t  d i f ference

method ,  and i s  ava i l ab le  a t  The  Un ive r s i t y  of  Texas  a t  Aus t in .

The Open-Channel  T ranspo r t  Mode l .  The main pu rpose  of

the channel  t r anspo r t  mode l  i s  t o  gene ra t e  inputs  of fu l ly-mixed,  t empora l ly -

varying mater ia l  concen t ra t ions  into  the exci ta t ion  ce l l  of the r e se rvo i r

t r anspo r t  mode l .  Tw‘o equa t ions  a r e  u sed  in  the channel  model  to compute

the t empora l ly—vary ing  inputs  r e su l t i ng  f rom in s t an t aneous ,  po in t  sou rce

dosages  of  conse rva t ive  ma te r i a l  in to  the channel .  Fo r  p r ac t i ca l  model ing

purposes ,  the channel model i s  ” ene rg i zed”  by  a f inite quant i ty  of  conse rva -

t ive  ma te r i a l  i n j ec t ed  uniformly and in s t an t aneous ly  ove r  the c ros s  s ec t i on

o f the  flow a tx :  O and t=  0 .

The f i r s t  equa t ion  p rov ides  fo r  computation of  the longi tudinal

d i spe  r s ion  coeff ic ient :

D11: 7711V'R5/6 appen1966)

(4-21)
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where :

DL = the longitudinal dispersion coefficient .

n = Manning ' s  coef f ic ien t  o f  roughness .  ‘

V = the average  longi tudinal  ve loc i ty .

u R = the hydraul ic  r ad ius  of the channel .

The  s econd  equa t ion  i s  t o  compute  the d i s t r i bu t ion  of concen -

t r a t i ons :  i

M x x -UTF
C - Ap(4'n‘DL‘r)°'5 e P 40.} _

(Ippen 1966)  (4-22)

where :

M = mass  of  ma te r i a l  i n j ec t ed .

= channe l  c ro s s—sec t iona l  a r ea .

P = dens i ty  of  ma te r i a l  i n j ec t ed .

DL = longitudinal  d i spe r s ion  coef f ic ien t .

t = time e l apsed  s ince  r e l eaSe  of  the diffusant .

U = ave rage  l ong i tud ina l  ve loc i ty .

Equat ion  (4-22) i s  Tay lo r ' s  (1954) approximate so lu t i on  fo r

Equa t ion  (4 -23 ) ,  be low the d i spe r s ion  equat ion  i n  a one—dimens iona l ,  open—

channel  flow,  having a un i form c ros s—sec t ion  and a mean  ve loc i ty ,  f o r  a

poin t  sou rce  and  a f ixed coo rd ina t e  sys t em:

ac_  gig _ac
317~DLBXZ Uax

(4-23)
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Major  Efluations Cons ide red  in Selection of the Algor i t hm.
Equa t ions  (4—21) and (4 -22 )  were selected after a careful
consideration of open-channel dispersion and transport
equations. The selected equations together constitute a
practical algorithm for an open-channel transport model,
which envisages the channel as a ”feeder” of fully-mixed
flows of any desired concentration into an impoundment.
The channel transport model is a necessary adjunct to the
impoundment transport model.

Following are some of the major concepts and factors
considered in making the selection.

a. Hays, et a1 (1966) suggested that for streams, a
”dead zone” model based on the use of time-averaged
concentrations and velocities, is superior to and is
more realistic than a dispersed flow model based on
the convective-dispersion equation, Equation (4-23).
The ”dead zone” mathematical model conceptualizes
the existence of two major transport regions of flow,
an upper active region and a lower stagnant region,
physically connected by a ”mass transfer mechanism, ”
which can be described by two coupled partial
differential equations. '

b. White and Gloyna (1970) reported that the simplified
one-dimensional disPersed flow model, Equation (4—23)
and the solution, Equation (4—22), served as the m o st
practical expression of the ”initial condition" in the
finite difference formulation of the one-dimensional,
open-channel transport model, based on instantaneous
release of radioactive substance.

Following is a general assessment made by  Thackston
and Krenkel (1966) of the major equations for estimating
dispersion coefficients in streams:

a. Taylor Equation:

—3D _ U. 1LHz

L_ 4Xln2
(4 -24 )
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where :

DL = d i spe r s ion  coe f f i c i en t .

x 2 d i s t ance  f rom t r ace r  i n j ec t i on  po in t  to
obse  rva t ion  po in t .

2. t 2“2  = t ime dur ing  which  concen t r a t i on  i s  g r ea t e r
than one -ha l f  the maximum concen t r a t i on .

a = average  ve loc i ty  o f  t r ace r  c loud .

Th i s  equat ion  y i e lded  on ly  rough  e s t ima te s  because  o f
the a s sumpt ion  of  normal  d i s t r ibu t ion ,  and was
cons ide red  u se fu l  only fo r  p re l iminary  e s t ima te s .

Pa rke r  Equat ion:

xzm2
DL. = 2 m|  ( 4 -25 )

where :

m1 = f i r s t  momen t  o f  t ime-concen t r a t i on  cu rve .

s econd  moment  o f  the t ime-concen t r a t i on
cu rve .

é

Fi sche  r Equat ion:

.. Z 2 2U<O¥‘°} )
D = 2 lL _

2 A't (4-26)

where :  I

'5 = ave rage  longi tudinal  ve loc i ty .

2
0'1. = var iance  o f  the t ime-concen t r a t i on  cu rve ,

Sta t i on  1 .
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2 .
0'1. = va r i ance  of time concentration curve, Sta t i on  2.

2.
Al" = ave rage  time of flow be tween  s t a t i ons  and

basically:

2 _ Z c 1 “ 2  Eat
t __

2 c  2c (4_27)

Where c is the concentration at time, t.

Equations (4-25) and ( 4 -26 )  were  found subject to
errors common to solutions which involve moment
functions. The errors stem  from skewed concen-
tration-time curves. Fischer (1966) emphasized the
difficulties of obtaining reliable variances for high-
skewed, long-tailed concentration-time curves, and
recommended that values of D L computed by the
method of variances be verified by field test.

LevensPiel and Smith Equation:

Dia-i V802+ |  -'
(4-28)

where:

02
O_2 _ +1"

cave

have -- 1—:

Equation (4 -28)  depends heavily on second moments
and, therefore, subject to errors of skewed—curve tails.
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Har r i s  Equa t ion :

Q ’.‘.-~u(U1‘-—X)3L-
2 (4—29)

whe r e :

ll

( 4 - 3 0 )

The  Har r i s  equa t ion  was  ad judged  to  g ive  a be t t e r  DL
es t ima te  than the Levensp ie l -Smi th  equa t ion  because
i t  i s  dependent  only on  the f i r s t  moment .  A l so ,  in
con t r a s t  to  the o the r s ,  the Har r i s  equat ion  does  no t
useE  2 % 0 1 ‘  32—.

The Signi f icance  o f  Ave rage  Ve loc i ty  and T ime-o f—Trave l .
Thacks ton  and  Krenke l  (1966) emphas i zed  tha t  a p rope r
de te rmina t ion  o f  ”mean  t r ave l - t ime” ,  o r  ”flow—through
t ime"  Was  Vital  f o r  comput ing the d i spe r s ion  coe f f i c i en t .
S ince  in  any  bas i c  app rox ima t ion  equa t ion ,  E ,  the ave rage
ve loc i ty ,  i s  r ea l ly  the ave rage  ve loc i ty  o f  the t r ace r  c loud ,
i t  mus t  be  computed  f rom the mean t r ave l - t ime ,  and no t
be  the rough  ca l cu l a t i ons  o f ;  o r  Q . There  a r e  a l so
misconcep t ions  to  gua rd  aga ins t .

a . The ave rage  f l ow- th rough  time i s  no t  the same  a s  the
peak  concen t r a t i on  because  i n spec t ion  o f  the bas i c
equation for  computing the d i s t r ibu t ion  of concentra—
tions Equa t ion  (4-22) shows  that  the exponent ia l  t e rm
obv ious ly  wi l l  skew the cu rve  t o  the r igh t .

The  use  o f  the cen t ro id  o f  the  t ime—concen t r a t i on  cu rve
fo r  de t e rmin ing  mean  t rave l—t ime i s  un jus t i f i ab l e
because  i t  has  been  shown that the time from dye
in jec t ion  t o  the cen t ro id  i s :

20

u U
(4-31)
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and the t ime to  the peak ,  tmax  i s :

+ ,  / 2 -—2 2
+ =—q: .  DL+U x

max  ._2
U (4-32)

Thus ,  acco rd ing  to  Thacks ton  and Krenke l  (1966)
ne i the r  the mode  no r  the  cen t ro id  o f  the t ime—concen t r a t i on
cu rve  can  r ep re sen t  the ave rage  flow—through  t ime ;  t hey
su rmise  tha t  i t  mus t  have a va lue  be tween  the  mode  and
the cen t ro id .  They  conc luded  tha t  a l l  me thods  ana lyzed
fo r  e s t ima t ing  D and -Ef rom the t ime—concen t r a t i on  cu rve
a re  no t  va l i d  un l e s s  the obse rved  cu rve  f i t s  t he  a s sumed
mathemat ical  mode l .  The re fo re ,  the p rac t i ca l  u se  of  any
DL equa t ion  i nvo lves  a t r i a l - and -e r ro r  co r r ec t i on  p roces s
fol lowing the in i t i a l  e s t ima te  o f  DL  .

Yotsukura  and  F i e r ing  (1964) found tha t  so lu t i ons  fo r
tu rbu len t  flows  wi th  logar i thmic  ve loc i ty  d i s t r i bu t ion ,  show
tha t  the ” long i tud ina l  d i s t r i bu t ion  o f  so lu t e  concen t r a t i on  i s
h ighly  skewed  a t  i n t e rmed ia t e  t ime s t ages  bu t  g r adua l ly
approaches  a Gauss i an  no rma l  pa t t e rn  a s  the d i spe r s ion
p rog re s se s " .  In  this  l i gh t ,  the Tay lo r  so lu t i on ,  Equa t ion
(4 -22 )  adop ted  in  th is  s t udy  fo r  de te rmin ing  concen t r a t i ons
i s  ap ropos  s ince  i t  i s  ba sed  on  the concep t  that  the t r ace r
mater ia l  in  a un i form channel  sp reads  ou t  a s  a symmet r i ca l
Gauss i an  cu rve  whose  peak  concen t r a t i on ,  moving  a t
ve loc i ty  u ,  dec rease s  in the pos i t i ve  X—di rec t i on .

A t  th i s  po in t ,  i t  i s  we l l  t o  r e i t e r a t e  t ha t  i n  the d i s -
cuss ion  thus  f a r ,  the  i n s t an t aneous  manner  of dye  i n j ec t i on
has  been  imp l i ed .  Howeve r ,  the equa t ion  fo r  computing
the concen t r a t i ons  due  to  con t inuous ,  s t eady  r e l ea se  in  a
given  time in t e rva l ,  can  be  de r ived  f rom the bas i c  equa t ion
by  in teg ra t ing  the following exp re s s ion  which r ep re sen t s
a concen t r a t i on  i nc remen t ,  dc ,  due to  an  i npu t  dM a t  t ime ,
t ,  (Re fe rence  Har leman ,  1966):

dM ‘ JX-VH—Tnué
dc :  ' l exp  _

Ap(41TDL(+“T)) '2 4D”  T)
(4—33)
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Harleman (1966) solves Equation (4—33) using Riemann's
integrals.

See Appendix  B for the computer program (PROGRAM
CONGO) which solves the open-channel tranSport model
algorithm. Also see Appendix C for the computer program

(PROGRAM TRACE) used to compute diSpersion coeffi-
cients by the method of moments.

The Lake TranSport Model. The lake tranSport model uses the

Peaceman-Rachford finite difference method for the solution of the two—

dimensional, convection-dispersion equation. The mathematical formulation

was developed in detail earlier in this chapter. See Equations (4—13) to

(4—18),inc1usive. In addition, detailed descriptive data for the computerized

program (PROGRAM TRACER) is contained in Appendix A.

Recall that the hydrodynamic and channel models provide inputs

to the transport model, namely (a) steadynstate component velocities for each

cell and, (b) Well-mixed, tirne~concentration inflows for the excitation cell.

Rationale for the Selection and Design of Two-Dimensional Lake Hydro—

dynamic and Transport Models.

The rationale for the selection and design of a horizontal,

two—dimensional concept for the lake or reservoir hydrodynamic and trans—

port models in lieu of onendimensional or three-dimensional concepts

warrants explanation. Obviously, the magnitude of energy associated with

the two-dimensional, air-water interface of the. water impoundment differs

significantly from the energy aSSOciated with the entire three~dimensional
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impoundment physical sys t em.  The questions arise: What  is the rationale

for, and what is the value of a two—dimensional concep t?

T o  answer these questions we must first consider and clarify

the matter of what is meant by the ”state of the system" insofar as a lake

or reservoir is concerned. In thermodynamics and electrodynamics, the

concept of the "state of the system" is fundarnentalo In hydrodynamics,

specific clarifications are needed. The classical thermodynamic, electro—

dynamic and mechanical concepts of "state", were based on the premise

that "state" is the total of all the measurements that can be made on the

system at the present time. That is, tw0 systems were considered to

be in the same ”state” if all the measurements capable of being made now

on the two systems, produced the same results. But this concept of

“state" was shattered by the facts of irreversible thermodynamics. A s  a

result, the old deterministic thesis of “state'I now can be retained logically

only if it is stated with the following stipulations:

Two systems may be considered in the same state if all

measurements presently capable of being made give the same results and,

if the past history back to some selected time is also the same. The

important implications of this qualified concept of "state O f s y s t e m "  require

that systems can be considered in the same state enly if they behave the

same in the future under the same environment. Thus, ”state” is ”deter—

mined“ in terms of present measurements and past history, because the
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fu ture  i s  de t e rmined  by  the se  r equ i r emen t s .  B r idgman  (1959) s t a t e s  t ha t  i n

the quantum domain of  physics We have  been  con f ron t ed  wi th  the f ac t  tha t  the

presen t  s t a t e  o f  a sy s t em does  no t  de t e rmine  i t s  f u tu re  s t a t e  because  i t  i s

pos s ib l e  t o  have  a number  o f  sy s t ems  al l  wi th  the s ame  "p re sen t  s t a t e " ,

bu t  d i f f e r en t  fu tu re  s t a t e s  unde r  i den t i ca l  ex t e rna l  cond i t i ons ,  Thus ,  i t  i s

no longe r  f ea s ib l e  to  pe r s i s t  in  a wholly" de t e rmin i s t i c  ph i lo sophy ,  I t  i s  no t

pos s ib l e  i n  the rmodynamics ,  no r  e l ec t rodynamics ;  no r  e l ec t rodynamics ;

no r  i s  i t  pos s ib l e  in  hyd rodynamics .  In the r ea l i za t i on  of t h i s  f ac t ,  pe rhaps ,

l i e s  the mos t  i n t r i n s i c  value o f  numer i ca l  mode l s ,  which  enab le s  p roduc ing

” iden t i ca l  r ep l i ca s” ,  a s  Br idgman  (1959) t e rms  them,  o f  sy s t ems  and

conduct ing  on  them an  indefini te  number  of  expe r imen t s .

I t  i s  conc luded  tha t  in  hyd rodynamics ,  the desc r ip t i on  of the

“s t a t e  of  sy s t em”  shou ld  be  i n  t e rms  of ope ra t i ons  which  one  can  ac tua l ly

pe r fo rm.

-- As  was  expe r i enced  in  o the r  b r anches  of phys i c s ,  i t  appea r s

rat ional  i n  hydrodynamical  sy s t ems  a l so ,  t o  adop t  a concep t  of  ” s t a t e”  baSed

on two su r f ace  va r i ab l e s  and one  time var iab le  s ince  they  appea r  to be

equ iva l en t ,  i n  e f f ec t ,  t o  the t h r ee  space  va r i ab l e s .  Th i s ,  p r ec i s e ly  i s  the

ra t iona le  of the f ini te  d i f f e r ences  method  adop ted  in  th is  s t udy .  In  o the r

words ,  i t  i s  r ea sonab le  to a s sume  tha t  the eva lua t ion  of  the hyd rodynamica l

s t a t e  of  the sys t em can  bes t  he  made  f rom the po in t  of View of a su r f ace

and i t s  h i s to ry ,  which  has  full  i n s t rumen ta l  s i gn i f i cance ,  r a the r  than f rom
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the instrumentally mean ing le s s  specifications in terms of fields t h roughou t

three-dimensional space.

The next questions which arise are: What are all the possible

measurements? How shall we be sure we have investigated all environments?

The impact of this discussion, in short, is that w e  can in no ultimate sense

separate a system from its states or a system from its environment. In

order to achieve some sort of reasonable reconciliation between models and

reality, Bridgman (1959)  takes the View that the best we can do is:

”Given an isolated enclosure as a function of time and
all the n'ieasurenzents that can be made inside the
enclosure as a function of time, then these measure—
ments will be found to be correlated into some sort of
pattern. "

He suggests that a synthesis can be made by the ”principle of

essential correlation”. The views of Thackston and Krenkel's (1966) on  the

use of numerical models and the conduct of field tests typify the Bridgman

(1959) philosophy. They contend that predictions based on analytical solutions

under as surned conditions roust he experimentally verified; at major pitfall of

experimental work being that it is often not conducted under the conditions

assumed in the derivation of the Inodels being verified” The mo st common

gaps arise from. assumptions concerning.

1. Non-uniform floi-v;

2.. Lateral. velocity profiles”

With the collapse of such assumptions in the face of actual tests, the
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expe r imen t s  actually ne i the r  subs t an t i a t e  no r  re fu te  the mode l s  investi—

ga ted .

There fo re ,  in  p r epa r ing  fo r  the f ie ld  ve r i f i ca t ion  o f  the mode l s

of  this  s t udy ,  a t t emp t s  we re  made  to  conduc t  f ie ld  ope ra t i ons  unde r  cond i t i ons

as  c lo se  a s  pos s ib l e  to a un i fo rm,  two—dimens iona l  we l l -mixed  s t r a t i f i ed ,

flow r eg ime .

Also ,  Thacks ton  and Krenke l  (1966) have cau t ioned  on  the

dange r  o f  applying ideal ,  two—dimensional  mode l s  t o  r ea l  t h r ee -d imens iona l

sys t ems .  Howeve r ,  they suppor t  the u se  of  the Equat ion  (4—23), tha t  i s :

8c  82:: a c—-—-=D - -u  ——
6+ ‘- ax2 3"

to  a t h ree -d imens iona l  sy s t em on the g rounds  that the so lu t ion  t o  the three—

dimensional  equat ion  conve rges  asympto t i ca l ly  to  the so lu t ion  of  the one—

dimens iona l  equa t ion  fo r  long  d i spe r s ion  t imes .  And,  even  i f  un i form flow

does  no t  ex i s t ,  Equa t ion  (4—23) 'may  be  u sed  i f  the ave rage  value o f  DL

within a r i ve r  r each  i s  u sed .

The  p red i c t i on  of DL and t r an5por t  i n  impoundments which  a r e

compl ica ted  by  dead  zones ,  sharp  bends ,  s l oughs ,  and sand  ba r s  and o the r

d i scon t inu i t i e s  can  and shou ld  be  p rov ided  fo r  by  ca re fu l  ce l l  and bounda ry

des ign .  The re fo re ,  e f fo r t  ha s  been  made to  p repa re  the t r anspo r t  mode l  to

provide fo r  f ea tu re s  which a r e  unique to the ve r i f i ca t ion  zone  a t  Lake

Bas t rop .
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Shull  and Gloyna (1968) demons t r a t ed  in  a comprehens ive

manner  the app roach  neces sa ry  i n  any  a t tempt  to  make a r i go rous

spec i f i ca t i on  o f  the “ s t a t e "  o f  a phys i ca l  sy s t em.  In  the i r  ana lys i s  o f

numer ica l  mode l s  r e la t ive  to r ad ioac t iv i ty  t r anspo r t  in  wa te r ,  they  conc luded

that :

" .  . . numer i ca l  model ing techniques  f requent ly  a r e
on ly  app l icab le  to  ce r t a in  r anges  o f  pa rame te r s ,
neces s i t a t i ng  the i n spec t ion  of  t he se  pa rame te r s  for
the in tended applicat ion of  the mode l .  "

The field t e s t s  which Will be  desc r ibed  subsequen t ly  i n  this

s tudy  will indica te  the spec i a l  e f for t s  made to  syn thes i ze  the ana ly t ica l  and

ac tua l  sy s t ems  by  a s e r i e s  of ac t i ons  involving s imulat ion,  p r ed i c t i on  and

ver i f ica t ion  o f  the va r ious  hydrodynamical  phenomena involving mixing,

d i sPe r s ion  and t r anspo r t .



CHAPTER V

THE SELECTION AND USE O F  LAKE BASTROP AS A GENERAL

LAKE HYDRODYNAMIC SYSTEM

General Description of Lake Bastrop, Texas

Lake Bastrop, Figu re  5—1, was selected as the hydrodynamic

system for development of the numerical lake hydrodynamic and transport

models, and for the field verification of these numerical i m o d e l s .  Lake

Bastrop is Well-suited for the above purposes. A description will be given

of the essential variables and parameters involved in developing and

verifying the lake hydrodynamic model and lake transport model.

Lake Bastrop provides steam condensing and plant cooling

water for the Sim Gideon Electric Station, operated by the. Lower Colorado

River Authority (LCRA). The plant has two 125 ,  000 kilowatt units. The

impoundment is created by a dam located off the Colorado River on Spicey

Creek, 3 -1 /2  miles northeast of Bastrop, Texas. The dam is an earth—

filled embankment with a concrete spillway and two tainter gates. The

total length of the dam is 4, 500 feet, the height at the spillway is 85 feet.

The two 45-foot x 27—foot gates have a discharge capacity of 53, 000 cfs

with the lake at elevation 454. 30 feet (MSL). The surface area is about

906 acres and the storage capacity is about 16, 600 acre-feet at the normal

operating level 450. 00 feet (MSL), see Figure 5-2. The electric power
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plant i s  l oca t ed  nea r  the southern end  o f  the lake  wi th  d i s cha rge  cana l

flowing in to  the no r the rn  po r t i on  o f  the l ake ,  provid ing  a mean  c i r cu l a t i on

pa th  o f  abou t  4 mi le s  long  fo r  the normal  p lant  flow d i scha rge  o f  500  cub ic

f ee t  pe r  s econd  o r  324  mil l ion ga l lons  pe r  day .

The  r e se rvo i r  l eve l  i s  mainta ined a t  a cons t an t  l eve l  and

replenishment  of evapora t ion  l o s se s  i s  made through a pumping s t a t i on ,  on

the Co lo rado  River  a t  Powell  Bend .  The  pump s t a t ion  has  th ree  300  HP

pumps ,  de s igned  to  pump in  pa ra l l e l  15 ,  000  ga l lons  pe r  minute aga ins t  an

approximate head  of 220  f ee t .  A 3—1/2 mi le ,  33 - inch  conc re t e  wa te r  p ipe -

l ine connec t s  the pumping s t a t i on  to  Lake Bas t rop .  The  lake i s  v i r tua l ly  a

c lo sed ,  s t eady - s t a t e  c i r cu l a t i on  sys t em,  involving a s t eady  d i s cha rge  o f

500  c f s  and a s t eady  p lant  intake o f  500  c f s .  The re  a r e  no o the r  ma jo r

i nflows  o r ou tflows  .

The Di scha rge  Channel

- The d i scha rge  channel ,  (F igu re  5—3, and pho tos ,  F igu re s  5-4)

i s  a. conc re t e  l ined ,  t rapezoida l  channel  with s ide  s lopes  of  2—1/2 on 1 ,  a

l eng th  o f  4 ,  200  f ee t ,  a ba se  width  o f  12  f ee t ,  a depth o f  13  f ee t ,  and an ave rage

s lope  o f  O. 047%.  An addi t ional  700  f ee t  o f  d i s cha rge  canal  ha s  been  rough-

graded  only and i s  not l ined.  A t  normal plant  flow of 500  c f s  the depth of

wate r  a t  the center l ine  of  the channei  i s  l 0 .  3 f ee t  and the ave rage  ve loc i ty

i s  l .  3 fee t  pe r  s econd .
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F igure  5—3. Power  P lan t  D ischarge  Channe l  into Lake  Bas t rop .
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A.  View t o  the  South f rom S ta t i on  17  + 00

toward  Power  Plant.

B.  View t o  the Nor th  f rom S ta t i on  17  + 00 .

Figu re  5-4. Lake Bas t rop  Di scha rge  Channel.



Figure 5 ~ 4  G .

Scale: lH 0. 6 2  miles
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Vertical Aerial Pho tog raph  of Lake Bas t rop ,  Texas.

(Source: LCRA)
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Essential Hydro log ic  Da ta

F igu re  D-1  and D-Z ,  Appendix D ,  dep i c t  the typ ica l  ve r t i ca l

t empera tu re  p rof i l e s  a t  the cen t r a l l y - loca t ed  LCRA t empera tu re  S ta t ion

No.  6 .  F igu re  5 -5  shows the l oca t ions  o f  a l l  t e s t  c e l l  marke r s  and s t a t i ons

involved in  field measu remen t s .  Sta t ion No .  6 has  been  used  a s  a gene ra l

i nd ica to r  fo r  the lake t empera tu re .  I t  will be  no t ed  f rom Figure  D-3 ,  that

the lake has  a h i s to ry  of  s t ra t i f ica t ion.  Dur ing  the 5-month  pe r iod  of

i n t e r e s t  ( i .  e .  , May - Sep tember ) ,  the uppe r  and lower  l imits o f  the

the rmocl ine  fo l low a cha rac t e r i s t i c  pa t t e rn ,  and the epi l imnetic  s t r a tum

is  10  to 15  fee t  th ick .  The ave rage  t h i cknes s  of the thermocl ine  i s  g r ea t e s t

dur ing  the month o f  June .

Figu re s  D—4 and D-5  show the maximum and minimum yea r ly

sur face  t empera tu res  a t  e ach  of  the LCRA temperature  s ta t ions  and a l so

the contemporaneous e l ec t r i ca l  power  generat ion loads  and ambient

t empera tu res .  The  var ia t ions  in e l ec t r i ca l  l oad  a r e  due to  normal demand

fluc tua t ions .

F igu re  D—6 dep ic t s  the  ave rage  monthly  t empera tu re  a t  the

su r f ace  and a t  the 30  foo t  depth a t  LCRA Tempera tu re  S ta t ion  No .  6 fo r  the

pas t  5 yea r s .  I t  should  be  no t ed  that  a var ia t ion  o f  f rom 10  to  20  deg rees

Fahrenheit  can occu r  during the mid - summer  months .

Figu re  D-7  shows  the ave rage  monthly su r f ace  t empera tu re s

a t  the power  plant  d i scha rge  and a t  the power  plant intake during the pas t

4 yea r s .



186
J-—-a-

: 233§4§516§a?a€guohuhzh
. f 1 II j ‘3

fi4hsfieh748fi920?
L . . J - . . ‘ . . . . . . ,  I . J . .

2
.30.}Q

z'
m

fu
o

T
aé

u
-‘

N

Discharge
Channe l CELL MARKERS

FOR FIELD TESTS
AND OBSERVATIONS

. . . - . u i -n  - . .
v I n l ' a

. ' . . , I. .
. :  . . . . . - . . . ' . .

" - '  ' :2)
' I I o .

‘ ' . . ~ . .  L~ .q . .

. . Power
FflanfKQ’O‘W»

‘ . lhtaggsé§f
O I e t c .=  CELL MARKERS‘Channel
2

- _I_ , ' O:  LOWER COLORADO
ZSJ l ' RIVER AUTHORITY
“ TEMPERATURE STATION-

LAKE BASTROP

Scale: E" = 2000'
Grid Interval = 500 '

Figure  5-5. Cel l  Marke r s  and Stations fo r  Fie ld  Tes ts
and Measuremen t s .



187

F igu re s  D—8 and DJ )  show re su l t s  o f  Lake  Bas t rop  wa te r

qua l i t y  t es t s ,  i n  t e rms  o f  pH ,  ch lo r ides ,  to ta l  dissolved so l id s  and the

to ta l  ha rdnes s .

The  pu rpose  o f  the fo rego ing  cons ide ra t i ons  o f  Lake Bas t rop

wate r  t empera tu re  and compos i t ion  i s  to  br ing  ou t  two f ac t s  which have

Spec i a l  r e l evance  in  the s e l ec t i on  o f  Lake Bas t rop  fo r  the des ign  and

ver i f ica t ion  of  the Alternating «Di rec t i on  Impl ic i t  T ranspo r t  Mode l .

Fi r s t ,  wa te r  t empera tu re  i s  the main f ac to r  gove rn ing
dens i ty  and dens i t y  var ia t ion with depth in Lake Bas t rop .  The
high quality of  the Lake Bas t rop  wa te r  genera l ly  p rec ludes
at t r ibut ing dens i t y  s t r a t i f i c a t i on  to  o the r  than t empera tu re .
Thi s  e l imina tes  a t r oub le some  ques t i on  which a r i s e s  when
dea l ing  wi th  impoundages  having wa te r  o f  l e s se r  qua l i t y .  Fo r
example ,  i n  ana lyz ing  the Fontana Rese rvo i r  f ield measu re—
ments  i n  connect ion with the tempera ture  pred ic t ion  mode l
(See  Chapter  I i ) ,  E lde r  and Wunder l ich  (1968) r epor t ed  tha t
improved dens i t y—measu r ing  methods  would  have to be
deve loped  be fo re  t hey  cou ld  conc lude  that  f ac to r s  o the r  than
t empera tu re  caused  dens i t y  s t r a t i f i c a t i on  i n  Fontana  Rese rvo i r .
Also ,  F i e t z  and Wood (1967) a t t e s t ed  to the difficulty of
measu r ing  t h r ee—dimens iona l  dens i t y  cu r r en t s  o f  eng inee r ing

* i n t e r e s t  such  a s  the d i s cha rge  o f  t empera tu re -va ry ing ,  silt—
laden ,  o r  chemica l -bea r ing  ef f luents  i n to  impoundmen t s .  They
conc luded  that  a be t t e r  unde r s t and ing  of the behav io r  of non~
suspended .  ( i .  e ;  , d i s so lved  chemica l  subs t ances )  dens i t y
cu r r en t s  i s  neces sa ry  be fo re  s tudy  o f  the more  complex
suSpens ion  o r  t u rb id i t y  dens i t y  cu r r en t s  can  be  under taken .
The se l ec t i on  of  Lake Bas t rop  permi ts  assumpt ion of
s t ra t i f i ca t ion  due to thermal  causes  and thus p rec ludes  the
complexi t ies  of non~ the rma l  s t r a t i f i c a t i on

Second ly ,  unde r  the p re sen t  s t a t e  of t echno logy ,  none  of
the o rd ina ry ,  natural  Cons t i t uen t s  o r  p rope r t i e s  of wa te r  a r e
amenable to  economic  o r  re l iable  measu remen t s  which wou ld
afford g rea t e r  i n s igh t  in to  mixing,  d i spe r s ion  and t r anSpor t
phenomena .  The  use  o f  add i t i ve  t r ace r s  mus t  be  cons ide red
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for study of these phenomena. Regarding this matter, Elder
and Wunderlich (1968)  reported that in the cited Fontana

Reservoir Study, various data were taken on changes in water

provperties which occurred during storage time in the reservoir.
The properties measured included temperature, electrical
conductivity, light extinction, and dissolved oxygen concentration.
None of the properties afforded a basis for a realistic, efficient
correlation of the effects of water movements and diffusion.
Chemical, biochemical and other processes intervened in the
measurements and obscured the transport and mixing effects.

Thus, from a review of the Bastrop hydrologic data, it is

concluded that the use of temperature-stable, fluorescent dye tracers and

conventional tracing techniques are proper for hydromechanical transport

analysis and measurements in Lake Bastrop. The high quality waters would

introduce a minimum of background effects. However, careful adjustment

of fluorescence readings for high temperature must  be made by  accurate

fluorometer precalibrations. Another factor entailing some adjustment is

the anticipated dye sorption and delayed release due to the proliferating

aquatic plant, (Myriophyllum he terophyllum).

§pecial Hydromechanical and Morphological Aspects of Lake Bastrop

Lake Bastrop presents an excellent combination of lake and

reservoir morphology for field measurements and model verification.

Refer to earlier Figures ( 5 -2 )  and (5-4). The lake consists essentially of

a small and a large basin. The lake orientation is such that both the

longest and shortest fetches of the impoundment occur in a north and

south direction, the direction of prevailing winds throughout the year.
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The ea s t e rn  pa r t  of the l ake ,  having the cha rac t e r i s t i c  of a

smal l  d i s cha rge  mixing bas in ,  i s  i dea l  fo r  the obse rva t ion  of wind e f f ec t s

ove r  sho r t  f e t ches  and a l so  fo r  the f i e ld  ana lys i s  of  hyd rodynamic  and

t r anspo r t  phenomena unique to  sha l low l akes  of  be tween  10  to  30 f ee t  in

depth with ver t ica l ly  wel l—mixed flows r e s t r i c t ed  in  a shal low su r f ace

s t ra tum.  The wes t e rn  pa r t  of  the lake i s  ideal  fo r  the obse rva t ion  and

measurement  of  wind e f f ec t s  ove r  long fe tches  and o ther  hydromechanica l

and hydrodynamic e f f ec t s  unique to  deepe r  r e se rvo i r s .  Ve r t i ca l  ae r i a l

pho to ,  F igure  5 -4C ,  c l ea r ly  shows  the dendr i t i c  configurat ion of Bas t rop

Lake which  i s  t yp ica l  of  man-made  l akes .  Ae r i a l  pho to  i n t e rp re t a t i on

shows a r ea s  that  a r e  l ikely t o  have  s imi l a r  l imnolog ica l  cha rac t e r i s t i c s .

For  example, one can  ident i fy  na r row bu t  re la t ive ly  deep  a rms  no t  l ike ly

to  be  sub j ec t  t o  s t rong  wave  ac t i on ,  deep  a r ea s  where  t he re  i s  a s t rong

poss ib i l i t y  o f  s tab le  o r  pe r iod i c  thermal s t ra t i f i ca t ion ,  and shal low s i l ta t ion

a reas  sub j ec t  t o  pos s ib l e  ex t ens ive  f loat ing vege t a t i on .

Phys i ca l  r econna i s sances  on  the lake indica ted  that:

1 .  In the  cen t r a l  po r t i ons  o f  the l ake ,  wind cu r r en t s  gene ra l l y
preva i l ;  f low—through cu r r en t s  a r e  no t  d i s ce rn ib l e .  In
sha l low  a reas  and a long  sho re ,  the wa te r  and  wind  move -
ment i s  synch ronous .  In the deepe r  cent ra l  po r t i ons  the re
i s  no appa ren t  immedia te  synch ronous  r e l a t ionsh ip  be tween
the wind and wa te r  movement s .

______________8._

Zumberge  and Aye r s  (1964) s t a t ed  tha t  ”The  time l ag  be tween
application of  the new (wind) s t r e s s  and modif icat ion of the cu r r en t s  appea r s
to be  i nve r se ly  dependent  upon the r a t io  of new s t r e s s  magni tude and ex i s t i ng
cu r r en t  momentum and d i r ec t l y  dependent  upon the d i rec t ion  di f ference (up
to  180°) be tween  the new t r anspo r t  d i r ec t i on  and the ex i s t i ng  cu r r en t  d i r ec t i on .  ”
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2 .  Due  to  the d i f fe ren t  bu t  ev iden t  pecu l i a r i t i e s  of r eg ime
which preva i l  i n  the shallow eas t e rn  and the deepe r
wes te rn  po r t i ons  of the lake ,  i t  i s  neces sa ry  to  take t he se
di f fe rences  in  cons ide ra t i on  i n  the s tudy  of the hyd ro log i c
proces se s  t h roughou t  the l ake ,  i n  the app l i ca t ion  o f  the
mode l s ,  and in  field t e s t s .

In add i t ion ,  the d i s cha rge  channel s e rves  a s  a s t eady  "mechanism"

fo r  p re—mixing  and in j ec t i ng  dye  t r ace r  dosages  i n to  the l ake .  The  con t ro l l ed

operat ional  flows o f  coo l ing  wa te r  f ac i l i t i e s  making accu ra t e  i n s t an t aneous

or  con t inuous  dye  r e l ea se s  t o  obtain des i r ed  wel l-mixed flows  into the l ake .

The  open-channel  a l so  a f fo rds  idea l  anchorages  t o  make dye  -peak  t r ave l

measu remen t s .  As  such ,  the d i s cha rge  channel should  be  r ega rded  an

in t eg ra l  pa r t  of  the en t i re  hydrodynamic sys t em.  I t s  main pu rpose ,  f rom

the t r anspo r t  model  point  o f  v iew i s  t o  p rov ide  des i r ed  concen t r a t i on  inpu t s

( e i t he r  de te rmin i s t i c  o r  s t ochas t i c )  in the lake exc i t a t i on  ce l l .  I n  o the r

words ,  the channel t r anspo r t  mode l  e s t ab l i shes  the ” in i t ia l  cond i t i ons"

for  the lake t r anspo r t  mode l .



CHAPTER VI

NUMERICAL MODEL ANALYSIS AND SIMULATIONS

Introduction 7

The thrust of the study to this point has been  to formulate the

physical system of a reservoir or lake, and to identify the "laws“ of

mixing and dispersion in water impoundments with a View toward developing

practical assumptions which would permit reducing the problem to sets of

mathematical equations. After formulating the problem mathematically,

methods were selected to obtain mathematical solutions to the sets of

equations by  models or algorithms solved by computer programs. In this

manner, a transport model was developed and, a hydrodynamic model

previously developed by others (Masch, et a1, 1969) was adapted for use.

These computerized numerical models permit a wide range of

simulative and investigative calculations. This study will demonstrate the

versatility of the models for hydrodynamical and hydromechanical analysis

of a lake or reservoir. These analyses will be seen to have relevance not

only to anti-pollution control but to overall reservoir management. The

two major tasks now remaining in this study are:

1. To  test the mathematical efficiency, and flexibility of the
models using hypothetical sets of hydromechanical and
hydrometeorological conditions. The objective is to
demonstrate the versatility of the models for making
preliminary investigations .

191
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To  ve r i fy  the numer ica l  model  so lu t i ons  by  f ie ld  tests and
measu remen t s .  The  ob j ec t i ve s  a r e :  ( a )  t o  demons t r a t e  the
pred i c t i ve  u se  of the mode l s ,  (b) to  d i agnose  the ma jo r
d i sc r epanc i e s  between computed and obse rved  r e su l t s  and ,
( c )  to a s se s s  the adequacy  o f  the ve r i f i ca t ion  p rocedure s .

The f i r s t  t a sk  will  be  taken up in  this chap te r ;  the s econd  t a sk

will be  d i s cus sed  in the next  chap te r .

Mode l  S imula t ions

Scope .  Pu r suan t  to  p r ev ious ly—sta t ed  ob j ec t i ve s ,  the fol lowing

mode l  s imu la t i ons  have  been  made :

1 . Us ing  the hydrodynamic model ,  ve loc i t i e s  and flow
c i r cu l a t i on  pa t t e rns  fo r  Lake Bas t rop  under  ac tua l  h igh
and low flow ra t e s ,  we re  computed based  on  a s sumed
variat ions in  wind.

Us ing  the channel t r anspo r t  mode l ,  mass  t r anspo r t
pa t t e rns ,  concen t r a t i on  d i s t r i bu t ion  pa t t e rns  and  d i spe r s ion
coe f f i c i en t s  we re  computed based  on  ac tua l  flow ra t e s ,
Spec i f i ed  quant i t ies  of conse rva t ive  mate r ial  i n j ec t ed  and
as sumed  wind cond i t i ons .

Using  the lake t r anspo r t  mode l ,  mass  t r anspo r t  and
d i s t r i bu t ion  pa t t e rns  o f  a conse rva t ive  subs t ance  t h rough—
ou t  Lake Bas t rop  under  ac tua l  high and low  flow ra t e s ,
we re  compu ted  based  on  a s sumed  wind cond i t i ons ,
d i spe r s ion  coe f f i c i en t s  and,  quant i t ies  of  dye  r e l ea sed .

Use  of the Hydrodjnamic Mode l  t o  Compu te  S t eady  S t a t e

Veloc i t i e s  and to  De te rmine  Lake C i r cu l a t i on  Pa t t e rns .  Us ing  the

hor izon ta l  g r id - ce l l  sy s t em,  and ave rage  ce l l  dep ths  ind ica t ed  i n  F igu re

6—1, the hydrodynamic model  was  u sed  to  compute  the s t eady - s t a t e  ve loc i t i e s

fo r  each  ce l l  of the lake mode l ,  f o r  the following combinat ions of s t eady  flow

and wind cond i t i ons :
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1. Flow of 180 MGD (280 CFS) With

a. no Wind

b. 10 (MPH) from south

C. 15 (MPH)  from north

" 2. Flow of 324 MGD ( 500  CFS) with

a. no wind

b. 10 (MPH)  from south

c. 15 (MPH) from  north

The spec i f i c  conditions outlined above represent actual normal

power plant discharge flows and prevailing wind conditions at Lake Bastrop.

Figures 6—2 to 6-7 ,  inclusive, show the steady-state circula—

tion patterns for each of the 6 sets of conditions outlined above. Results

confirm evidence presented by Shankar (1970) on the versatility of the

Masch hydrodynamical model for application to a wide variety of shallow,

vertically—mixed bodies of water,

The cell velocities computed by the hydrodynamic model

assume critical importance in the algorithms contained in the transport

model for computing dispersion coefficients and concentration distributions.

Velocities computed by the hydrodynamic model follow a fluctuating rather

than a trend or cyclical time—series pattern. For example, Figure 6—8

shows the fluctuating time-series of the Y-cornponent of velocity in a

randomly-selected test cell I = 8, J = 8 at one minute intervals after the
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27 th  hou r  of  s imu la t ed  ope ra t i on  unde r  ze ro  wind cond i t i ons .  Th i s  fluc tua t ion

i s  typical of  that encoun te red  a l so  i n  10  o the r  t e s t  c e l l s .  Using  the s t a t i s t i c a l

expre s s ions  fo r  the s t anda rd  fluc tua t ion9  and the coe f f i c i en t  o f  f l uc tua t ion  10 ,

as  sugges t ed  by  Fa i r ,  e t  a1  (1966) ,  a s t ab i l i z ed ,  ave rage  coe f f i c i en t  of

fluc tua t ion  o f  0 .  175  o r ,  17 .  5% was  compu ted  fo r  the componen t  ve loc i t i e s

in  10  random t e s t  c e l l s  a f t e r  a s imu la t ed  pe r iod  of 4 hour s .  Th i s  coe f f i c i en t

of  f l uc tua t ion  was  ob t a ined  f rom the compu ted  long i tud ina l  ve loc i ty  componen t

a t  one  minute  t ime in t e rva l s ,  f o r  the 4—hour  pe r iod  r ang ing  f rom the  27 th

to  the 3 l s t  hou r  o f  mode l  s imu la t i on .

I t  was  dec ided  that  ve loc i t i e s  gene ra t ed  by  the hyd rodynamic

mode l ,  ba sed  on  a ful ly—mixed lake o r  a fu l ly-mixed  l aye r ,  ave raged  ove r

a 4 hour  pe r iod  wou ld  adequa t e ly  s e rve  a s  the ” s t eady - s t a t e "  o r  “quas i -

equ i l i b r ium"  ve loc i t i e s  o f  a gene ra l i zed  s ca l e  and accu racy  commensu ra t e

wi th  the mac ro—syn the t i ca l  mode l  app roach  enunc i a t ed  in  th is  s t udy .  Th i s

impor t an t  gene ra l i za t i on  i s  a t  the c rux  o f  the compu ta t i on ,  p r epa ra t i on  and

ana lys i s  of the hypothe t i ca l ,  lake c i r cu l a t i on  pa t t e rns  i l l u s t r a t ed  i n  F igu re s

6 -2  to  6—7. Th i s  gene ra l i za t i on  r equ i r ed  the cons ide ra t i on  and  p rac t i ca l

r econc i l i a t i on  o f  the fo l lowing  f ac to r s :

9S tanda rd  of Fluctuat ion , F = 2(  A! )2 /  n — 2

10  Coe f f i c i en t  of F luc tua t ion ,CF  = F/IJ ,  , whe re :
n = the number  o f  obse rva t ions .

: the mean  o f  obse rva t ions .
A": the s econd  d i f fe rence  in  the magni tude  of

succes s ive  obse rva t ions .
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While constant inflow-outflow in a lake t ends  to produce
a flow cu r r en t ,  the effects of this current generally are
negligible compared to lake —wide currents and circulation
patterns produced by Wind forces. Zumberge and Ayers
(1959) indicated that this is true for most  lakes. Generally,
the characteristic cross-section of a lake greatly exceeds the
size of the inlets or outlets and therefore, the lake cross—
sectional velocities are low. Fair, et al (1968) note that
water build—up on the windward shore of a reservoir
generates return currents, which travel at or  below the
water surface, depending on shore configuration and on
the vertical gradient of temperature. These two factors
influence the relative thicknesses of the epilimnetic or
circulation zone in which the surface currents occur, the
mesolimnetic or (thermoclinal) transitional zone in which
the return currents occur, and the hypolimnetic or stagnation
zone. F o r  example, in coves the return currents a r e

displaced downward; where land juts out from shore, the
return currents are deflected laterally. In addition, the
greater the vertical temperature gradient, the greater is
the tendency for the return currents to stratify in a surface
stratum because of thermal resistance to vertical mixing.
The seasonal differentiation of water strata and zones is m o st
pronounced during the summer stagnation period. And,
these effects may be heightened by functional uses of
impoundments which involve the addition of head loads to
the water body. All of these factors come into play by the
selection of the power  plant cooling water impoundment at
Lake Bastrop, as the basic lake hydrodynamic model and
by the decision to run verification tests during the summer.
See Chapter III for a more detailed discussion of seasonal,
hydrothermal phenomena in lakes.

Strong evidence points to the fact that the rapid drop in
temperature in the thermocline during the summer season
creates a resistance to mixing which is not easily broken
even by wind—induced stresses. According to Fair, et a1
(1968), a lake is "normally two lakes, one superimposed
upon the other". In addition, they point out that "diurnal
temperature changes in the surface strata establish a
variable micro—environment". From a theoretical View~
point of transport, hydrothermal and hydrodynamic
modeling conditions prevail within each layer. The "twoe
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lake"  concep t  i s  ana logous  to the "dead  zone”  model  fo r
s t r eams  (which env i sages  a s t r eam as  being made up  of
two sepa ra t e  r eg ions  of f low),  by  Hays ,  e t  a1 (1966),
d i scus sed  in  the p rev ious  chap te r .

3 .  Even though s t eady  wind condi t ions  were  a s sumed  in  the
hydrodynamic model ,  i t  appears  f rom the c i r cu la t ion  p lo t s
that non-per iod ic  wa te r  cu r r en t s  may have been  induced
by  boundary  cond i t i ons .  Zumberge  and Aye r s  (1959) have
encounte red  ce r t a in  non—periodic  cu r r en t s  in  l akes ,  and
desc r ibed  them as  " i r r egu la r ly  variable in d i r ec t ion  and
ve loc i ty  bu t  have a p ropens i ty  toward a time -mean un i -
d i rec t iona l i ty  that i s  r e l a t ed  to  a s imilar  t ime-mean
d i r ec t i ona l i t y  of the prevai l ing  w ind" .

The important  a sPec t s  of  ve loc i t i e s  and c i rcu la t ion  dese rve

fur ther  d i s cus s ion ,  because  they a r e  a t  the co re  of  bo th  the hydrodynamic

and t r anspo r t  mode l s .  In wa te r  under  the influence  of  wind, the eddy

v i scos i t y  i s  cons ide red  a s  a funct ion of wind s t r e s s .  Non-pe r iod i c  cu r r en t s

fo rm as  r e su l t  of ene rgy  impar t ed  to  the su r f ace  wa te r  th rough  wind s t r e s s .

Zumberge  and Zye r s  (1959) r epo r t ed  gene ra l  ag reemen t  among inves t i ga to r s

that  s t r e s s  ene rgy  input  va r i e s  with a power  o f  wind ve loc i ty  rang ing  f rom

1 .  8 to  3 .  0 ;  and that an accep ted  relat ionship for  wind shea r  s t r e s s  i s  the

following Equation (6—1 A) ,  which Reynolds (1966) at t r ibutes  to  Ekman ' s

(1905)  s tudy  o f  w ind - induced ,  wa te r  movements  fo r  h igh w inds :

T = ( 3 .2 )  ( 10 ' 6 )  (W2) and, (6-1A)

AV: (4 .  3) ( 10 ' 4 )  (W2) (6-1B)
whe r e :
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T = wind shear stress in grarns/cm/sec2 . 3

AV 2 coefficient of eddy viscosity in cmZ/sec.

W : wind velocity in cm/sec.

According to Reynolds (1966) ,  Ekman's equation for the surface velocity

also is apropos:

T

VQZPAVSinqS (6—10)

V : the water surface velocity.

V :

w h e r e :

T and A v  (previously defined).

5?.

A rigorous verification of these relationships has not been

angular velocity of the earth's rotation, (7. 29 x 10”5 sec. ' 1 ) .

H density of the water.

N

latitude.

included in this study for reasons which will be brought out in the discussion

of Liggett's (1970)  circulation model studies, which follows shortly. However,

the effects have been examined indirectly in terms of dye tracer time~of—

travel incident to the transport model investigations. Zumberge  and Ayers

(1959) hypothesized that stress energy entering the water produces acceleration

of water particles, causing in turn, waves and water currents. They  found

surface currents produced by wind having velocities between one and three
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pe rcen t  o f  the wind ve loc i ty .  While  the r ea l i s t i c  de te rmina t ion  of w ind-

i nduced ,  su r f ace  ve loc i t i e s  i s  somewha t  subdued  in  the hyd rodynamic  mode l

due  to  the a s sumpt ion  that  the lake i s  we l l -mixed  ove r  i t s  full depth  o r  ove r

some  finite s t r a tum,  th i s  i s  no t  an insurmountable  sho r t coming .  Ra t iona l

ad jus tmen t s  can  be  made to  b r ing  ou t  the su r face  e f f ec t s  which mus t  be

cons ide red  in  the t r anspo r t  model  and in  field ver i f ica t ion t e s t s .

Here  i t  i s  ap ropos  to  ana lyze  L igge t t ' s  (1970)  e f fo r t s  t o  mode l

wind-dr iven  c i r cu l a t i on  in  r ea l  l akes .  This  wil l  s e rve  to  e luc ida te  lake

ve loc i ty  and c i rcu la t ion  e f fec t s  and wind- induced su r f ace  phenomena.  A l so ,

i t  wi l l  show fu r the r  r ea sons  why the dec i s ion  was  made in  this  s t udy  to u se

ve loc i t i e s  co r r e spond ing  to  an  a s sumed  fully—mixed su r f ace  s t r a tum.  L igge t t

(1970) encoun te red  in s t ab i l i t i e s  i n  f ini te  d i f fe rence  ca l cu l a t i ons  when ce r t a in

magni tudes  of ho r i zon ta l  eddy  v i s cos i t y  were  combined  with h igh ly -va r i ed ,

ve r t i ca l  eddy  v i s cos i t y .  The  i n s t ab i l i t i e s  showed  up a s  i so l a t ed  a r ea s  o f

chao t i c  ve loc i ty  pa t t e rns .  Howeve r ,  t he se  i n s t ab i l i t i e s  we re  r educed  by

dec reas ing  the s i ze  o f  the computat ional  inc rement .  L igge t t  (1970) found

that the key  f ac to r s  in  su r f ace  c i r cu l a t i on  a r e  the magni tudes  of the ho r i zon ta l

and ve r t i ca l  eddy  v i s cos i t i e s  because  ve loc i t i e s  a r e  h igh ly  a f f ec t ed  by  the

f r i c t i on .  Bu t ,  he  adds  that  i t  i s  d i f f icul t  t o  de t e rmine  r ea l i s t i c .  va lues  o f

eddy  v i scos i t i e s ,  no t ing  that  many seeming ly—log ica l  combina t ions  o f

hor i zon ta l  and ve r t i ca l  eddy  v i s cos i t y  with typ ica l  ve r t i ca l  d i s t r i bu t ion  of

eddy  v i s cos i t y  caused  only  smal l ,  de t ec t ab l e  d i f f e rences  in  model  c i r cu l a t i on
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patterns. In earlier work  on steady and unsteady lake flow circulation

Liggett (1969) found it necessary for practical mathematical reasons to

assume a constant eddy viscosity throughout the fluid, because the exact

numerical variation of eddy Viscosity with depth is not known. Liggett (1969)

found that under steady-state conditions, the model surface currents were  in

the direction of the wind. However, in some model simulations, the velocities

approached zero at a depth of only 0. 1 Do

The Bastrop Hydrodynamic Model and the Liggett (1969, 1970)

Lake Circulation Models are based substantially on the same tacit or implied

assumptions. A s  expressed by Liggett (1969):

1. The lake model is shallow so that D/L<<  1, in which
D and L are characteristic lake depth and length,
respectively.

2. D/d Z 1, in which:

d=1T Van/f .

(This is the Ekman ”depth of frictional influence".) (6—2,)

77 : vertical eddy viscosity.

1? H Coriolis parameter.

3. Vertical velocities are assumed  small compared to
horizontal velocities.

4. Density stratification is neglected.

There is, however, an important distinction underlying these

assumptions. Liggett (1969) assumed  a shallow homogeneous (nonstratified)
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lake. In contrast, the Bastrop Lake transport and hydrodynamic  models

a s s u m e  a shallow, stratified lake having a fully-mixed surface layer.

In his investigation of parameters for application of his circulation model  to

Lake Michigan and Lake Huron, Liggett (1969) appeared to deal indirectly

with the stratification condition by the approach that ". . . D m u s t  be

chosen so that the lake is shallow but can otherwise have a wide variation. . . "

Liggett (1969) analyzed the possible variational ranges of key

parameters in lake circulation phenomena through analysis made with the

Taylor' 5 number,

(6-3)
I

2 m
Liggett found that the values of m may vary widely from near zero to a very

(Note: is referred to as the Ekman number).

large number.

1. f can range from 0 at the equator to i 1 . 4 5 8  x 1 0 ~ 4  sec"1
at the poles.

2. D may vary sufficiently throughout portions of large lakes
and thus affect the shallowness criterion.

3. 77 can range from 10 to l, 000 cmZ/sec.

At  low m values, the 7) component dominates Equation ( 6 -3 )  and tendencies

emerge  for currents to be deflected.

Liggett (1969) also found that ”the lake comes reasonably close

to equilibrium in approximately one day. For shallower lakes, the
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equ i l i b r ium t ime wou ld  be  sho r t e r ,  whe reas  the equ i l i b r ium time could be

cons ide rab ly  l onge r  fo r  deepe r  l akes .  "

An ana lys i s  o f  L igge t t ' s  ( 1969 ,  1970) l ake  c i r cu l a t i on  mode l

t e s t s  and inves t iga t ions  p rov ides  s t rong  jus t i f i ca t ion  fo r  the adoption o f  the

mac rosc0p ic  approach  underlying the development  and use  of  Lake Bas t rop

hydrodynamic  and t r anspo r t  mode l s  which compute  ave rage ,  mac ro -ce l l ,

su r f ace - s t r a tum c i rcu la t ion  and d i s t r i bu t ion  pa t t e rns .

Th i sana lys i s  o f  c i rcu la t ion  models  a l so  b r ings  ou t  the bas i c

ana logy  and s imi la r i ty  be tween  the t r anspo r t  of  vor t ic i ty  o r  tu rbu lence  and

the t r anspo r t  of conse rva t ive  subs t ance  in  flu ids .  The  t r anspo r t  of t u rbu l ence

invo lves  the u se  o f  the coe f f i c i en t s  o f  kinematic o r  eddy  v i s cos i t y ;  the t r ans -

por t  of  subs t ance  involves the u se  of coef f ic ien ts  of  dif fusion and d i spe r s ion .

All these  coef f ic ien t s  excep t  diffusion depend predominant ly  on  the s t ruc tu re

of the flow,  and the l a t t e r  i s  a f f ec t ed  p redominan t ly  by  r e s i s t ance  and shea r

in the fluid.__ While at tent ion of th is  s tudy  i s  focused  mainly on  the mixing

and d i spe r s ion  impacts  in  impoundments of  var ious  hydrodynamic,  hydro—

meteo ro log i ca l  and  hyd ro the rma l  phenomena ,  i t  shou ld  be  emphas i zed  tha t

wind e f fec t s  a s sume  a g r ea t  importance no t  only f rom the viewpoints  of  phys i ca l

mixing and d i spe r s ion  bu t  that  i n  many impor tan t  i n s t ances ,  wind a l so  a s sumes

grea t  l imno—chemical  impor t  a s  the main fac tor  in  the oxygen supply of  l akes .

For  example,  Entz  (1969)  r epo r t i ng  r e su l t s  o f  ex t ens ive  i nves t i ga t i ons  i n

Volta  Lake,  Afr ica ,  indicated that with wind speeds  o f  four  to five me te r s
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pe r  s econd ,  the oxygen sa tu ra t ion  o f  the epil imnion inc reased  ve ry  rap id ly ,

and ,  unde r  unstable s t r a t i f i c a t i on  cond i t i ons ,  wind e f f ec t s  we re  man i f e s t  on

the deepes t  wa te r  l aye r s .  Spec i f i ca l ly ,  En tz  (1969) no t ed :

“ On 29  Feb rua ry  1968 ,  fo r  example ,  within two
hour s  the oxygen con ten t  of  a 45  m deep  wa te r  mass

.. r o se  f rom 90  g/nnz by  74  g OZ/m2  (80 pe rcen t  i nc rea se )
to 164  g /m2  a t  a wind speed  of 4 -5  m/ sec  a s  a r e su l t
of  the wave  ac t i on .  . . F rom al l  this we come  to  the
conc lus ion  that a t  p r e sen t  a wind of two hour s  du ra t i on
and of the above -men t ioned  speed  may coun te rba l ance
all  the oxygen lo s s  caused  by  decompos i t ion ,  Within a
24 -hour  pe r iod .  ”

Use  of Channel T ranspo r t  Mode l  t o  Compute Des i r ed  Time—

Concen t r a t i on  D i scha rges .  A desc r ip t i on  o f  the channe l ,  F igu re  5 -3 ,  was

g iven  in  Chap te r  V and,  the a lgo r i thm fo r  the channel  t r anspo r t  mode l  was

desc r ibed  in Chap te r  IV .  Us ing  this  model ,  four  s epa ra t e  s imula t ions

were  made  invo lv ing  a s sumed  in s t an t aneous  r e l ea se  o f  so lu t i ons  con ta in ing

56 .  9 grams ,  90  g rams ,  1 .17  l b s ,  and 1 .225  lb s .  of  Rhodamine B .  F igu re s

6-9  and 6—10 show the computed time—concentration dis t r ibut ions  a t

Sta t i ons  17  + 00  and 44  + 40 ,  fo r  each  o f  the 4 r e l ea se s .

The  Gauss i an  d i s t r i bu t ion  shown in  t he se  f i gu re s  i s  cha rac t e r—

i s t i c  of  a dye‘ t r ace r  c loud in  a fully—mixed s t r eam flow. Acco rd ing  to

Fi sche r  (1967) ,  the d i spe r s ion  p roces s  o f  a t r ace r  c loud  r e l ea sed  f rom a

point  sou rce  in to  a s t r eam unde rgoes  two phases :  (1)  a convec t ive  phase

during which t r ace r  movement  i s  under the influence of the ini t ia l  convec t ive

ve loc i ty ,  (b) a di f fusive phase  dur ing  which the bulk t r anspo r t  of  the c loud
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c loud  can  be  def ined by  a one-d imens iona l  dif fusion equa t ion  in  the f low

d i r ec t i on .

The "convec t ive l l  phase  i s  cha rac t e r i zed  by  sha rp ly - skewed

t r ace r  cu rves ;  the "d i f fus ive"  phase ,  by  the decay  of the i n i t i a l l y - skewed

dis t r ibu t ions?  and the g radua l  onse t  of Gauss i an - type  d i s t r i bu t ions .  Dur ing

the ”d i f fu s ive"  phase  the c loud  sp read ing  i s  t o t a l l y  de f ined  by  the mean  f l ow

ve loc i ty  and the d i sPe r s ion  coef f ic ien t .

These  hypo theses  of  F i s che r ,  will  be  d i s cus sed  in the next

chapte r  in connec t ion  with the ver i f i ca t ion  and evaluat ion t e s t s  of the Lake

Bas t rop  channel  mode l .  I t  su f f i ce s  a t  th i s  po in t  t o  s t a t e  that  the Lake

Bas t rop  d i s cha rge  channel exhibits  t he se  d i spe r s ive  phases  c l ea r ly .  The

turbulence  c r ea t ed  a t  the power  plant  ou t l e t s  acce l e r a t e s  the format ion of

a ful ly—mixed,  convec t ive  phase ,  and this  phase  p reva i l s  in  the ups t r eam

r each ,  a d i s t ance  o f  abou t  1 /3  the  t o t a l  channel  l eng th .  Then ,  a t r ans i t i ona l

phase  preva i l s  ove r  abou t  the middle third of  the channel in  which the skew—

ness  of  d i s t r ibu t ions  i s  a t t enua ted .  In  the l ower  r each  of  the channel a ‘

diffusive phase  p reva i l s ;  a t  the end a nea r ly -Gauss i an  concen t ra t ion  d i s t r i -

bu t ion  i s  ob t a ined .

Lake Transpo r t  Mode l  S imula t ions  and Inves t i ga t i ons .

1 .  De te rmina t ion  o f  Conse rva t ive  Subs t ance  T ranspo r t  Pa t t e rns .
Using  an  a s sumed ,  tempora l ly—varying  input of  dye t r ace r
which p roduces  a ve ry  high and sharp  concen t r a t i on  peak  a t
the exc i t a t i on  ce l l  ( I  = 11 ,  J = 15 ) ,  and mul t ip ly ing  the
Tay lo r  equa t ion  fo r  d i spe r s ion  coe f f i c i en t  by  a f ac to r  t o
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ten in orde r  to simulate increased wind shear effects and

to magnify s l igh t ly  the low lake velocities, the transport
model was used to compute concentration distributions in
the lake for 10 days, assuming the following combination

of conditions:

a. Steady flow of 180 MGD with the cell component
velocities inputs from the hydrodynamic model for
no wind.

b. Steady flow of 324 MGD with the cell component
velocities inputs from the hydrodynamic model for:

i. no wind.

ii. 10 (MPH)  from south.

iii. 15 (MPH) from north.

These simulations had two main purposes. First, to
energize the lake model strongly enough to examine
theoretical transPort trends within the range of flow and
wind conditions expected to occur at Lake Bastrop during
the on—site verification tests. Second, to obtain an

estimate of time required for the tracer to migrate to all
cells of the lake model. Figures 6-11  to 6-14, inclusive
are sequential contour or isopleth maps of predicted 1,
2, 10 and 14-day concentrations based on the 180 MGD
flow and zero wind. Figures 6—15 to 6 -23  are sequential
contour or isopleth maps of l, 2 and 10-day predicted
concentrations based on a 324 MGD flow for each of 3
different wind conditions (0, 10 MPH from south, 15 MPH
from north).

These concentration isopleth maps bring out graphically
some of the factors discussed earlier regarding the
hydrodynamic model. The maps show the predominant
effect of Wind in the transport process, and the formation
of stagnant, lagging or  isolated peak areas due to boundary
configurations. These maps indicate that a satisfactory
grid size and computational time increment have been
attained to assure a continuum of finite difference method
calculations. In addition, it is apparent, that the program



no .0 .0 .0 .0

.0 lo a 00 o

'0 I0 0 0  '0 '0

215

‘0 ‘0 '0 O

'0 O O

to o -o -o

O t o  O

Figu re  6 -11 .

LAKE BASTROP MODEL
H o w  380 M 6 0
Wind: 0 MPH
Time Affer Dye Release: 24 hrs
ScMe:i"=2000'

Computed Concentration Distribution



216

oo  0 '0  00  0 O

00 -o co -o a

.o o

-o o

.., ' LAKE BASTROP MODEL
'° Flow: l 80  MGD

Wind: 0 MPH
Time After Dye Release: 48 h r s
Scale: I" = 2000'

Figure  6 -12 .  Computed  Concen t r a t i on  D i s t r i bu t ion
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“ ° LAKE BASTROP MODEL
«, Flow: l80 MGD

Wind= 0 MPH
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Figure  6 -13 .  Computed  Concen t r a t i on  D i s t r i bu t ion
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Computed C oncentrat ion Di 3 t r ibut ionFigure 6-23.



228

accommodates the small numerical magnitudes involved in

parts per billion measurements. The transport concentra-
tion patterns do not appear to show any chaotic zones which
would be signs of calculational instabilities or of serious
truncation errors. However, the foregoing remarks do
not intend to infer that an optimum, all~purpose computa-
tional cell system has been attained. Perhaps, a reduction
in the 500 '  x 500 '  cell grid-size would achieve better
density and definition of computed values, and this refined
definition might be desirable for constricted areas of the
lake. The smaller grid would permit a refinement of
boundary and bottom topography description. However,
the increase in computational effort must be considered.
If the objective of a model study is» to make an economical,
rapid, macroscopic analysis of the entire lake, a coarse
grid size is apropos. If the objective is to focus only a
limited area of special interest, then a smaller, more
refined boundary cell system should be used.

2. Determination of the Effects of Changes in Flow and Wind

on Concentration Distribution and Peak Travel Time.
Using the lake transport model, the effects of assumed
combinations of flow and wind were examined.

Figures 6-24  to 6-27, inclusive, Show the effects of
changes in flow and Wind on the concentration distributions
in four consecutive cells: (10, 15), (9, 15), (8, 15) and
(8, 14) after excitation of the model. Mixing causes the
peak concentration to decrease and the slug to be diffused
over longer distances in the direction of flow. The
theoretical time-of— travel between consecutive cell centers
can easily be computed from these plots. Figure 6—28
shows the expected, theoretical effects of various wind
conditions on a typical lake cell (6, 12) located more
remotely from the channel outlet. These model simulations

typify the preliminary type of analyses which can be made
of convective dispersion. They  show the effects of mixing
on peak concentrations of conservative materials trans-
ported through contiguous cells.

A general mathematical explanation for these results can be

given using the most general form of Taylor's equation, applicable to
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e i the r  conse rva t ive  o r  non -conse rva t ive  subs t ances ,  a s  sugges t ed  by  the

Amer i can  Pe t ro l eum Ins t i t u t e  (1969) .  The one  -d imens iona l  equa t ion  fo r

the t ime—concen t r a t i on  cu rve  a t  an  obse rva t ion  po in t ,  l oca t ed  a t  a d i s t ance ,

x ,downs t r eam f rom a po in t  o f  i n s t an t aneous  i n j ec t i on ,  i s :

m = W exp—K T-(“x—Vffi
2A\/ EL 1‘ d 4E L+ (5-4)

where :

m = mater ia l  concen t r a t i on ,  i n  pounds  pe r  cub ic  foo t .

W = mater ia l  dose ,  in  pounds .

A = s t r eam c ros s—sec t iona l  a r ea ,  in squa re  f ee t .

EL  = l ong i tud ina l  d i spe r s ion  coe f f i c i en t ,  squa re  f ee t / s econd .

t = t ime ,  i n  s econds .

Kd = deoxygenat ion  r a t e  cons t an t ,  i n  r ec ip roca l  s econds .

V = the mean s t r eam ve loc i ty  of  rece iv ing  wa te r  in  the x -
d i r ec t i on ,  i n  f ee t  pe r  s econd .

Different ia t ion o f  the above  Equat ion  (6—4) yie lds  the following

equa t ion  fo r  t ime of  peak  concen t r a t i on  a t  d i s t ance  x :

X

PEAK =
, /  E K —v24 L d (6-5)

For  a conse rva t ive  ma te r i a l ,  Kd : 0 and the above  equa t ion  becomes

+

X1.
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And, the peak concentration becomes :

W

2A ‘ELTPEAK (64)

m :

From Equation (6-6) and (6 -7) ,  applicable to instantaneous

injections, it can be seen that concentration peaks are inversely proportional

to the square root of the dispersion coefficient, and that the time of peak at

a given location is inversely proportional to an average stream velocity.



CHAPTER VI I

FIELD VERIFICATION TESTS AND MEASUREMENTS

Introduction

Scope

This  chapter will be  subdivided in to  the fol lowing ma jo r  t op i c s :

1 . A b r i e f  syllabus of the s cope  and ob j ec t i ve s  of p re l iminary
field and  l abo ra to ry  r econna i s sances ,  t e s t s  and ,  measu re -
ments  invo lved  in the ve r i f i ca t ion  p roces s  o f  the numer i ca l
model  de sc r ibed .

A l i s t i ng  and gene ra l  de sc r ip t i on  of the e s sen t i a l  equ ip -
ment  and mate r ia l s  u sed  in  the ver i f ica t ion  ope ra t i ons .

A gene ra l  de sc r ip t i on  o f  the va r ious  techniques  used  in
the ve r i f i ca t i on  ope ra t i ons .

A de t a i l ed  desc r ip t i on  o f  the s equen t i a l  i nves t i ga t i ons  and
t e s t s  leading to ve r i f i ca t ion ,  and a c r i t i c a l  eva lua t ion  of
the r e su l t s  and impac ts  of t he se  t e s t s .

The ver i f ica t ion  ope ra t ions  involved the methodical  accompl i sh -

ment  o f  the fol lowing t a sks  wi th  the spec i f i c  ob j ec t i ve s ,  a s  s t a t ed :

P re l imina ry  Hydrodynamic and Hydromechanica l  Exp lo ra t i ons .

The following ini t ia l  exp lo ra t ions ,  t e s t s  and measu remen t s  we re  made a t

Lake Bas t rop  and in  the t r ibu ta ry  d i s cha rge  channel of the S im Gideon

power  p lant :

1 . Qischa rge  Channel :  The  work  inc luded  conf i rmat ion o f
channel  geome t ry  and channel  f low cha rac t e r i s t i c s .

Z36
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Objec t ive s :  (1) T o  evaluate the proposed use of the channel
as an efficient, mixing and dispersive ”feeder mechanism"
of desired variable—concentration inputs into the lake.
(2) T o  evaluate the feasibility of using the power plant ,
discharge channel as the prototype for a uniform cross—
section, open-channel transport model.

Lake. The work included observation of the effects of
normal power plant operations on the lake level and plant
cooling water discharge rates, essential features of lake
configuration, and the extent of algal growth in prospective
test zones of the lake. The work also included the measure-
ment of velocity profiles and depths at critical points, the
observation of general current and circulation patterns;
and a depth reconnaissance from the confluence of the
discharge channel and the lake to the power plant inlet,
along ”thalweg" of lake main channel. Objectives: (1) T o
confirm the major findings of the basic research on Lake
Bastrop described in Chapter V, which led to the selection
and use of the Lake Bas trop complex as the prototype lake
hydrodynamic system. (2) T o  select feasible locations for
test stations and model verification zones. (3) T o  deter-
mine essential and suitable test equipment, mate rials
and prepare test.

Analysis of Initial Conditions; Procedure Familiarization Trials;

Calibration of Equipment. The following tests and related actions were taken:

l l Laboratory. Using standard solutions of Rhodamine B
tracer dye with lake water as a diluent, fluorometric
calibration and temperature correction curves were
prepared. Objectives: (1) T o  prepare for the conversion
and temperature corrections over a wide range of
fluorometric measurements.

Discharge Channel and Lake. Rhodamine B solutions of
desired concentrations were prepared and measured
quantities of the solutions were released instantaneously at
the turbulent discharge outlets of the power plant for two
separate trial tests. The solutions used in these two tests
contained 6 0  grams and 90 grams, respectively, of
Rhodamine B powder. The actual solution concentrations



238

were  1 .  997  x 106  ppb and 3 .15  x 106  ppb ,  r e spec t ive ly .
Objec t ive s :  (1)  To  check  the  validity and  accuracy of  the
d i scha rge  channel  t r anspo r t  mode l  concen t r a t i on  ve r sus
time r e l a t i onsh ips  a t  s t a t i ons  in the channe l ,  e spec i a l l y
a t  the end  o f  the 4440—foo t  paved  channe l .  (2)  To  compu te
the longi tudinal  d i spe r s ion  coe f f i c i en t s  u s ing  the me thod  o f
va r i ances  based  on  obse rved  dye  concen t r a t i on  ve r sus
d i s t ance  da ta  i n  the channel .  And,  to  compute this  value
with that ob ta ined  us ing  convent iona l  fo rmu la s .  (3)  To
as se s s  the accu racy  of me thods  u sed  to  e s t ima te  dye
quant i t ies  fo r  con t ro l l ed  dye  t e s t s .  (The  quant i ty  esti—
mating method  used  i s  pa r t  o f  a conven t iona l  t echn ique
fo r  compu t ing  flow measu remen t  w i th  f l uo re scen t  t r ace r s .
Re fe rence :  Rep log le ,  e t  a1, 1966) .  (4 )  To  use  and then
evalua te  the p rac t i ca l i t y  o f  con t inuous ,  f l ow- th rough
f l uo rome t r i c  p rocedure s  fo r  dye  t r ac ing  deve loped  by
o the r  i nves t i ga to r s .  (Re fe rence :  Foxwor thy  and Knee l ing ,
1969 ;  Wi l son  and Masch ,  1967) .  (5)  Ana lyze  f l uo rome t r i c
measu remen t s  to  a sce r t a in  the  r e l a t i ve  s eve r i t y  of
adso rp t ion  o r  background  fluorescence .  (6)  To  a sce r t a in
the p rac t i ca l  l imi t  o f  dye  concen t r a t i on  dosages  t o  p rec lude
”concen t r a t i on  quench ing"  - a f ac to r  t o  be  cons ide red  fo r
measu remen t s  in h igh—concen t r a t i on  t r ace r  c louds  l i ke ly
to be  exper ienced  in  the cons t r i c t ed  channel .  (The  t e rm
”concen t r a t i on  quench ing"  i s  a r educ t ion  i n  the r a t e  o f
i nc rea se  of  f luo romete r  r ead -ou t  with i nc rea s ing  dye
concen t r a t i on  due to the i nc rea s ing  op t i ca l  dens i t y  of the
dye  i t s e l f .  Th i s  i s  a p rob l em as soc i a t ed  wi th  ve ry  high
concen t r a t i ons . )  (7)  To  a sce r t a in  the r e l a t i ve  de t ec t i b i l i t y ,
or  the extent  to which the dye  may be  i den t i f i ed  quan t i t a t ive ly
in  the l ake .  ( I t  wil l  be  no t ed  that  spec i a l  emphas i s  was
g iven  to  the ana lys i s  o f  f l uo rome t r i c  measu remen t  f ac to r s .
Thi s  conce rn  i s  p rompted  by  the f ac t  tha t  the s t r eng th  of
ver i f i ca t ion  depends  inheren t ly  on  achieving a r e l i ab l e
co r r e l a t i on  be tween  valid f ie ld  fluorome t r i c  r ead ings
and dye  concen t r a t i ons .

3 .  Lake .  Measu red  quan t i t i e s  o f  so lu t i on  o f  known concen -
t r a t i ons  made  up  o f  60  g rams  and  90  g rams ,  r eSpec t ive ly ,
of Rhodamine B powder  were  r e l ea sed  in s t an t aneous ly  a t
the pOWer plant  ou t l e t s  (which wil l  be  r e f e r r ed  t o  hence -
for th  a s  S t a t i on  0 + 00  of the  d i s cha rge  channe l ,  o r  the  dye
r e l ea se  po in t ) ,  t hus  obta in ing a fu l ly—mixed  influx in to
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the lake. Fluo rome t r i c  r ead ings  versus t ime measu re -
men t s  we re  made f rom se l ec t ed ,  anchored  stations i n
the l ake ;  and ,  f l uo rome t r i c  r ead ings  ve r sus  d i s t ance
measu remen t s  we re  made by  t r ave r s ing  marked  known
d i s t ances .  Ob jec t i ve s :  (1) To  eva lua t e  the dye  d i l u t i on
and lo s s  e f f ec t s  su s t a ined  by  the dye  dosages  ove r  the
approximate Z -mi l e  run  f rom po in t  of dye  r e l ea se  to the
l imit  o f  the ve r i f i ca t i on  zone .  (2)  To  e s t ima te  the r ange
o f  dosage  and concen t r a t i ons  wh ich  wou ld  i n su re  r e l i ab l e
de t ec t i on  ( i .  e .  , no t  be low 0 .  1 ppb and no t  so  h igh  a s  t o
cause  concen t r a t i on  quench ing )  o f  f l uo re scen t  dye  concen -
t r a t i ons ,  within the ve r i f i ca t ion  zone  of the lake dur ing  the
two o r  t h r ee  days  of the f i e ld  ve r i f i ca t i on  pe r iod .  (2) To
compute  l oca l i zed  l a t e r a l  and longi tudina l  d i spe r s ion  coe f -
f i c i en t s  by  the me thod  of va r i ances  u s ing  measu red  concen—
t r a t i on  ve r sus  d i s t ance  da ta  taken ove r  measu red  d i s t ances .

Fi r s t  Comprehens ive  F i e ld  Ver i f i ca t ion  of the Lake T ranspo r t

Mode l .  The following data  were  u sed  a s  input in to  the t r anspo r t  mode l

compute r  p rog rams :  (1) The  ce l l  ve loc i t i e s  computed  by  the hydrodynamic

mode l  co r r e5pond ing  to the ac tua l  lake  flow,  (324 MGD) ,  and the ac tua l

wind cond i t i ons ,  ( 0  MPH) ,  occu r r ing  a t  the Lake Bas t rop  ve r i f i ca t i on  zone

dur ing  the pe r iod ,  June  23—24, 1970 .  (2)  The  concen t r a t i on  o rd ina t e s  a t

uniform time in t e rva l s ,  ob t a ined  f rom a measu red  concen t r a t i on  ve r sus

time cu rve  based  on  con t inuous  f l uo rome te r  sampling taken f rom an

anchored ,  marked pos i t i on  a t  the confluence of d i s cha rge  channel  and  l ake .

Thi s  marked  pos i t i on  a t  the cen t e r  o f  l ake  ce l l  ( 10 ,  15 )  was  t aken  a s  the

cen te r  o f  ”exc i t a t i on  ce l l ”  fo r  the numer i ca l  mode l .  The  concen t r a t i on

ve r sus  time cu rve  was  taken a t  c e l l  (10 ,  15)  a f t e r  r e l ea se  o f  a so lu t i on  o f

1 .17  lb s .  of  dye  t r ace r  d i s so lved  in  2.8. 5 l i t e r s  of lake wa te r  a t  S t a t i on

0 + 00  of the d i s cha rge  channel .  Ob jec t i ve s :  (1) To  p repa re  p red i c t ed
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concentration contour maps for ve r i f i ca t i on  zone  at selected time i n t e rva l s

(3, 6, 12, 2.4 and 48 hour s ) ;  (2) T o  plot computed versus field-measured

concentration versus time data in several cells located a short distance

ins ide  the verification zone, during the first 24 hours after release of dye.

(3) T o  plot on a contour map the averaged computed field-measured concen—

trations in several selected cells located in the middle of the verification

zone measured during the second 24 hours after the release of dye. (4) T o

plot vertical concentration profiles for two cells in the verification zone.

(Note: One cell is located a short distance inside the verification zone;

another is located mid-zone.) Concentration measurements were made

both in the laboratory on "grab" samples, and in the field by continuous

flow-through fluorometer measurements. (5) T o  compute time-of-travel

of peak concentration for selected areas in the verification zone.

Second Comprehensive Field Verification of Lake Transport

Model. The following were used as input data into the transport model

computer‘program: (l) The cell velocities computed by the hydrodynamic

model correSponding to the actual lake flow, (324 MGD), and average wind

conditions, ( l O l M P H  — South), occurring at the verification zone on June 30,

1970. (Z) The concentration ordinate values at uniform‘ time intervals

obtained from the measured concentration versus time curve based on

continuous fluorometer sampling, taken from an anchored, marked position

at the confluence of the discharge channel and the lake. This marked
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position a t  the end  of the conc re t e - l i ned  channel i s  the cen t e r  of mode l

ce l l  ( 11 ,  15). This  ce l l  was  u sed  a s  the " exc i t a t i on  ce l l ”  fo r  the compu ta t i ons

of  the s econd  ver i f ica t ion  t e s t .  The concen t ra t ion  ve r sus  time cu rve  was

taken  a t  c e l l  (11 ,  15) a f t e r  r e l ea se  of 1 .225  lb s .  of dye  d i s so lved  in

28 .  5 l i t e r s  of  lake wa te r  a t  S ta t ion  0 + 00  of  the d i s cha rge  channel .  Us ing

~ as  input  in  the channel  t r anspo r t  mode l ,  the value of the ac tua l  dosage ,

( l .  2.25 l b s ) ,  and the value o f  the ave rage  longi tudinal  ve loc i ty  r e su l t i ng

f rom wind  cond i t ions  (10  MPH - South)  occu r r ing  on  June 30 ,  1970 ,  the

concen t ra t ion  ve r sus  time cu rve  for  the end  of the d i s cha rge  channel

was  compu ted .  Th i s  compu ted  cu rve  was  compared  With the t empera tu re

co r r ec t ed  measu red  cu rve .  Ob jec t i ve s :  (1) To  p repa re  p red i c t ed  concen-

t r a t i on  con tou r  maps fo r  the ve r i f i ca t ion  zone  fo r  12  and 24  hou r s  a f t e r  dye

re l ea se .  (2) To  p lo t  computed p red i c t ed  ve r sus  f i e ld -measu red  concen t r a t i on

ve r sus  time da t a  fo r  s eve ra l  s e l ec t ed  ce l l s  i n  the ve r i f i ca t ion  zone  dur ing

the f i r s t  24  hou r s  a f t e r  r e l ea se  of the dye .  (3) To  compute  t ime-o f—trave l

of peak  concen t r a t ion  fo r  s e l ec t ed  a r ea s  in the ver i f ica t ion  zone .

Genera l  Desc r ip t i on  o f  Equipment  and Ma te r i a l s

Main Tes t i ng  Equipment. See  Pho tos ,  F igu re  7 -1 .  The

boa t ,  a KENNER SKI  BARGE,  powered  with 33  HP EVINRUDE ou tboa rd

motor  was  equipped with the following in s t rumen t s :

1 .  F luo rome te r  and Anc i l l a ry  Equipment. TURNER Mode l  III
' f luorometer  equipped with the con t inuous - sampl ing  doo r



(a) General View o f  Equ ipmen t .
No te :  P r i ce  Me te r  Cab le  Winch  and  Ou t r igge r  fo r
Suspens ion  o f  Me te r  a t  Uppe r  (Bow)  pa r t  of. Boa t .

(13) Close r  V iew of Equ ipmen t .
Note :  Con t inuous  F low F luo rome te r ,  Anemomete r ,
Disc re t e  Shallow Sample r ,  Pho to  Equ ipmen t

Figu re  74 .  Boa t  and  Tes t  Equ ipmen t .

.12.
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door  f i t t ed  wi th  i n t ake  and  d i s cha rge  hoses. A spec i a l
hood was  dev i sed  to  r educe  l i gh t ,  l e akage  i n to  the
in s t rumen t ,  and  a ba se  equ ipped  wi th  small shock
abso rbe r s  was  dev i sed  t o  dampen v ib ra t i ons .  E l ec t r i ca l
power  was  supp l i ed  by  a 1250  W. , 115  V a .  c .  , 60  cps
a l t e rna to r  d r iven  by  3 .  5 HP gaso l ine  eng ine .  A JABSCO
mode l  B3M6 pump supp l i ed  a 2 gpm flow th rough  the
fluorome te r .  A YELLOW SPRINGS INSTRUMENT
COMPANY Mode l  410  the rmis to r  p robe  was  i n s t a l l ed  i n
the f l uo rome te r  d i s cha rge  l ine  and  connec t ed  t o  a ba t t e ry—
powered  YELLOW SPRINGS INSTRUMENT COMPANY
f i e ld  Mode l  43  TD Te le - the rmomete r .  I npu t  f rom the
fluorome te r  and  the rmomete r  was  t r ansmi t t ed  and r eco rded
on  the s t r i p  cha r t  o f  a YELLOW SPRINGS INSTRUMENT
COMPANY Mode l  81  dua l  channe l  r eco rde r .  The  cha r t
speed  was  s e t  a t  30 inches  pe r  hou r .

Wate r  Ve loc i ty  Me te r .  A PRICE cu r r en t  me te r  cons i s t i ng
of a 6 -vane  ro to r  equ ipped  wi th  aud io -headphone  a t t ach -
men t ,  and  a s t anda rd  75  —1b. l e ad  we igh t  was  u sed .  The
boa t  was  f i t t ed  wi th  a c ro s s - a rm and  ou t r i gge r  fo r
moun t ing  and  ope ra t i ng  the cab l e  w inch .  The  winch  was
equ ipped  wi th  a dep th  d ia l  which enab led  the p l acemen t  of
the me te r  a t  de s i r ed  dep ths .

Anemomete r .  A 3—cup CASELLA con tac t  anemomete r  was
used .  The  in s t rumen t  was  equ ipped  wi th  an  aud io -v i sua l
coun te r  and a wind speed  conve r s ion  cha r t .

Ver t i ca l  Sampling Dev ice .  An improv i sed  a r r angemen t
was  used  cons i s t i ng  o f  a s e r i e s  o f  n ine  s to r age  ba t t e ry -
type  rubbe r  sy r inges  spaced  a t  one—foot  i n t e rva l s  on  a wood
po le .  The  bu lbs  were  evacua t ed  of  a i r  and c l amps  p l aced
on  the co l l apsed  bu lbs .  S imu l t aneous  ve r t i ca l  sampl ing
was  done  by  pu l l ing  a c l amp  r e l ea se  co rd .

Othe  r Equ ipmen t .

1 . The  SAVONIUS cu r r en t  me te r  and f a thome te r  u sed  in  t h i s
s tudy ,  i s  equ ipment  i n s t a l l ed  on  the t e s t  boa t  of the
Appl i ed  Resea rch  Labora to ry ,  Ba l cones  Resea rch  Cen te r ,
The Un ive r s i t y  of Texas  a t  Aus t in .
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2 .  Norma l  hydraulic l abo ra to ry  equipment  and ancillary
fluorome te r  equipment  fo r  t e s t i ng  o f  d i s c r e t e  s amples
o f  lake wa te r  and ,  p r epa ra t i on  o f  t r ace r  s t anda rd
so lu t ions .

Mate r i a l s .

- l .  Rhodamine B so lu t ion  and powder .  (More  de t a i l s  a r e
furnished in  the nex t  s ec t i on  of this  chap te r . )

2.. F loa t  marke r s .

Gene ra l  Desc r ip t i on  o f  Techn iques  Used  in  the Ver i f i ca t i on  Ope ra t i ons .

Genera l .  The  field verif icat ion opera t ions  conducted  in this

s tudy  requ i red  applicat ion o r  adaptat ion o f  the following techn iques :

1 .

2 .

Estimation of Rhodamine B dye dosage requi rements .

Fluo rome t r i c  p rocedure s  fo r  con t inuous  sampling dye
t r ac ing .  '

Disc re t e  ve r t i ca l  "g rab"  sample acqu i s i t i on .

Ve loc i ty  p ro f i l e  and depth measu remen t s .

Wind ve loc i ty  measu remen t s .

Flow and  lake  l eve l  da ta  de t e rmina t ions .

In Chap te r  I I ,  a de sc r ip t i on  was  g iven  o f  a s eve ra l  p rominen t

ex tens ive  f ield inves t iga t ions  which i l l u s t r a t e  the re la t ive ly  advanced

deve lopment  and  the va r iab le  u se s  in dye  t r ac ing  t echn iques .  In  add i t ion ,

the s tud ie s  o f  Pa t t e r son  and Gloyna  (1963) ,  Wi l son  and Masch  (1967) ,

furnished e s sen t i a l  da ta  based  on  p rac t i ca l  f i e ld  cond i t i ons .  Hence ,  on ly

the mos t  e s sen t i a l  a3pec t s  o f  t he se  techniques  wil l  be  d i s cus sed  in the

following s e c t ions  .
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Dosage  Requi rements  Es t ima te s .  The  de t e rmina t ions  of

opt imum dosages  of t r ace r  r equ i r ed  cons ide rab l e  r e sea rch  and  t r i a l  e f fo r t s .

Th i s  a rose  f rom the dec i s ion  to  cons ide r  the channel and lake a s  pa r t  of a

comprehensive hydrodynamic sys t em.  The channel con t ro l l ed  the ini t ia l

condi t ions and thus warranted  spec i a l  ana lys i s .  The r e su l t s  of  computed

dye in jec t ions  into a v i r tua l ly—closed  rec i rcu la t ion  sys t em sub jec t  t o

thermal s t ra t i f icat ion cou ld  no t  be  fully anticipated without f ield t r i a l s

and obse rva t ions .  Seve ra l  formulas  and methods were  analyzed.  Th ree

were  found to  be  s a t i s f ac to ry  fo r  making ra t iona l  e s t ima te s :

1 .  The  Cobb-Ba i l ey  Fo rmula

7 C P
V d :: SXIO —-——Q,'|‘ P

Cd (7-1)

Vd = Volume o f  dye  so lu t ion  to  be  i n j ec t ed  (ml ) .

Cp  = Peak  dye  concen t r a t ion  des i r ed  a t  t e rmina l
s i t e  (ppb ) .

Cd = concen t r a t i on  of dye  so lu t i on  i n j ec t ed  (ppb) .

Q : ave rage  d i s cha rge  ( c f s ) .

tp : Es t ima ted  time in  hou r s  fo r  dye  peak to  t r ave l
f rom in jec t ion  po in t  to  terminal  s i t e .

3 x 107  = combina t ion  o f  conve r s ion  f ac to r s .
(See  Dunn 1968) .
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The  Wi l son  Fo rmula

C
P

Replogle

C.-_- 62.4)-————--—-—S Q( '09

where :

(7-2)

( a s  de f ined  above ) .

Coef f i c i en t  equa l  t o  0 .  O6 /dye  so lu t i on  s t r eng th
i n  r a t i o  fo rm (Fo r  example ,  0 .  4 fo r  40%) .

( a s  de f ined  above ) .

Leng th  o f  r each  (mi l e s ) .

Es t ima ted  ave rage  ve loc i ty  o f  s t r eam (c f s ) .

(as  defined above).  ' ( See  Dunn 1968)

Formula  (1966)

L

V (7-3)

Amount  o f  t r ace r ,  ( l b s ) .

F low,  ( c f s ) .

Expec t ed  ave rage  concen t r a t i on  i n  an  i n t eg ra t ed
sample (ppb) .

D i s t ance  f rom re l ea se  poin t  to  sampling s ec t i on
(f t ) .

Ave rage  longi tudinal  ve loc i ty  ( fp s ) .

Time of  t r ave l  be tween  in jec t ion  and sampling
s t a t i on .
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Using the normal flow, Q : 500 cfs and the measu red  channel

average velocity of l. 3 fps, a field check w a s  made of computed, expected

concentrations at L = 1700 ft. and 4900 ft. for four dosages gradually

increased from 0.11 lbs. to l. 225 lbs. of active Rhodamine B. These

dosages were  made up and released in concentrations ranging from 1. 9 x

6 ppb to 19. 5 X 106 ppb, using 28. 5 liters of channel water as a diluent1 0

at an average temperature of 950 F. In tests for sensitivity, detectability

and stability, it was found that observed readings in the 10-70 ppb range,

corrected for temperature, were within 4. 0% of predicted values. Wider

variations were  noted in tests involving low initial concentrations below

10 ppb.

Two forms of Rhodamine B were used:

1. Powder, with measured dry weight density {:1 50 lbs/
cu. ft.

2. Solution, with following analysis:

Active ingredient: 42. O i 2% by weight.

Specific gravity: 1.120 i 0. 005, at 20/4:0 C.

Total acidity: 48. 0 _+_ l. 5%, as acetic acid.

Special trait: Shows complete dispersion when dropped
in seawater-b

Slightly better predictive results WI .23 obtained u. rig concentrations prepared

with the powder form and with lake water as a diluent.
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The limit of detectability of Rhodamine B concentrations

warranted close attention. According to Patterson and Gloyna (1963) ,  the

minimum limit of concentration detectability is 2.. O x 10'4 mg/liter; and,

the amount of dye needed per 106 cubic feet for minimum detectability is

0. 01248 lbs. Using these data, a theoretical, minimum amount of 10 lbs of

Rhodamine B would be needed to achieve a minimum detectable concentration

level throughout the entire 16, 590 acre—feet content of the lake, assuming

a fully—mixed condition. However, this figure should be considered only

as a guide because of the following realistic factors which influence mixing

and dispersion in Lake Bastrop:

l. The practical limit of continuous flow—through fluorometer
dial accuracy and the limit of sensitivity of detection obtained
in laboratory calibrations w a s  0. 1 ppb, using standard
solutions with lake water as a diluent. The fluorometer
was stable to i l/Z unit.

2. Stratification effects.

' 3. Temperature effects.

' 4. Electronic gain and light leakage.

Thus, the foregoing estimated dye values served purely for preliminary

planning. Laboratory and on—site tests, and observations using varying

amounts of dosages were  found to be indispensable. A s  a result, an optimum

dosage of about 2. 0 0  lbs of Rhodamine B was determined to insure reliable,

detectable readings for tests contemplated in the discharge channel and in

the restricted confines of the selected verification zone of the lake.
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Of  paramount impor t ance  in  th i s  ana lys i s  o f  de t e rmin ing

op t imum dosages  was  the avo idance  o f  l a rge ,  f r equen t ,  o r  poo r ly -p l aced

in j ec t i ons  wh ich  wou ld  r e su l t  i n  an  exces s ive ,  pe r s i s t en t  "background"

bu i ld—up o f  fluorescen t  ac t i v i t y  i n  s t agnan t  zones .  Such  accumula t i ons

and subsequen t  Sporad i c  r e l ea se s  which r e su l t  f rom h igh  concen t r a t i on

dosages  in  l ow—veloc i ty  impoundments  con ta in ing  cons ide rab l e  aqua t i c

g rowth  and s i l t ;  would  r equ i r e  cons t an t  f l uo rome te r  r e - ca l i b r a t i on  due  t o

”background“  va r i a t ion .  Th i s  would  compl ica te  and  p ro long  the cend i t i ons

fo r  consecu t ive  t e s t s  which mus t  be  conduc ted  with  a minimum of  de l ay  i n

o rde r  to  ope ra t e  under  r ea sonab ly  s imi la r  hyd rome teo ro log i ca l  cond i t i ons .

Based  on  the fo rego ing  cons ide ra t i ons ,  s epa ra t e  dosages  o f

56 .9  g rams ,  90  g rams ,  1 .17  l b s  and  l .  225  lb s  were  s e l ec t ed  fo r  u se  i n

sepa ra t e  formal f ie ld  t e s t s .  The  ac tua l  hyd rome teo ro log i ca l  cond i t i ons

occu r r ing  on  June 8 ,  10 ,  18 ,  23 ,  24  and 30 ,  1970 were  u sed  a s  inpu t  i n to

the hydrodynamic and t r anspo r t  model  to  gene ra t e  p r ed i c t ed  va lues  fo r

neces sa ry  ve r i f i ca t ion .

F luo rome t r i c  P rocedure s .  The bas i c  dye  t r ac ing  t echn iques

used  in  the ve r i f i ca t i on  t e s t s  a r e  t hose  desc r ibed  in  U .  S .  Geo log ica l

Su rvey ,  Wa te r  Supply  Pape r  No .  1892  (1968), fo r  con t inuous  sampl ing a t

a dep th  o f  2 f ee t  be low the su r f ace  wi th  a con t inuous  r eco rd  o f  t empera tu re

and d imens ion l e s s  fluorome t r i c  d i a l  r ead ings .
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One a spec t  warrant ing  spec i a l  emphas i s  i s  the need  fo r  ca r e fu l

ca l ib r a t i on  o f  f l uo rome t r i c  equipment  and ad jus tmen t  o f  f ie ld  r ead ings .

S ince  t empera tu re  i s  the predominant  envi ronmenta l  f ac to r  i nfluenc ing  the

fluorescence  o f  Rhodamine B ,  a l l  f l uo rome te r  r ead ings  mus t  be  taken a t  o r

ad jus t ed  to  a . . common  t empera tu re .  In  this s t udy  fluorome te r  ca l ib ra t ion

and t empera tu re  co r r ec t i on  cu rves  were  p repa red  and used  to  make the

ad jus tmen t s .  See  F igu re s  7 -2  and 7 -3 .

Ano the r  impor t an t  po in t  i s  the va r i ance  which ex i s t s  i n  the

f luo rome te r  s ens i t i v i t y  range con t ro l s .  I t  mus t  be  r emembered  that  the

fou r  range  s e l ec to r  pos i t i ons :  30X,  10X,  3X and 1X,  i nd i ca t e  on ly  the

approximate re la t ive  sens i t i v i ty  of the four  pos i t i ons .  The re  a r e  ind ica t ions

that  t he se  s ens i t i v i t y  r a t i o s  va ry  wi th  i n t ens i t y  of u l t rav io lamp ou tpu t .

D i sc re t e  Ve r t i ca l  Sampling. The sampling method used  was

that  which deve loped  by  Wi l son  and Masch  (1967) .  A se r i e s  of  sy r inges

a re  ins t a l l ed  a t  one—foot i n t e rva l s  on  a r i g id  wood po le .  P r io r  to  l ower ing ,

al l  the sy r inge  bu lbs  a r e  evacua t ed  of a i r  and the nozz l e s  c lamped.  Fo r

sampl ing ,  the po le  was  l owered  and a l l  c lamps were  r e l ea sed  s imu l t aneous ly

by pu l l - co rd .

Ve loc i ty  P ro f i l e s  and Depth Sound ings .  Two  methods  of

ve loc i ty  measu remen t s  we re  u sed :

1 .  In  the d i s cha rge  channel :  ve loc i ty  p ro f i l e  measu remen t s
were  taken from anchored  pos i t i ons  a t  the channel  center—
l ine and a t  the two ad j acen t  qua r t e r  po in t s  o f  a channel
t r ansec t ion  a t  S t a t ion  17  + 00 .  Measu remen t s  we re  made
a t  l - foo t  dep th  i n t e rva l s  f rom su r f ace  t o  channel bed ,  u s ing
a P r i ce  cu r r en t  me te r .
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Z.  In  the l ake :  velocity pro f i l e  measu remen t s  we re  t aken
f rom se l ec t ed  anchored  stations a t  one—foot depth
i n t e rva l s ,  u s ing  a con t inuous ly—reco rd ing ,  d i r ec t i ona l
Savon ius  cu r r en t  me te r .

Dep th  sound ings  were  made us ing  a con t inuous ly - r eco rd ing

fa thomete r  fo r  a t r ave r se  a long the thalweg o f  the lake  extending f rom

the end  of the in le t  t o  the  end  of the d i s cha rge  channel .

Wind Ve loc i ty  Measu remen t s .  Wind measu remen t s  we re  ob t a ined

us ing  an anemomete r  wi th  aud io -v i sua l  coun te r .  The  i n s t rumen t  was

p laced  abou t  s ix  f ee t  above wa te r  su r f ace .

Lake F low and Lake Leve l  De te rmina t ions .  F low quan t i t i e s

and r a t e s  we re  obtained d i r ec t l y  from power  p lan t  ope ra t i ona l  r eco rds .

Lake l eve l s  we re  de te rmined  from the Lower  Co lo rado  River  Au tho r i t y

gaging s t a t i on  a t  the dam.

Desc r ip t i on  o f  F i e ld  Ver i f i ca t i on  Tes t s  and  Measu remen t s

- The sequence  of  i tems in  this  final s ec t i on  of the chap te r  i s

keyed  to the s equence  e s t ab l i shed  in  the s ec t i on  on  Scope .

Pre l imina ry  Hydrodynamic and Hydromechanic  Exp lo ra t i ons .

Fo l lowing  a r e  r e su l t s  o f  ac t i ons  t aken  to  sys t ema t i ze  lake  geome t ry ,  g r id

sys t ems ,  bounda ry  cond i t i ons  and r e f e r ence  s t a t i ons  a s  p r epa ra t i ons  fo r

model  computa t ions  and  f ie ld  ve r i f i ca t i on .  The  ave rage  depth  of ce l l s  u sed

as  input  to both  the hydrodynamic and t r anspo r t  mode l s ,  shown ea r l i e r  in

F igu re  6 -1 ,  Were  r e - checked  us ing  the fol lowing map sou rces :
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1. Lower  Colorado River Author i t y  Topographic Map:

Sheet 600—A—17 (R-lOO—C~7) BASTROP POWER PLANT
RESERVOIR.

2. Lake Bastrop - Fisherman's Refe rence  Map, 1969. On
June 18, 1970, a continuously—recorded fathometer
survey was made of the 3-mile lake channel extending
from the end of pOWer plant inlet channel to the terminus
of the discharge channel, and also the lZ-cell test area
at the confluence of the channel and lake. (See Figure 5—5).
The map data and fathometer data reconciled satisfactorily.
The average cell depths (Figure 6—1) are reasonable for
the SOOw-foot grid used in this macro-model study.

Figure 7—4.- shows the cell system coded by numbers
("flags") representing specific combinations of cell
boundary flow conditions, The ”flags" are integral
elements of the transport model computer program
(PROGRAM TRACER), described in the Appendix A.
A similar flag system was used in the hydrodynamic
model computer program (PROGRAM HYDROD 11),

which generated cell velocity input for PROGRAM TRACER.

Also, on June 18, 1970 velocity profiles were measured
using a Savonius meter at selected locations to "spot-check"
velocities generated by the hydrodynamic model. Figure
7—5 shows velocity profiles in a vertical plane, measured
at two selected cells, which typify four profiles taken
equidistantly along the lake main channel between cell
centers (9, 15) and {6, 12) .  Figure 7-5 also shows the
computed average velocities for the two given cells. The
values were generated using the hydrodynamic model
assuming that the upper 30 percent of the lake is a fully—
mixed stratum. Measurable steady velocities were
restricted to an 8~foot surface stratum. Velocity measure—
ments at greater depths were hampered by a profusion of
aquatic plants, and the insensitivity of the Savonius current
meter to low velocities of 10'1 to 10 ‘2  fps order of
magnitude.

11 See Chapter IV regarding the algorithm developed by
Masch, et a1, 1969.
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The  velocity profile measu remen t s  confirm tha t  a. two-«layer

s t r a t i f i c a t i on  p reva i l s  i n  mos t  o f  the l ake .  The  top  stratum i s  e s sen t i a l l y

a fu l lyumixed ,  h igh ly~advec ted  l aye r ,  the l ower  i s  e s sen t i a l l y  a "dead  zone”

reg ion  which i s  s t ab i l i zed  ve r t i ca l l y  by  tempera ture  g rad i en t s  and ho r i zon ta l l y

by  r e s i s t ance  t o  flow due t o  dense  aqua t i c  g rowth  and a h igh ly - inden ted

bo t tom topography .  The fol lowing tabula t ion  i s  an  ex t r ac t  of  compu ted

ve loc i ty  component  va lues  fo r  consecu t ive  ce l l s  in l ine with ce l l  ( 6 ,  12.) and

ce l l  ( 9 ,  15):

Tab le  7-1. Ext rac t  f rom Computed  Ve loc i ty  Outpu t  o f  Hydrodynamic  Mode l

Assuming  S t r a t i f i c a t i on .

(Ve loc i ty  Componen t ,  f ee t  pe r  s econd)
I J wdi rec t i on1  y -d i r ec t i on  Z

2 12  +0 .000000  +0 .000000
3 12  +0.053169 - 0 .069926
4 12  +0.044114 -0.019667
5 12  - 0 .022946  +0.014873

6 12 -0. 081686 -0. 049065
7 12  +0 .000000  -0 .081715
8 12  +0 .000000  +0 .000000

6 15  - 0 .00007Z  +0 .000000
7 15 —0.062486 +0.000108
8 15  —0.132563 +0.0QQOOO

9 15  —O.282459 +0 .000000
10  15  ~0.405988 +0 .000000
11  15  +0 .000000  +0 .000000

lNega t ive  s ign  i nd i ca t e s  vec to r  d i r ec t i on  i s  no r th ;  pos i t i ve
s ign  i nd i ca t e s  sou th  d i r ec t i on .

Nega t ive  S ign  ind i ca t e s  vec to r  d i r ec t i on  i s  wes t ;  pos1 t1ve
s ign  i nd i ca t e s  ea s t  d i r ec t i on .
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The  tabulated ex t r ac t  o f  velocities typif ies  the o rde r  of magni tude of compu ted

ve loc i t i e s  t h roughou t  the l ake .  I t  i s  a l so  o f  i n t e r e s t  that  the ave rage  ce l l

ve loc i t i e s  ba sed  on  a 30% depth  s t r a t i f i c a t i on  were  only  s l i gh t ly  l a rge r

than the computed ve loc i t i e s  ba sed  on  a fu l ly-mixed l ake .

Ana lys i s  of ac tua l  ve loc i ty  and t empera tu re  p ro f i l e s

compel led  fur ther  ac t i on  r ega rd ing  the ini t ia l  a s sumpt ion  made in  the

hydrodynamic model  of  a homogeneous ,  shal low,  ful ly—mixed l ake .  The re~

fo re ,  e f fo r t  was  t u rned  f i r s t  to the t a sk  o f  examining the f ea s ib i l i t y  o f

developing a r ea l i s t i c  ad jus tment  fo r  thermal s t ra t i f i ca t ion  i n  the t r anspo r t

mode l  while  s t i l l  u s ing  ve loc i t i e s  compu ted  f rom the hydrodynamic  mode l ,

and then to the t a sk  of  examining the ve loc i t i e s  ba sed  on  a fu l ly -mixed

su r face  s t r a tum of  var iab le  t h i cknes s .  A ra t iona l  ba s i s  fo r  t he se

examinations was  afforded by  the following theo re t i ca l  concep t s  and f i e ld

s tud i e s :

, 1 .  The  concep t  of the ”ba roc l in i c  l aye r”  that  ha s  become
f i rmly e s t ab l i shed  in  oceanography ,  and  which  invo lves
the dependence  of  the depth  of the l ower  bounda ry  of a
cu r r en t  on  wa te r  s t r a t i f i c a t i on  and on  the wind f i e ld  ove r
the s ea ,  (Fomin  1964) .  Acco rd ing  to Fomin (1964) ,  " t he
ba roc l in i c  l aye r  i s  the l aye r  o f  wa te r  ex tending  f rom the
su r f ace  to  some  depth, which i s  unde r  the influence  of
the wind- induced  cu r r en t .  The  cu r r en t  ve loc i ty  and
tangent ial  s t r e s s  mus t  be  ze ro  a t  the l ower  bounda ry  o f
this l aye r .  A wind—driven cu r r en t  does  no t  p ropaga t e
beyond  the ba roc l in i c  l aye r . "

2 .  The  findings o f  Okubo (1968)  r ega rd ing  ocean ic  d i f fu s ion
and Wiege l  (1961) r ega rd ing  eng inee r ing  aSpec t s  o f  wave
Spec t r a  and mixing o f  su r f ace  wa te r s  ~ sugges t  va l i d
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approximat ions  r ega rd ing  t empera tu re  - dens i ty~  dep th
r e l a t ionsh ips  in  s t r a t i f i ed  impoundmen t s .  These  f i nd ings
appea r  to be  mac roscop ic  app l i ca t i ons  o f  the "ba roc i in i c
l aye r”  concep t .  These  concep t s  w i l l  be  d i s cus sed  f1.1rther
in  developing the ”depth  ra t io  co r r ec t i on"  fo r  s t r a t i f i c a t i on
l a t e r  on  in  this  s ec t i on .

~In addi t ion,  following F i sche r ‘ s  (1966) approach  fo r  de t e r~

mining d i spe r s ion  coe f f i c i en t s ,  a r ea l i s t i c  ad jus tmen t  was  deve loped .  fo r

the d i spe r s ion  coef f ic ien t  a lgori thm in  the t r anspo r t  mode l  to  be  d i s cus sed

l a t e r .  These  "ad jus tmen t s "  r ep re sen t  c ruc i a l  po in t s ,  encoun te red  soone r

or  l a t e r  in al l  mode l ing .  Hays ,  e t  a1  (1966) ,  f o r  example ,  found tha t :

”The  complex i ty  and va r i e ty  o f  the geome t ry
and hydrodynamics  of r i ve r s  i nd i ca t e s  tha t
some  r igo r  wil l  have to  be  s ac r i f i ced  t o  ob t a in
a so lub l e  desc r ip t i on .  "

Regard ing  t r anspo r t  phenomena B i rd ,  e t  a1  (1960) wro t e :

”Qu i t e  o f t en ,  a s imp le r  mathematical .  mode l  ba sed
upon sounde r  p remises  will yield f a r  more  advant—
ages  than a qu i t e  soph i s t i ca t ed  mode l  ba sed  upon
a l e s s  f i rm founda t ion .  Approx ima t ion ,  a f t e r  a l l ,

-may  be  i n  two p l aces  — i n  the cons t ruc t ion  of the
model and in  the so lu t ion  of  the a s soc i a t ed
equa t ions .  I t  i s  no t  a t  a l l  c l ea r  which y i e ld s  a
more  jud i c ious  approximat ion.  "

Ana lys i s  o f  Ini t ial  Cond i t i ons ,  P rocedure  Fami l i a r i za t i on  T r i a i s

and Ca l ib ra t ion  o f  Equipment .  Fol lowing a r e  r e su l t s  o f  t e s t s  t o  da t e  rmine

i f  the channel model  cou ld  be  u sed  to  p roduce  p red i c t ab l e ,  s imu la t ed ,  i n i t i a i

concen t r a t i on  condi t ions  fo r  the lake  mode l .  I nc iden t  t o  t heSe  t e s t s ,  a l l .

f ie ld dye t racing techniques  and equipment  we re  eva lua t ed  for  su i t ab i l i t y

and re l i ab i l i ty .
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Check on Channel Mode l  Pa rame te r s  and Mixing Prope r t i e s .
Figu re s  E-l, E-Z ,  and E ~ 3  (Append ix  E) show channe l
test data  based  on r e l ea se  of 56. 9 grams of Rhodamine B
at Station 0 + 00. Figu re  E-l, shows  the time-concentration
d i s t r i bu t ion  at Station 17  + 00. This  near—Gaussian
distribution is typical of other plots taken at this station
and confirms the validity of the channel model algorithm
which incorporates the following "physical cons tants”:

Velocity = l. 30 fps

Hydraulic radius = 5. 74

Manning’s n = 0.016

Using these values in Taylor's equation for the open—
channel longitudinal dispersion coefficient gives a value
of D _—.6 85 ft2 /sec which also was adopted as another
”physical constantH for the Bastrop Channel.

Measurements for Lake Dispersion Coefficients. Figures

E - Z  and E — 3  show concentration versus distance curves
between selected cells. These data were  obtained to
compute the longitudinal, (DLX) ,  and lateral, ( D L  Y ) ,
coefficients of dispersion in the lake. Using the method
of variances D L =  l/Z (d 0' 2 / d t ) ,  (PROGRAM TRACE,
Appendix C), values of DLX-— 17.71 ftZ/sec and
D L Y  — 5.60 ft2 /sec were computed for the localized 3- cell
area shOWn in the cited Figures.

Additional Tests:Determine the Conditions Produced by_
the Channel Model. Figures F-l, F-Z, F - 3  and F - 4
(Appendix F) show channel and lake dye test data based
on a dye release of 9 0  grams. Figure F ~ l  confirms the
Gaussian-type concentration vs. time distribution at
channel Station 17  + 00. Figure F ~ Z  shows a character-
istically-skewed concentration distribution delivered as
input to the first computational cell. Figure F - 3  and F - 4
show concentration vs. distance data for the channel and
lake used to compute dispersion coefficients. Conforming
to earlier values computed for the same localized area,
coefficients of D L  — 6. 65 ftZ/sec and D : 17. 25 ftZ/sec
were obtained fort/he channel and lake, respectively.
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These  tests showed  that  the d i s cha rge  channel could be  used

as  a r e l i ab l e  t i r ne -va ry ing  input mechan i sm fo r  the l ake  mode l .  HOV/eve r ,

two impor tan t  ad jus tmen t s  a r e  neces sa ry  to  r econc i l e  more  c lo se ly  the

obse rved  and computed concent ra t ion  v s .  t ime cu rves  fo r  channel s t a t i ons :

., 1 .  The ave rage  ve loc i ty  u sed  in  the channel model mus t  be
co r r ec t ed  fo r  wind e f f ec t .

2 .  The  f l uo rome te r  mus t  be  ca l i b r a t ed  ca re fu l ly  and  the
obse rved  concen t r a t i ons  mus t  be  co r r ec t ed  fo r  h igh -
t empera ture  e f f ec t s  which prevai l  in  the channel .

F luorometer  s ens i t i v i t y  checks  th roughout  the 12 -ce l l  t e s t

a r ea  o f  the ve r i f i ca t i on  zone  i nd i ca t ed  minimum read ings  of 0 .  5 ppb were

de tec tab le  a s  f a r  ou t  a s  ce l l  marke r  6 ,  l oca t ed  abou t  2 ,  000  f ee t  f rom the

end o f  d i s cha rge  channel .  Af t e r  Widespread  checking ,  i t  was  de termined

tha t  a. dosage  of  1 to 2 l b s  of  ac t ive  Rhodamine B mater ia l  would be  adequate

to  i n su re  measu rab l e  and  r eco rdab le  de t ec t i on  throughout  the ve r i f i ca t ion

a rea  s e l ec t ed  for  f ie ld t e s t s .  See  F igu re s  7 -6A and 7 -6B .

F i r s t  Comprehens ive  F i e ld  Ver i f i ca t ion  of  the Lake T ranspo r t

Mode l .

1 .  De te rmina t ion  of S t r a t i f i ca t ion  Cor rec t i on  fo r  Computed
Concen t r a t i ons .  I t  was  i nd i ca t ed  ea r l i e r  in  th i s  chap te r
that  due  to s t r a t i f i c a t i on  co r r ec t i on  f ac to r s  wou ld  be
determined for  the d i spe r s ion  coeff ic ient  a lgor i thm and
fo r  the computed  concen t r a t i ons .

a .  The d i spe r s ion  coef f ic ien t  a lgori thm co r r ec t i on .
I t  was  de termined that the Tay lo r  d i spe r s ion  coef f i c ien t
a lgo r i t hm in  the lake t r anspo r t  mode l  compu te r
p rog ram shou ld  be  mul t ip l i ed  by  a f ac to r  of f i f ty  (a
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value found a f t e r  t e s t i ng  a s e r i e s  o f  factors r ang ing
f rom 10  to  100 ) .  Th i s  co r r ec t i on  f ac to r  p roduced
coe f f i c i en t s  i n  the t r anspo r t  model  that we r e  compat ib le
with va lues  o f  coe f f i c i en t s  i n  the x -and  y -d i r ec t i ons ,
compu ted  by  the me thod  o f  va r i ances  u s ing  obse rved
dye  t r ace r  d i s t r i bu t ion  da t a .  The  co r r ec t i on  to  the
Tay lo r  d i spe r s ion  coe f f i c i en t  a lgo r i t hm was  neces sa ry
i n  o rde r  to accommoda te  p ronounced  wind shea r  e f f ec t s
and the s tochas t i c  na tu re  o f  su r f ace  f l uc tua t ions  o f
the lake su r f ace .  These  two  f ac to r s  ove r shadow the
e f f ec t s  o f  o the r  ce l l u l a r  va r i a t i ons  due  t o :  s t r a t i f i c a t i on ,
p ro fuse  aqua t i c  p lant  g rowth ,  i r r egu la r  bo t tom topo -
graphy ,  and  sed imenta t ion .  I t  was  ev iden t  f rom re su l t s
o f  the f i r s t  comprehens ive  t e s t s ,  tha t  unique p ro to type
cond i t i ons ,  a s  d i s cus sed  above ,  compel  a ” f eedback”
r ead jus tmen t  to  the ini t ial  experimental  numer i ca l
mode l .  Tes t  r e su l t s  i nd i ca t e  that  th is  co r r ec t i on  was
an  e f f ec t i ve  pa r t  of the ad jus tmen t  needed  to  r econc i l e
the obse rved  and compu ted  concen t r a t i on  va lues .

The  Dep th  Ra t io  Cor rec t i on  fo r  Computed  Concen t r a t i ons .
The second  component  of ad jus tmen t ,  the dep th  r a t io
co r r ec t i on ,  s t ems  bas i ca l l y  f rom a mac roscop ic
appl ica t ion  of  the concep t  of the "ba roc l in i c  l aye r” ,
and Okubo ' s  (1968) ocean ic  di f fus ion s tud i e s .  These
concep t s  and s tud i e s  we re  a l luded to  ea r l i e r  i n  this
sec t i on .  The following rat ionale i s  p r e sen t ed .  A
s tudy  of the ve loc i ty  and  t empera tu re  p ro f i l e s  in  the
lake  show a r e l a t i ve  cons t ancy  on ly  i n  a su r f ace  l aye r
of l imi t ed  t h i cknes s .  The  r ea son  seems  to  be  t ha t  a l l
t u rbu l ence  i n  the l ake  f low r ema ins  con f ined  wi th in
this su r f ace  l aye r ,  and make the p ro f i l e s  un i form.
The re fo re ,  i t  c an  be  a s sumed  the phenomena of
t u rbu l en t  d i spe r s ion  t akes  p l ace  in th is  su r f ace  l aye r
only ,  while mo lecu l a r  d i f fus ion p redomina tes  else—
where .  Howeve r ,  the l a t t e r  d i f fu s ion  i s  o f  a ve ry  l ow
orde r  of  magn i tude .  Th i s  i s  t r ue  because  the ve loc i t i e s
encoun te red  in  the lake a r e  ve ry  smal l ,  with an o rde r
of magni tude  of 10 '1  fp s .  In  exper iment ing  w i th  the
lake  t r anspo r t  mode l ,  i t  was  dec ided  to  a s sume
i n i t i a l ly  tha t  t u rbu l en t  flow ex i s t ed  t h roughou t  the
en t i r e  dep th  o f  the l ake .  And ,  i f  t h i s  was  found no t
to  be  t rue ,  then e f fo r t  would  be  d i r ec t ed  t oward
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finding the “e f fec t ive  s t r a tum”  in  which turbulent
flow could be  a s sumed  to  be  conf ined .  As  expec t ed ,
obse rva t ions  of dye  r e l ea se s  i nd i ca t ed  t ha t  the dye
was  no t  uniformly d i s t r i bu t ed  t h roughou t  the dep th
of the lake bu t  r a the r  was  confined to  the su r f ace
l aye r  of the l ake .  The  ”e f f ec t i ve  s t r a tum"  can  be
dete rmined  by  a Se r i e s  o f  succes s ive  approximat ions
regard ing  the value of the ful ly-mixed depth u sed
in  the hydrodynamic  mode l  un t i l  ve loc i t i e s  a r e
obta ined which p roduce  r ea l i s t i c ,  verif iable concentra—
tion d i s t r ibu t ion  pa t t e rns  requi r ing  only minor  ad jus t -
ment  when used  in  the lake  t r anSpor t  mode l .  In  o rde r
t o  fac i l i t a te  the explanation o f  the succes s ive  app rox i -
mat ion t echn ique ,  f i r s t  r e f e r  t o  F igu re  7 -7 .  Le t
DEXCIT  = dep th  of  the exc i t a t i on  ce l l .  And ,  suppose
that  the bulk of  the t r ace r  dye concen t ra t ion  in  the
exci ta t ion ce l l  i s  in  a top l aye r  of th i ckness  x .  Fu r the r
l e t

DEXCIT
= a cons t an t , €  .

x

(7-4)

At  some  o the r  nea r -  by  ce l l  of  ave rage  dep th ,  DI  J ,
the th ickness  of  the top  l aye r  i s  x + x ' ,  where  X' i s
ve ry  sma l l ,  such  that x + x '  :3 x ,  because  d i f fus ion
i s  cons ide red  neg l ig ib l e  a t  the i n t e r f ace .

The re fo re ,  i f  we  a s sume  ”b r ing ing  al l  concen t r a t i on
to  the  t op  l aye r " ,  the co r r ec t i on  f ac to r  fo r  ce l l  (1, J )
i s :

(7-5)

Subs t i t u t i ng  the va lue  o f  x f rom’Equa t ion  (7 -4 )  we
obta in:

D DF1 = II J =___L_______EI J
’ D E X C J T / f  DEXCIT

(7-6)
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Figu re  7-7_
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A -----9>

x ~ STRATiFIED x+x '
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4‘

DExc i to t i on

CE”  DI  J

Depth  Rat io  Cor rec t i on  fo r  S t ra t i f i ca t ion
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The  va lue  o f  the cons t an t ,  FLJ  i s  unique fo r  each
ce l l ,  and i s  a l so  unique insofar as  a g iven  combina t ion
of  wind  speed ,  wind d i r ec t i on ,  t empera tu re  p ro f i l e ,
ve loc i ty  p ro f i l e ,  and f low r a t e .  The  f ac to r  exp re s sed
i n  Equa t ion  (7-5) i s  de t e rmined  fo r  each  ce l l  and  app l i ed
to  the compu ted  concen t r a t i on  o f  each  ce l l .  These
co r r ec t ed  va lues  fo rm the bas i s  o f  concen t r a t i on
d i s t r i bu t ion  con tou r  maps  deve loped  and d i s cus sed
l a t e r .

The  fo rego ing  t echn ique  i s  u sed  succes s ive ly ,
s t a r t i ng  w i th  the a s sumpt ion  o f  a f u l l y -mixed  l ake  i n
the hydrodynamic  model .  Then  us ing  the r e su l t i ng
ve loc i t i e s  i n  the t r anspo r t  mode l  de t e rmine  the
tenta t ive  va lues  o f  g and F I  based  on  a compar i son
o f  computed  ve r sus  obse rved ’concen t r a t i on  va lues .
Th i s  p roces s  i s  r epea t ed  unt i l  a va lue  o f  g i s
de t e rmined ,  wh ich  when used  to  ad jus t  the dep ths  o f
the hyd rodynamic  mode l  fo r  s t r a t i f i c a t i on  e f f ec t s ,
produces  ve loc i t i e s  fo r  the t r anspo r t  mode l  which
y ie ld s  concen t r a t i on  d i s t r i bu t ions  that  can  be  c lo se ly
reconc i l ed  with  those  obse rved .  Fo r  example ,  i n  the
two ve r i f i ca t i on  t e s t s  made in  th i s  s t udy ,  the in i t i a l
ve loc i t i e s  u sed  i n  the  t r anspo r t  mode l  we re  gene ra t ed
f rom the  hyd rodynamic  mode l  a s suming  a fu l l y -mixed
lake .  I n i t i a l  t en t a t i ve  va lues  of = 4 .  O and 3 .  25
re spec t ive ly  were  u sed  to  compute  the indiv idual  ce l l
co r r ec t i on  f ac to r s  needed  to  r econc i l e  obse rved  and
computed  concen t r a t i ons .  New ve loc i t i e s  we re  aga in
compu ted  f rom the hydrodynamic  mode l  a s suming  an
upper  l aye r  of  s t r a t i f i ca t ion  amounting t o  1 /4  and
1 /3 .  25 of the t o t a l  dep ths .  Us ing  the new ve loc i t i e s ,
a new E f ac to r  o f  2 .  3 was  de t e rmined ,  and  adequa t e
r econc i l i a t i on  be tween  computed  and obse rved  va lues
was  achieved.

The f eas ib i l i t y  and p rac t i ca l i t y  of the above -desc r ibed
method  fo r  the co r r ec t i on  of  computed  concen t r a t i on
va lues  i n  o rde r  t o  r econc i l e  t hem wi th  the obse rved
concen t r a t i on  va lues  pe r t a in ing  to  the  Lake  Bas t rop
t r anspo r t  model  and t e s t s  a r e  s t rong ly  enhanced  by
r e levan t  quant i ta t ive  and qual i ta t ive  r e su l t s  o f
l abo ra to ry  flume t e s t s  conduc ted  by  Stefan  (1970) .
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These  flume tests s imu la t ed  the va r ious  bas i c  f low
pa t t e rns  of hea t ed  wa te r  f rom an  open  channel  i n to  a
r e l a t i ve ly -co lde r  and  e s sen t i a l l y  s t agnan t  r e se rvo i r .
The  flume t e s t s  r evea l ed  quan t i t a t ive  and qua l i t a t i ve
compos i t e  e f f ec t s  of buoyancy ,  v i s cos i t y  and  temper—
a tu re  s t r a t i f i c a t i on  cond i t ions  o f  channel  d i s cha rge
on  the r e se rvo i r  f low, a s suming  a two—layer,  i nv i sc id
flow Sys t em downst ream f rom the channel ou t l e t .  The
Stefan  (1970)  flume exper imen t  s imu la t i ons  i nc luded
flow and s t r a t i f i c a t i on  cond i t i ons  ana logous  t o  t hose
encoun te red  i n  th i s  s t udy  inc iden t  t o  the f i e ld  ve r i f i ca t i on
ope ra t i ons  of the Lake  Bas t rop  t r anspo r t  mode l .  The
Stefan (1970) r epo r t  ind ica ted  the pos s ib l e  t ypes  of
t ime-ave raged ,  i so the rm conf igu ra t ions  and in t e r f ace
pa t t e rns  a t  the confluence  of the channel  ou t l e t  and  the
re se rvo i r .  Pa t te rns  were  r evea l ed  i n  the flume t e s t s
whe re  mass  t r ans fe r  and  mixing occu r r ed  a t  the wedge ,
wave o r ,  s t r a t i f i ca t ion  i n t e r f aces  and,  pa t t e rns  a l so
occu r r ed ,  howeve r ,  where  t he se  phenomena d id  no t
evo lve ,  depending on  the d i s t ance  f rom the channe l
ou t l e t .  Ana logous  s i t ua t i ons  were  encoun te red  i n
Lake Bas t rop  mode l  ve r i f i ca t i on  zone  in  a r ea s  away
f rom the immedia te  confluence  zone .  Bo th  i n  the
S te fan  (1970)  flume t e s t s  and in  the ac tua l  f i e ld
explora t ions  and ver i f i ca t ion  t e s t s  of the Lake Bas t rop
t r anspor t  model ,  i t  was  no t ed  that  nea r  the open
channel  ou t l e t  the t he rma l  s t r a t i f i c a t i on  o r  concen t r a—
tion  g rad i en t  in te r face  was  sub j ec t  t o  random ve r t i ca l
d i sp l acemen t s .  Of  cou r se ,  in  the f ield ope ra t i ons
these  d i sp l acemen t s  Were  no t  a s  ea s i l y  o r  a s  rap id ly
de t ec t ed  a s  they appear  to  be  in  the flume t e s t s .
Ste fan  (1970) i nd i ca t ed  tha t  the maximum th i cknes s ,
d1 ,  of  the hea ted  wa te r  l aye r  downs t r eam f rom the
ou t l e t  was  found f rom the flume exper iments  in  th ree
ways :  (1) The  d i s t ance  f rom the wa te r  su r f ace  to  the
v i sua l  i n t e r f ace .  (2)  The  d i s t ance  f rom the wa te r
su r f ace  t o  the t empera tu re  i n f l ec t i on  po in t .  (3) The
d i s t ance  f rom wate r  su r f ace  t o  the t empera ture  mid -
po in t ,  which  i s  the a r i thmet ic  mean be tween  the
g rea t e s t  hea t ed  wa te r  and co ld  wa te r  t empera tu re s .
The  fol lowing spec i f i c  conc lus ions  o f  the S t e f an  (1970)
flume t e s t s  fo rm s t rong  p rac t i ca l  j u s t i f i c a t i on  fo r  the
adoption of  the succes s ive  approximation technique
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and the ad jus tmen t  f ac to r s  r ep re sen t ed  by  Equa t ions
(7—4), (7-5) and (7 -6 ) :

”For  rough  e s t ima te s ,  the flow
f rom a channel  i n to  an  impound-
ment in  the. p r e sence  of buoyant
fo rce s  may be  cha rac t e r i zed  in
t e rms  of ou t le t  geome t ry ,  Reynolds
number ,  dens ime t r i c  F roude  number
a t  the  ou t l e t ,  and  ave rage  dep th  o f
the warm wa te r  l aye r  downs t r eam o f
the ou t l e t .  The  l a t t e r  i s  con t ro l l ed
by the coo l ing  p roces s  and the flow
i n  the  r e se rvo i r .  "

I t  i s  a l so  s ign i f ican t  that  i n  ana lyz ing  the S tefan
(1970) plots  of the d imens ion less  depth ra t io  d l /dO

ve r sus  the i n t e rna l  o r  r educed  F roude  number s  a t
the ou t l e t ,  the t h r ee  ways  i n  wh ich  d1  cou ld  be  de f ined
seemed  to  have no  ma jo r  e f f ec t  on  r e su l t s .  (No te :
(1 i s  the depth  of the warm wa te r  l aye r  downs t r eam
from the channel  ou t l e t ,  and d0  i s  the dep th  of  the
hea t ed  wa te r . )

Based  on  the fo rego ing ,  i t  i s  be l i eved  tha t  succes s ive
technique,  u s ing  Equat ions  (7—4) through (7 -6 ) ,
i nc lu s ive  r ep re sen t s  a r a t i ona l  syn thes i s  of  the
”ba roc l in i c  l aye r "  concep t ,  Okubo‘ s  (1968) ocean ic
dif fus ion s tud i e s ,  and S t e f an ' s  (1970) flume s tud i e s  to
s imula te  s t r a t i f i c a t i on  o f  f low f rom channel  i n to  a
deep  l ake .  Th i s  syn thes i s  i s  more  r ea l i s t i c  than
adop t ing  cons  t au t—th icknes s  ep i l imn ion  s imp l i f i ca t i ons .
I t  i s  we l l  t o  r e i t e r a t e  the  po in t  made in  connec t ion  w i th
the Equa t ion  (7 -6 ) ,  that  the concen t r a t i on  co r r ec t i on
f ac to r  fo r  a g iven  ce l l  of  the t r anspo r t  model  mus t  be
based  on  the compos i t e  e f f ec t s  of wind speed  and  d i r ec -
t ion ,  t empera tu re  p ro f i l e ,  ve loc i ty  p ro f i l e  and  flow—
through r a t e .

Mode l  Ver i f i ca t i on ,  June 23 -24 ,  1970 .  On  June 23 ,  1970
a r e l ea se  dye  of  1 .17  l b s  was  made a t  S t a t i on  0 + 00  in
the d i s cha rge  channe l .  F igu re  ( 7 -8 )  i s  a p lo t  o f  t he
concen t r a t i on  v s .  time cu rve  measu red  a t  c e l l  ( 10 ,  15 ) ,



270
cm

 
m

m

A
2

. 0
:

. 2
0

0
u

m
m

e
g

a
.

.m
>

: o
C

d
ficw

u
co

O

A
m

o
S

E
E

V
m

>
o

m
o

w
m

<
m

q
m

m
m

o
za

m
i :

m
m

.w
->

2
: t

m
m

 
m

m

u
flm

fio
a

o
sfm

 
v0

5
 

32
.

0
3

3
q

m
n
fim

ch
m

m
7.:

.0
:

H
3

0
nofl

om
m

w
q
flm

a
m

w
n

a
n

fio
fim

h
n

m
u

co
o

cog 
x 

«
.2

 
3

3
?

:
m
fid

N
.“

A
0

n
d

vw
d

m
o
fl

H
an

d
U

o
w

n
m

cyo
m

m
n

as
+ 

o
n

o
m

u
d

u
m

0
3

.6
3

%
3

5
 

mo ufiom
.2.<

 
SA:

0
m

m
o

~
o

m

“S
a

m
e

o
g

m
h

9
5

5
 0 

Beam
 v5

3
.m

 
om

» 
:5

3
. 

$
2

3

$
0

co
m

3
3

%

m
o

n
u

m
m

m
9

3
4

5
5

3
.0

0
0

4

9
::

.8
0

:3
.

B
a

n

<H
<Q

O
u

m
d

w
m

( 8d  d ) NOILVHlNBONOO



271

the f i r s t  computational cell. The curve shows  the
characteristic shape obtained in earlier tests.

Concentration ordinates of this curve at 3-minute
intervals were  used as input to computer PROGRAM
TRACER,  (Appendix A), using cell (10, 15) as the
excitation cell. And, pursuant to the decisions explained
in the previous section (1) the dispersion coefficient
algorithm was multiplied by a factor of 50, and (Z) a value
of = 4 was  determined for the ratio D E X C I T  (See
Equation 7-4). X
In other words, in the excitation cell, the thickness of the
homogeneously—mixed stratum which transports the bulk
of the dye concentration was determined to be equal to
1/4 the total depth. This ratio was determined by consid—
ering temperature profiles, the effects of zero wind condi—
tions, and sub-normal lake levels (5 inches below normal)
specific conditions which prevailed on June 23 and 24, 1970.
These conditions enhanced vertical and lateral diffusion at
the expense of longitudinal dispersion and tended to increase
the thicknesss of the well-mixed surface stratum.

Figures 7-9 to 7-13, inclusive, show the predicted
dye concentration plots in the verification zone to 3, 6,
12, 24 and 48 hours after dye input to the lake. Computed
data for each cell was corrected by its individual cell factor,
using Equation (7-6).

Figure 7—14 shows a comparison of computed vs.
observed concentrations for two typical cells in the
verification zone within the first 2 4  hours after release
of the dye. For each cell, the mean of observed values is
compared with the appropriate segment of the computed
concentration vs. time curve. Figures 7-15 and 7—16
contain the supporting field data.

Verification observations were then carried on during
the second 24 hours after dye release. Figure 7-17  (11
spot check points) shows a concentration contour plot of
48 hours after release of dye and location of the points
where positive verification was made. Table 7-2 lists the
verification points and measurements taken 24 to 30 hours
after dye release. Due to the onset of a steady 12 mph
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LAKE BASTROP MODEL VERIFICATION ZONE

Figure  7-17 .

Flow:  324  M.  G .  D .
Wind: 0 M. P .  H.
Dosage :  1 .17  Lbs .
Time  After  Dye  Re lease :  48  Hrs .

Fie ld  Ver i f i ca t ion  o f  Concentra t ion  Di s t r ibut ions .



TABLE 7 -2

F ie ld  Measu remen t  o f  T race r  Concen t r a t i ons  i n  Lake Bas t rop

Cel l  Number  Station

(7,

(4,

(4,

(4.

(4,

(5,

(6,

(6.

(5,

11)

11)

11)

12)

12)

11)

11)

11)

9)

9)

7)

24  - 30  Hour s  a f t e r  a Dye  In j ec t i on  o f  1.17 Lbs .

Sampling Po in t  Rhodamine B

1 Concen t ra t ion  (ppb)

5 1. 30

A 0 .20

B 0 .20

C 0 .22

D 0 .20

E 0.15

F 0.13

G 0.13

H 0 .  10

J 0 .10

K 0 .00

1See  Figu re  7-17. Fie ld  Ver i f i ca t i on  o f  Concen t r a t i on
Dis t r i bu t ions .
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sou th  wind 28  hours a f t e r  dye r e l ea se ,  i t  was  neces sa ry
that  the compu te r  mode l ,  ( o r ig ina l ly  baSed  on  ze ro  w ind ) ,
be  "pushed  ahead”  to  the 48—hour cond i t i on  i n  o rde r  to
make a l l owance  fo r  the acce l e r a t ed  t r anspo r t  i n  the  wind
d i r ec t i on .  Th i s  p rov ided  a r ea l i s t i c  ba s i s  of compar i son
be tween  obsa rved  and compu ted  concen t r a t i on  fo r  the sec—
ond 24  hou r s .  Sa t i s f ac to ry  r econc i l i a t i on  was  found  be tween
computed  and obse rved  va lues  i n  the s e l ec t ed  ce l l s  fo r  t he
2—day ver i f i ca t ion  t e s t s .

As  pa r t  of the ver i f ica t ion ,  the fol lowing subs id i a ry
' ana lyses  were  made:

a .  T ime—of—trave l ;

b .  Ve r t i ca l  concen t r a t i on  p ro f i l e s .

Figu re  7—18 i s  the concen t r a t i on  con tou r  o r  i sop l e th  p lo t
i n  the ve r i f i ca t i on  zone  a f t e r  48  hou r s ,  i nd i ca t i ng  the
p lo t t ed  pos i t i ons  of the dye  peak  and c loud  leading  edge
(a s sume  the l ead ing  edge  i s  the O. 1 ppb  con tou r )  a t  known
t imes .  Tab le  7—3 l i s t s  s a l i en t  da t a ' showing  the peak  and
lead ing  edge  ve loc i t i e s ,  and the r e l a t i on  be tween  the two .
The  r e su l t s  co r r e spond  f avo rab ly  wi th  r e su l t s  encoun te red
in  t ime-o f— t r ave l  s t ud i e s  made fo r  s t r eams  in  I l l i no i s  and
Indiana by  S t a l l  and  Hies t and  (1969) ,  who r ecommended
that  the fol lowing gene ra l i zed  r e l a t i onsh ip  be  adop ted  fo r
the dye  peak  and edge  ve loc i t i e s  in  s t r eams  of the two
s t a t e s :

VE = 1 .25  VP

(7-7)

In  con t r a s t ,  the Lake Bas t rop  mode l ,  i nd i ca t e s  an
ave rage  r e l a t i onsh ip  ove r  a 45  h r .  pe r iod  o f :

(7-8)

In  o rde r  to  check  the ex ten t  of  the dye  concen t r a t i on
wi th  dep th ,  bo th  d i s c r e t e  and con t inuous  s ampl ings  made
dur ing  the two-days  t e s t  pe r iod .  F igu re  7—19 shows  the
concen t r a t i on  p ro f i l e s  a t  the cen t e r  marke r  fo r  ce l l  ( 10 ,  15 ) ,
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the excitation cell of  the mode l ,  ba sed  on  two se t s  o f
d i s c r e t e  s ample s  a t  one - foo t  i n t e rVa l s ,  taken abou t  3
hour s  a f t e r  r e l ea se  o f  dye  a t  S t a t i on  0 + 00 ,  o f  the d i s -
cha rge  channe l .

I t  wou ld  appear  that  an  uniform d i s t r ibu t ion  p ro f i l e
ex i s t s  a t  the exc i t a t i on  ce l l  c en t e r  marke r  l oca t ion .
Quan t i t a t i ve ly ,  the r e su l t s  may  no t  be  r ep re sen t a t i ve  o f
the en t i r e  500' x 500 '  ce l l .  Howeve r ,  i t  i s  no t ed  tha t  the
5 .  5 ppb ave rage  of t he se  da ta  taken a t  the marke r  ove r
an e l apsed  pe r iod  o f  abou t  30  minu te s  compared  f avo rab ly
with  the contemporaneous  fluorome t r i c  sampl ing  ave rage
of  6 .  6 ppb taken a t  a depth  of  2 f ee t  be low the su r f ace .

F igu re  7—20 shows  a concen t r a t i on  p ro f i l e  fo r  ce l l
(4 ,  12 ) ,  on  the 2nd  day ,  ba sed  on  con t inuous  fluorome t r i c
sampl ing .  Th i s  sample  i l l u s t r a t e s  the r e l a t i ve ly -homo—
geneous ,  mixed  cond i t ion  i n  sha l low s t agnan t  a r ea s  whe re
ve r t i ca l  d i f fus ion  g radua l ly  th i ckens  the i n i t i a l ,  dye—
car ry ing  s t r a tum.

However ,  obse rva t ions  and f indings of the f i r s t
comprehens ive  ve r i f i ca t ion  t e s t s  we re  r ega rded  a s
ten ta t ive ,  sub j ec t  t o  r e - eva lua t ion  a f t e r  comple t ion  of
the s econd  comprehens ive  f ie ld  t e s t s .  The  s ec t i on  on
”Rea l i s t i c  Cons ide ra t i ons"  a t  the end  of  th is  chap te r
prov ides  th i s  r e - eva lua t ion .

"Second  Comprehens ive  F ie ld  Ver i f i ca t ion  of the Lake T rans -

po r t  Mode l .  The s econd  comprehens ive  t e s t  was  conduc ted  on  June 30 ,

1970 ,  us ing  a dosage  of 1.225 l b s  of  Rhodamine B ,  d i lu ted  in  28 .  5 l i t e r s  of

lake wa te r .  The  f i r s t  phase  cons i s t ed  of ver i fying the concen t r a t i on - t ime

curve  p roduced  by  the channel  mode l  fo r  ce l l  ( 11 ,  15)  which was  s e l ec t ed

to s e rve  a s  the exci ta t ion ce l l  f o r  the model .  Th i s  ce l l  encompasses  the

lower  500  ft  of the d i s cha rge  channel .  F igu re  7-21  shows  the obse rved  vs .

computed  va lues  a t  S ta t ion  44 + 40  o f  the channel ,  the a s sumed  cen t e r  of
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the exc i ta t ion  ce l l .  F igu re  7—22 shows  the computed  cu rve  co r r ec t ed  fo r

( channe l  wind,  and the obse rved  va lues  co r r ec t ed  fo r  t empera tu re .  This

conf i rms  ea r l i e r  r e su l t s  of the p red i c t ab l e  na ture  of the channel concen -

t r a t i on  d i s t r i bu t ion  d i s cha rges .  The  t ime-concen t r a t i on  cu rve  a t  channel

S t a t i on  44  +540 ( ce l l  11 ,  15 )  ha s  a more  normal  Gauss i an  con f igu ra t i on  than

the cu rve  fo r  ce l l  ( 10 ,  15 ) .  F igu re  7 -23  i s  the concen t r a t i on - t ime  cu rve ,

whose  o rd ina tes  a t  3—minute i n t e rva l s ,  we re  u sed  a s  temporal  concen t r a t i on

inpu t  to  PROGRAM TRACER,  wi th  ce l l  (11 ,  15)  s e rv ing  a s  the exc i t a t i on

ce l l .  Pursuant  to dec i s ions  explained p rev ious ly ,  the Tay lo r  d i spe r s ion

coef f i c i en t  a lgor i thm was  co r r ec t ed  by  a f ac to r  of 50 ,  and a va lue  3 .  25

was  de termined  for  the depth r a t io  DEXCIT  / x  [See  Equa t ion  (7 -4 ) ] ,  due  to

inc reased  wind shea r  and dec reased  su r f ace  s t r a tum th i cknes s  e f f ec t s .

F igu re s  7 -24  and 7 -25  dep ic t  the p red i c t ed  concen t r a t i on  con tou r s  a f t e r

12  and 24  hou r s .  F igu re  7 -26  shows  a compar i son  of  computed  vs .  obse rved

mean concen t r a t i on  for  each  o f  3 consecu t ive  ce l l s ,  a t  the sou the rn  end  o f

the ve r i f i ca t ion  zone .  F igu re s  (3 -1 ,  G-Z ,  G—3 (Appendix G)  a r e  the

suppor t ing  f ie ld  data fo r  the aforement ioned compar i sons .  F igu re  7—2?

shows  a compar i son  of computed  vs .  obse rved  mean concen t ra t ions  i n  two

ce l l s  l oca t ed  in  the middle of  the zone .  F igu re  G-4  and G-5  (Appendix G)

a re  the suppor t ing  f ie ld  data fo r  the compar i sons .  F igu re  7 -28  shows  a

s imi la r  compar i son  fo r  a ce l l  l oca t ed  a t  the far endof  the zone .  F igu re

G—6 (Appendix G) i s  the support ing field data.
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' 6  Grid in te rva l :  500 ‘  Excitation Cell
/\/\\o_._ , Ln

:5  Concentration in PPB of f??? m 43..
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LAKE BASTROP MODEL VERIFICATION ZONE

Figure  7-24.

Flow:  324  M.  G .  D .
Wind :  10  M.  P .  H .  South

Dosage :  1.225 Lbs.
Time  Af t e r  Dye  Re lease :  12  Hrs .

P red i c t ed  T ranspo r t  o f  Concen t r a t i ons .
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Figu re  7 -29  shows  a t ime-o f - t r ave l  ana lys i s  o f  the concen -

t r a t i on  con tou r  p lo t  indicating that in  the pe r iod  be tween  12  and 24  hou r s

a f t e r  exc i ta t ion  of  the mode l ,  the ve loc i ty  of  peak ,  VP averaged  83 .  5 f t / h r

and the ve loc i ty ,  VE of the 0 .  1 ppb i sop l e th  which r ep re sen t s  the leading

edge  averaged 96 f t / h r .  The ra t io  i s  VE / VP = 1 .  l 7 .

Tabula ted  be low for  compar i son  a r e  the t ime-o f - t r ave l  r e su l t s

of  the f i r s t  and, s econd  comprehens ive  t e s t s :

Table  7-4 .  Time-o f -Trave l  Compar i sons

Da te  Dosage  Time af te r  Wind V V VE / V
Dye  Re lease  Ve loc i ty  E P

(lbs) (hrs) (MPH) (ft/hr) (ft/hr)
6 /23 /70  1 .170  12  to 24  0 58 .5  100  1 .70

6 /30 /70  1 .  225  12  to  24  10  ( sou th )  83 .  5 96  1 .17

The compar i son  r eflec t s  the subs t an t i a l  e f f ec t  of wind ve loc i ty  on  the peak

ve loc i ty  and a dec ided ly  minor  e f f ec t  on  the l ead ing  edge  ve loc i ty .  The

ra t io  of the peak and leading edge  ve loc i t i e s  i s  mater ia l ly  r educed  by  wind

e f f ec t .

Rea l i s t i c  Cons ide ra t i ons .  The  ful l  s ca l e  ve r i f i ca t i on  t e s t s

i nd ica t ed  the need  fo r  r ecogn iz ing  ce r t a in  bas i c  r ea l i s t i c  hydrodynamic

ef fec t s  of mixing in  a l ake .  Th i s  recogni t ion  was  neces sa ry  in  o rde r  t o

in t e rp re t  and evaluate p rope r ly  the obse rved  dye  concen t r a t i on  da t a .

These  bas i c  a sPec t s  a r e :
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Mixing in  wa te r  of a lake a r i s e s  mainly f rom wind-
induced  cu r r en t s  and the physical and metabol ic
activity of  l aye r  organisms. (Lee  1970) .

The ex i s t ence  o f  lake cu r r en t s  does  no t  i n su re  that
apprec iab le  mixing wil l  occu r .  Mixing occu r s  on ly  i f

_ ve loc i ty  g rad i en t s  ex i s t .

Apprec iab le  sub - su r f ace  cu r r en t s  may  ex i s t  i n  l akes  even
under  condi t ions  of  thermal s t r a t i f i ca t ion ,  inc luding wind-
i nduced  hypol imnet ic  cu r r en t s  a long  the bo t tom,  (Bryson
and Kuhn 1955) .  Howeve r ,  concen t r a t i on -dep th  p ro f i l e s
o f  s t r a t i f i ed  l akes  ind ica te  poo r  mixing be tween  s t r a t a
inc luding  the s ed imen t—wate r  i n t e r f ace ,  (Hu tch inson  1957) .

In  open—lake  cond i t i ons ,  and wi th  no rma l  wind ve loc i t i e s ,
abou t  18  hou r s  l apse  be fo re  a shif ted wind e s t ab l i shes  i t s
new cu r r en t ;  i n  ve ry  sha l low  wa te r s  and a long  sho re  a new
cu r r en t  can  occu r  within two hour s  a f t e r  a Wind  sh i f t .  The
induced  cu r r en t  ha s  a ve loc i ty  o f  abou t  2% o f  the causa t ive -
wind.

Since  the wind on  any given day  mus t  modify the
ex i s t i ng  cu r r en t s  be fo re  i t  c an  s e t  up i t s  own ,  the wind
of  a g iven  obse rva t ion  day  canno t  be  a s s igned  full  va lue
in  making compar i sons  o f  wind to  cu r r en t  no t ed  on  the
obse rva t ion  day .  Dur ing  the ma jo r  pa r t  o f  the obse rva t ion
day  (open  l ake ) ,  the obse rved  cu r r en t s  a r e  l a rge ly  t hose
p roduced  by  the p rev ious  days  winds bu t  con ta in  d imin ish ing
e f f ec t s  o f  the cu r r en t s  o f  days  even  ea r l i e r .  Simple vec to r
p lo t s  of wind o r  wind s t r e s s  s e ldom a re  in ag reemen t  wi th
obse rved  cu r r en t  d i r ec t i ons .  Bu t ,  Aye r s  (1962) found tha t
i f  the wind s t r e s s  vec to r s  of the days  in ques t i on  a r e
co r r ec t ed  by  a s e r i e s  of e f f ec t i venes s  f ac to r s ,  a cco rd ing
to  t he i r  t ime —position re la t ive  t o  the obse rva t ion  day and
i f  the r e su l t an t  vec to r  i s  cons ide red  to be  modif ied by
the Cor io l i s  fo r ce ,  the r e su l t  i s  gene ra l l y  i n  ag reemen t
with  the obse rved  loca l  cu r r en t  d i r ec t i ons .  Thus ,
acco rd ing  to  Aye r s  (1962) ,  a su i t ab l e  exp re s s ion  o f  wind—
st re s s  ene rgy  con ten t  o f  a lake  a t  a g iven  time i s :
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k

T = ~-— + T —1- To 4 n 2
n= l

(7-9)

where:

Tt  = to ta l  s t r e s s .

To  = obse rva t ion  day  s t r e s s .

Tn:  s t r e s s  on  the nth day  p r io r  t o  the obse rva t ion
day .

n = number of the day  p r io r  to the obse rva t ion  day
such  tha tn=  1 ,  2 .  . .K .

K = number of days  p r io r  to  the obse rva t ion  day fo r
which the summation i s  ca r r i ed  ou t .

5 .  The  “ j e t  e f f ec t s “  which take p l ace  a t  the confluence  o f  a
warm wa te r  channel  d i s cha rge  and a re la t ive ly  qu i e scen t
l ake ,  de sc r ibed  by  S te fan  (1970) ,  a r e  cha rac t e r i zed  by
pronounced  s t r a t i f i ca t ion .  (Thus ,  the co r r ec t i on  f ac to r s

, for  s t r a t i f i ca t ion  deve loped  and applied in  th is  s t udy
appear rea l i s t ica l ly  warranted.  ) A

The fo rego ing  r ea l i s t i c  f ac to r s  s e rve  ' t o  explain the ma jo r

d i sc repanc i e s  between model  p red ic t ions  and f ield obse rva t ions  such  a s

the time l ags  be tween obse rved  and computed dye peak concent ra t ion  va lues ,

with increas ing  l apse  o f  t ime.  (See  F igu re s  7 -14 ,  7 -26 ,  7-27  and 7 -28 ) .

The verif icat ion t e s t s  b rought  ou t  some of  the major  r ea l i s t i c

f ac to r s  encoun te red  in  the f i e ld  measu remen t  o f  env i ronmenta l  da t a .  Fo r

example, the adsorp t ion  and r e l ea se  of dye  f rom sed iments  and aquat ic
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growth;  and,  the sporadic  in t roduc t ion  of non - s t eady  wind condi t ions  dur ing

p ro longed ‘ t e s t  pe r iods  on  the lake,  cons t i tu ted  the ma jo r  obs t ac l e s  to

” t e s t i ng ' con t ro l ” .

The t e s t s  demonst ra ted  the need  for  more de ta i led  sampling

prepara t ions  which would cons ide r  both  the spat ia l  and temporal  d i s t r ibu t ion

of  adsorbing materials in the a r ea  under s tudy .  Delfino (1968) i n  h is  lake

s tud i e s  sugges t s  a l so  the continuous and c lo se  observat ion of  hyd ro -

meteoro log ica l  condi t ions a t  the t e s t  s i te  for s eve ra l  days before  the

ve rification t e s t  days .



CHAPTER VIII

CO  NC  LUSIO NS AND RECOMMENDATIONS

Conc lus ions

Th i s  s t udy  conf i rmed the vital need  fo r  p r ac t i ca l  judgement

and dec i s ion  i n ' t he  hydrodynamic modeling p roces s  which has  been

recogn ized  a l so  by  o the r s  incident to modeling r e sea rch  for  r e se rvo i r s

(E lde r ,  e t  a1 1968) ,  (Fruh 1970);  fo r  s t r eams  (Shull andGloyna  1968) ;

for bays  and e s tua r i e s  (Masch ,  e t  a l . 1969) ,  (Ba i ley ,  e t  a1 1966) ;  and for

flood  con t ro l  r e se rvo i r  sy s t ems  (Saue r  and Masch  1969) .  Eve ry  impound-

ment o r  water  body posse s se s  i t s  own unique hydrodynamical complex of

fo rces  and ene rgy .  A knowledge of  t he se  hydrodynamics  i s  a p r e - r equ i s i t e

toany  p rac t i ca l  eng inee r ing  con t ro l  o r  u sage  of  the impoundment. The

consensus  o f  the expe r i ence  i s  that  the eng ineer ing  t a sk  of  gaining the

es sen t i a l  hydrodynamic knowledge unique to a ce r t a in  wate r  body  can  be

made more tractable by  the adoption o f  a macro-syn the t i ca l  i nves t iga t ion

and problem-solving approach which syn thes i ze s  th ree  major  p roces se s ,

namely:  ana lys i s ,  mathematical o r  hydraulic modeling,  and p ro to type

ver i f ica t ion .  Referr ing specif ical ly  t o  r e se rvo i r s  and l akes ,  for  example ,

the ana lys is  p roces s  involves  the spec i f i ca t i on  of  impoundment sys t em

concep t  o r  conf igura t ion  such  a s  shore l ine  and bo t tom geome t ry ,  inflows

and o ther  ba s i c  input va r i ab les .  Then ,  the mathematical  o r  hydraul ic

302
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modeling proces s  invo lves  the development o f  t rac tab le  equa t ions  so lved

by  numer ica l  mode l s  capable  o f  be ing  ene rg i zed  by  a wide range o f  input

combinat ions .  The  model fu rn i shes  by  computer  so lu t ion  an output  of

concent ra t ion ,  temperature  o r  o ther  p rope r ty  d i s t r i bu t ions ' a s  a function

of  t ime.  Finally, the field ver i f icat ion p roces s  involves field obse rva t ions ,

measurements  and t e s t s ,  guided by  p r io r  model  s imula t ions  and hypothet ica l

pred i c t i ons ,  on  a s e l ec t i ve  bas i s  t o  fac i l i ta te  s ampl ing  ope ra t i ons  and to

asce r t a in  important  co r r e l a t i ons  be tween  key  hydrodynamic and hyd ro -

me teo ro log i ca l  pa rame te r s .

The e f f i cacy ,  ve r sa t i l i t y  and value o f  the mac ro - syn the t i c

approach  ju s t  de sc r ibed  was  demons t ra t ed  i n  this  s tudy  of Lake Bas t r -op ,

a poWer  plant cool ing -wa te r  impoundment of  cons iderab le  hydrodynamical

and thermodynamical complexi ty .  F i r s t ,  an ana lys is  was  made of ava i l -

able hydro logica l  and hydromechanical  data ,  supplemented by  field

reconna i s sances .  This pre l iminary  ac t ion  revea led  the predominant

mechanisms  of  motion,  unique boundary condi t ions ,  and o ther  pa rame te r s

which a r e  " cha rac t e r i s t i c "  o f  the sys t em.  Th i s  knowledge enabled the

formulation o f  the lake sys t em.  Then,  the phys ica l  sy s t em was  d i s c r e t i zed

in to  two,  complementary,  numer ica l ,  s t eady - s t a t e ,  mac ro -mode l s  - a

hydrodynamic model  and a conse rva t ive—subs t ance  t r anspo r t  model .  The  Se

computer  mode ls  we re  capable of  being ene rg i zed  with hypothe t ica l  inputs

to s imu la t e  a wide  a s so r tmen t  o f  combina t ions  o f  va r i ab l e s .  In  the t h i rd
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phase ,  field ver i f i ca t ion ,  highly use fu l  and re l iab le  co r r e l a t i ons  be tween

obse rved  and computed values  were  obtained in  the following spec i f ic

a spec t s  o f  d i spe r s ive  and t r anspo r t  phenomena of Lake Bas t rop :

1 .  Mixed  l aye r  concen t r a t i on  (o f  conse rva t ive  subs t ances )
dis t r ibu t ion  v s .  t ime.  ‘

Z . Circu la t ion  pa t t e rns  .

3 .  T ime-o f—trave l  va lues ,  involving peak  concen t r a t i ons ,
and leading edge  ve r sus  peak .

4 .  Coef f ic ien t s  of  d i spe r s ion .

A l so ,  a by  p roduc t  of  the ”model  simulation - field ver i f ica t ion"  p roces s

was  the oppor tuni ty  to  analyze  the spec t r a  o f  e f fec t s  resu l t ing  f rom as sumed

univar ia te  o r  mult ivariate changes  in  the following:

1 .  Coef f i c i en t s  of d iSpe r s ion .

2 .  Wind ve loc i t i e s  and d i r ec t i ons .

3 .  Flow r a t e s .

M 4 .  Depth  o f  homogeneous ,  fully—mixed sur face  s t r a tum.

‘Af t e r  ca re fu l  ana lys i s ,  and f rom a mac roscop ic  View po in t ,

i t  i s  conc luded  tha t  the mos t  power fu l  d i spe r s ion ,  mixing and t r anspo r t

mechanisms in  impoundments a r e  the wind-induced su r f ace  cu r r en t s .  These

cu r r en t s  a r e  caused  by  wind shear  a t  the su r f ace .  The turbulent  motion

posses sed  by  the se  cu r r en t s  enab les  them to t ranspor t  l a rge  bulk masses

and to  d i spe r se  mater ia ls  concen t ra ted  in  the wa te r .
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In contrast, wind-induced su r face  waves t r anSpor t  a l a rge

amount of  ene rgy .  Bu t ,  waves  a r e  no t  the bulk mass  t r anspo r t  mechanism.

Genera l ly ,  wind- induced cu r r en t s  a s sume  even  g rea t e r  impor tance  when

i t  i s  cons ide red  that the su r face  s t r a tum on which wind s t r e s s  ac t s  i s  a l so

in  mos t  ca se s  a s t r a tum which i s  v i r tua l ly  cap tu red  and held within an

epilimnetic r ig idi ty  of  temperature  strat if ication.  Analys i s  of  the r e su l t s

of  the hypothet ical  s imulat ions made in this s t udy  conf i rms the gene ra l ,

quanti tat ive relat ionships  be tween  lake cu r r en t  ve loc i t i e s  and wind ve loc i t i e s ,

which a r e  ana lagous  to  the quanti ta t ive,  empir ical  re la t ionships  foundaby

o the r  i nves t i ga to r s  i n  the i r  work  on ocean  coas t a l  wa te r s  and l a rge  l akes .

Based  on  dye - t r ave l  s t ud i e s ,  i t  was  found that in  shallow wa te r s ,  the upper  '

”sk in"  layer of  6 to 12  inches moves  a t  abou t  2 .  5% of  the wind ve loc i ty ,

decreas ing  to about 1 .  5% a t  depths of 4 fee t ,  and i s  negligible a t  8 to 10 -

foo t  dep ths .  In deepe r  wa te r s  ( i .  e .  , ove r  40  fee t )  the cu r r en t -w ind  f ac to r

i s  about  2% a t  10  f ee t  and negl ig ib le  a t  depths o f  15  to  2.0 f ee t .  However ,

the p rac t i ca l  measurement  of  r eve r se  flows  be low the s tagnat ion plane fo r

winds  t r ansve r se  to  sho re s  and ve loc i ty  changes  in  f lows be low the s t agna t ion

p lane ,  due to  sus ta ined  durat ion of Winds a r e  beyond the s cope  of  s t udy .

Bu t ,  t he se  cons idera t ions  more  than any o the r s ,  g ives  overwhelming

impetus  t o  the adopt ion  of a hor izonta l ,  two—dimensional  model  for  the

analys is  of the d i spe r s ive  and t r an3por t  mechanisms of lakes and r e se rvo i r s .
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Natural phenomena a r e  probab i l i s t i c .  There fo re ,  i n  the field

ver i f ica t ion  obse rva t ions ,  the means  o f  va luesmeasu red  ove r  a 5 -minu te

or  a 30—minute in te rva l  we re  taken for compar ison with the computed va lues

of  the determinis t ic  model .  The  s tudy  confirms the e s sen t i a l  f ac t  that

exac t  predic t ion  o f  the phenomena i s  impract ica l ,  bu t  that the predic t ion

o f  i t s  d is t r ibut ion i s  r easonab le .  Averaging ove r  measurable  time

intervals  i s  more  appropriate  than ins tantaneous  values for macroscop ic

analys is  pu rposes .

A r ecen t  r epo r t  by  Stefan (1970) on stratif ication of  flow from

channel to lake ,  ba sed  on  l abora to ry  flume s tud i e s ,  sheds  l ight  on  some o f

the phenomena obse rved  in  the field verif icat ion t e s t s  a t  Bas t rop ,  e spec ia l ly

in the two o r  three ce l l s  which cons t i tu te  the physical  confluence  of the channel

and l ake .  The  flow of  the hea ted  wa te r  d i scharged  from the Bas t rop  channel

en t e r ed  the s low-moving ,  co lde r  confluence zone of the l ake ‘unde r  condit ions

virtually a s  de sc r ibed  by  Stefan (1970) .  He repor ted  that va r ious  types  of

s t r a t i f i c a t i on .  can  occu r  a t  such  a confluence o f  channel and l ake :  (1 )  A

co ld  wa te r  wedge  can  pene t ra te  into the ou t le t  channel, o r  a t  l e a s t  under l ie

the g rea t e r  pa r t  o f  the conf luence zone .  (2) Internal  g rav i ty  waves  can  be

gene ra t ed ,  and (3) In terna l  hydraul ic  jump phenomena can  be  fo rmed .

Evidence  o f  a combinat ion  o f  a l l  t he se  ac t i ons  were  r ecogn ized ‘ in  the two

or  three ce l l s  forming the “mixing bowl"  of the confluence zone .  Howeve r ,

beyond the j unc tu re ,  the warm channel d i scha rge  fo rmed  a ”gliding s t r a tum“
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of  warm, highly-concentra ted wa te r -dye  mixture.  Then ,  approximately

mid-way in the ver if icat ion zone  the wa te r -dye  s t ra tum,  having a t ta ined

the ambient sur face  tempera ture ,  s eemed  to  come under  the influence of

dens i ty  s t ra t i f ica t ion  phenomena; "diving" to  a level  f rom two to  s ix  f ee t

below the su r f ace .  However ,  t he se  phenomena a r e  not  ea s i l y  sepa rab le

by  field obse rva t ions  and the ne t  e f fec ts  no ted  in  the f ield appear  to  be

more  highly-at tenuated compared to  the l abo ra to ry  t e s t  e f fec t s  de sc r ibed

in the Stefan (1970) r epo r t .  In v iew o f  the fo rego ing  cons ide ra t i ons ,  the

verif icat ion zone  was  s e l ec t ed  to  cove r  a suff icient ly l a rge  a r ea  to  i n su re

analysis  of d i spe r s ive  and t r anspor t  phenomena under  a wide range o f

hydrodynamic and hydrometeoro logica l  r eg imens .

Recommendat ions

While the model developed in this s t udy ‘ i s  e s sen t i a l l y

de te rmin i s t i c ,  and the t e s t s  conduc ted  on  i t  have invo lved  de t e rmin i s t i c

inputs, i t  should no t  be in fe r red  that the s tochas t i c  a spec t s  a r e  e i t he r

d i s r ega rded  o r  exc luded .  I t  was  beyond the scope  of this  s t udy  to  i n t roduce

' aSpec t s  o f  randomness  in  the model .  However ,  i t  i s  be l i eved  that  i t  wou ld

have been  en t i r e ly  feas ib le  to u se  s tochas t i c ,  t ime-concen t ra t ion  inputs

in to  the exci ta t ion ce l l  of  the lake t r anSpor t  model in  l i eu  o f  the re la t ive ly

uniform Gauss i an  type d is t r ibut ions  actually u sed .  I t  i s  recommended that

fur ther  t e s t s  be  conducted us ing s tochas t i c  inputs  in to  a de te rmin i s t i c
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t r anspo r t  mode l .  In  theory ,  this  should give be t t e r  s t a t i s t i c a l  r anges  of

t r anspo r t  behavior in a given impoundment.

S ince  wind e f fec t s  have such  a preponderant  e f f ec t  on

d i sPe r s ive  and t r anspo r t  p roces s  in the. wa te r  environment ,  i t  appears

des i r ab l e  that  p rov i s ion  be  made fo r  obtaining cont inuous  r eco rds  of wind

data  and wa te r  cu r r en t  data a s  pa r t  o f  the permanent instrumentat ion fo r

l a rge ,  mul t ip le -use  wa te r  impoundments .  These  da ta  should  be  u sed  to

deve lop ,  t e s t  and improve the co r r e l a t i ons  betWeen obse rved  and computed

t r anspo r t  and cu r r en t  pa t t e rns .  The  u se  of  h igh-capac i ty ,  se l f—conta ined

reco rd ing  cu r r en t  me te r s ;  buoy-moun ted  wind r eco rde r s ;  t empera ture

prof i le  r eco rde r s ;  and,  a s soc i a t ed  automatic da ta  p roces s ing  similar  t o

that u sed  in oceanograph ic  in s t rumen ta t ion ,  wou ld  g rea t l y  enhance  ve r i -

f icat ion and adaptat ion o f  impoundment modeling.  Ve lz  and Gannon (1960)

f rom s tud ies  on  fo recas t i ng  hea t  l o s se s  f rom ponds  and s t r eams ,  came to

s imi la r  conc lus ions  r ega rd ing  the  u t i l i ty ,  e s t ab l i shmen t  and use  o f  l oca l i zed

weather  r eco rd  s t a t i ons .

These  recommenda t ions  a r e  i n  consonance  wi th  the mac ro -

synthet ica l  approach o f  harmonizing model  data a t  eve ry  p rac t i ca l  s t ep

with ea s i l y -ob t a ined ,  r ead i ly—measu red  field ” s t a t e "  cond i t i ons ,  i n  o rde r

to  i n j ec t  r ea l i sm  in to  the p roces s  o f  applying numer i ca l  mode l s  t o  spec i f i c

ca se s .  Mathematical  model  t echnology  i s  s imi l a r  t o  s ca l e  mode l  t e chno logy

i n  one  vital  r eSpec t :  in  a l l  c a se s ,  mode l s  have to be  ad jus t ed  expe r imen ta l l y

in  o rde r  to  r ep roduce  co r r ec t l y  the natura l  phenomena to  be  s tud ied .  (Le

Mehau te  195m -
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Renewed emphasis  should be p laced  on the rational analysis

and management of individual bodies of water. It appears productive to

focus  on a flexible, adaptive methodology whose objective is to understand

the hydrodynamics of a particular body rather than focusing exclusively on

the task of applying a universal model in sterile fashion to all cases. The

compelling trend today is to regulate, manage and protect the “renewability”

of individual water bodies for specific multi—purposes. Thus, while continued

emphasis should be given to pursuing further advances in modeling such as

development of three -dimensional model, and the reduction in the number of

empirical coefficients and in the number of simplifying assumptions, - it

should be remembered that professional engineering usually inherits the

task of. having to design and construct facilities based on highly-selective,

economically—available and measurable hydrodynamic knowledge of a

Specific reservoir or lake. The macro—synthetical approach demonstrated

in this study, involving system analysis, numerical modeling and field

test methodology provides a rational strategy for this engineering task.

The two-dimensional horizontal transport model developed

in this study, using Lake Bastr0p as the "typical hydrodynamic system“,

and Rhodamine B as the "typical conservative substance” transported, has

a potentiality for general application to macro-synthetical analyses of

numerous practical cases involving transport of conservative substances in

a hydrodynamic regime characterized by shallow, stratified, well-mixed
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or  s t ab i l i zed  su r face  strata. Of  cou r se ,  implied in  each  application i s

the p re - r equ i s i t e io f  obtaining the hydrodynamic data unique to  the wa te r

body  a s  input for  the t r anspo r t  mode l .  The  mac ro - syn the t i ca l  two—

dimensional  t ransport  model  approach affords  a methodology to make use -

ful e s t ima te s  o f  the genera l  magnitude and extent  of ” shocks"  on  wa te r

bod ie s  b rough t  about  by  "peaks"  o r  ins tantaneous  onse t s  o f  va r ious

phenomena ( e .  g .  , pol lu tan t ,  thermal ,  flood ,  o r  run -o f f  f rom ra in fa l l ) .
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Table A—1. A Lake Tran8por t  Model  Using the Finite Differences

Notations and Convers ions

For t r an  Nota t ion

IMAX

JMAX

NSORCS-

DE Lx A X

DELY A Y

DELT . AT
CSORC

Ci
<2

I FLAG

CAVE

Genera l  Nota t ion De sc r ip t i on

Number  o f  ce l l s  in  x—
di rec t i on .

Number o f  ce l l s  in  y -
d i rec t ion .

Number o f  sou rce  po in t s .
(Inflow/ Outf low)

Spatial  inc rement  i n  x -
d i r ec t i on ,  ( f ee t ) .

Spatial  i nc remen t  i n  y -
d i r ec t i on ,  ( f ee t ) .

Computational  i nc remen t .

Concen t r a t i on  a t  sou rce
point .  ( Inflow/Outflow)

Ve loc i ty  in  X—direction a t
ce l l  bounda ry ,  ( f ee t / s ec -
ondL

Veloc i ty  in  y -d i r ec t i on  a t
ce l l  boundary,  ( f ee t / s ec -
and ) .

Con t ro l  fo r  boundary
cond i t i ons .  (La t e r a l ,
longi tudinal ,  inflow and
outflow bounda r i e s .  )

Depth a t  the cen t e r  of
ce l l ,  ( f ee t ) .

Concen t r a t i on  a t  the
Exc i ta t ion  ce l l ,  ( pa r t s
pe r  bil l ion,  ppb ) .



For t r an  Nota t ion

NDATA

CONCN (1 ,  J) -

DX

DY

(IS, .15)

(I? J)

Table  A-1  (Cont inued)

Genera l  Nota t ion

EY
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Desc r ip t i on

Number  o f  va lues  o f
temporal ly-varying
concen t ra t ion  da ta  r ead
in to  exc i t a t i on  ce l l .

Concentra t ion (pa r t s  pe r
bil l ion,  ppb) a t  the cen t e r
of  ce l l  a t  t ime t = k .

Turbulent d i spe r s ion
coeff ic ient  i n  x -d i r ec t i on ,
( f ee t2  / second) .

Turbulent  d i spe r s ion
coef f ic ien t  in  y -d i r ec t i on ,
( f ee t2  / second) .

Gr id  point  loca t ion  of
sou rce  po in t s .

Grid  point  loca t ion  of  ce l l .
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READ,  IMAX,  JMAX,  NSORCS,  DELX,
DELY,  DELT,  PTIME,  T IMMAX,  IS ,
JS ,  CSORC,  U ,  V ,  IFLAG

UN = U
VN = V

DX = DY = CPRT = CONC = CONCN = 0 .0 ;

K=1

‘—-——- K = K +  1 NSORCS C

r

I = IS  (K)

J = JS  (K)

j

CPRT ( I ,  J )  = CONCN ( I ,  J )  =

CONC ( I ,  J )  = CSORC (K)

FIGURE A-Z—i .  FLOW DIAGRAM FOR PROGRAM TRACER



READ
CAVE

L4
I!

L
‘

H Fa
x

J+1JMAX

I 1

I = I + i  IMAX

?

IFL  = IFLAG ( I ,  J )

DAVEX

DAVEY

0 .5  (CAVE (LJ )  + CAVE (I + 1 ,  3))

0 .5  (CAVE (I, J )  + CAVE (I, J + 1))

‘

DX (I ,  J )  = 77 .  0*  O. 02*  U (LJ)
* (DAVEX) * * 0 .  8333

DY ( I ,  J )  = 77.0 * 0 .02*  V(I,  J )
* (DAVEY) * * O. 8333

FIGURE A—Z —2.
( con t inued )
FLOW DIAGRAM FOR PROGRAM TRACER
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DY ( 20 ,  10) = 77. 0* 0.02»: V ( 20 ,  10)
* (CAVE ( 20 ,  10)) * * 0.8333

NDATA = 27

READ
CO1

PRINT
TITLES

DELT = DELT * 60 .  0
TPRINT = DELT/7ZOO.  0
TIME = o. o
TIMMAX = TIMMAX - BELT/172800. 0‘
N = 1
NCOUNT = o

‘ C S O R C  (2)  = 0

317

®____

NCOUNT=0

N = N + 1

NCOUNT = NCOUNT +1

DELCO = ( co  (N + 1) - co (N))/3. o
CSORC (2 )  = CSORC (2 )  4 DELCO

FLOW DIAGRAM FOR PROGRAM TRACERFIGURE A«2-3.
(continued)
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—% TIME = TIME + DELT
NSORCS 7i

THOURS : TIME/3600 .  0
H H H (I) A 5 TDAYS = THOURS/24.  0

L4 H (.4 U
) 5

J = ‘1
CONC ( I ,  J )  = CONCN ( I ,  J )

CONCN ( I ,  J )  = CSORC (K) JMAX

=I+ i IMAX

IFI. = IFLAG ( I ,  J )

K M I N = I + 1

FIGURE A-Z  -4 . FLOW DIAGRAM FOR PROGRAM TRACER
( con t inued )



CPRT(10 ,15 )=  CONCN (10 ,  ’15)

V

J :  1 < )

J=J+1  JMAX

1:1

: 1 :  1+1  IMAX

H +1
1

r-
* u IFLAG ( I ,  J )

“_CONCNUJ CONCN(LJ)=0.0

CPRT ( I ,  J )  = CONCN ( I ,  J )

i
CONC ( I ,  J )  : CONCN ( I ,  J )

FIGURE A-2-5 . FLOW DIAGRAM FOR PROGRAM TRACER
( con t inued )
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TPRINT = TPRINT + BELT/3600 .  o

' PTIME = 0 .  5

PRINT

TPRINT = BELT/7200 .  0

NCOUNT = 0

FIGURE A—2—6. FLOW DIAGRAM FOR PROGRAM TRACER
~ ( con t inued )  ‘
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I

NCOUN = NCOUNT + 1

W

DELCO = ( co  (N  + 1)  - CO (NH/3. 0

csog-c (2 )  = 0 .0
V

CSORC ( z )  = CSORC (2 )  + DELCO

K =

TIME 2 TIME + DELT
K = K + 1 NSORCS

L , THOURS = TIME/3600 .  o
I = IS  (K)
J = JS .  (K)

TDAYS = THOURS/24 .  0

CONC ( I ,  J )  = CONCN ( I ,  J )  L

CONCN (I, J) = CSORC (K)

FIGURE A—2-7.

IFL  — IFLAG ( I ,  J )

KM. IN=J+1

(corfiinued)
FLOW DIAGRAM FOR PROGRAM TRACER
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A(J) = -DY(I, J - 1)*DELT/DELY/DELY-VNUJ-1)*
DELT/Z. O/DELY

B0) = 1. o +(DELT/DELY)*(DY(I,J)/DELY+DY(I,J-1)/
DELY + VN(I, J — 1)/2. o —VN(I, J)/2. 0)

CU)  = VN(I, J)*DELT/Z. O/DELY—DY(I, J)*DEI_T/DELY
/DELY

S(J) = CONC(I-1, J)*(DEI_T/DELX)*(DX(I-1,J)/DELX+
U(I—1,J)/2. 0) +CONC(I,J)*(1. 0+(DELT/DELX)*
(—DX(I,J)/DELX-DX(I—1,J)/DELX—U(I-1,J)/2. 0+
U(I,J)/2. 0))
+CONC(I+1, J.)*(DELT/DELX)*(DX(I, J)/
DELX - U(I, J)/Z. 0)

‘s (J) = s (J) _ CONC(I, J - 1)* A (J)

CONCN (I, J) = S (J)/B (J)

'

K M I N = J + 1S (J) = S (J) —
CONCN ,(I,J+1) r
*C(J) l I <::)

CALL TRIDAG

K = KMIN
-,—UI K M I N = J + 1

= K + 1  KMAX

7

CONCN (I, K) = P (K)

FIGURE A-2 -8 .  FLOW DIAGRAM FOR PROGRAM TRACER
(continued)



A(I) =

8(1) =

C(I) =

5(1) =

-DX(I - 1 ,  J )*  DELT/DELX/DELX
-UN(I - 1,  J )*  DELT/Z.  O/DELX
1.  o + (DELT/DELX)* (DX(.I, J)/DEI_X
+D~x(1- 1 ,  J ) /DELX + UN(I - 1 ,  J ) / 2 .  o
—UN(I, J ) /2 .  0)
UN(I, J )*  DELT/Z.  O/DELX - DX(I, J )*
DELT/DELX/DELX
CONC(I, J - 1)* (DELT/DELY)*
(DY(I, J _ 1)/DELY + V(I, J - ma.  0)
+CONC(I, 50* (1. o + (DELT/DELY) *
(-DY(I, J)/DEI_Y-DY(I, J - 1)/DEI_Y
-V(I, J — 1)/2. o + V(I, J ) /2 .  0))
+CONC(I, J+1)* (DELT/DELY)*(DY(I , J ) /DELY
-V ' a ,  J ) / 2 .  0)
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S (I) = 5(1) - CONCN ( I  - 1 ,  J )*  A (I)

7 ,8 'CONCN (I, J) = s (I)/B (I)

S(I)=
CONCN (I+1,J) _{ _* c (I) KMAX _ 1

S(I)- K M I N = I + 1

FIGURE A -2  -9 .

. 6')
CALL TRIDAG

i
K = M I N

V f K M I N = I + 1

—.IK=K+1  KMAX

i
CONCN (K, J) = P (K)

( con t inued )
FLOW DIAGRAM FOR PROGRAM TRACER



CPRT(10 ,15 )  = CONCN(10 ,15 ) '

J
I :

J=1  C

J—J+1JMAX
?

1
1 IMA XVI= +

IFL  = IFLAG ( I ,  J )

CONCN(I ,J )
' 0 .  0

NO

324

CONCN ( I ,  J )  = 0 .  O

CPRT (I. J) = CONCN (I, J)

CONC ( I ,  J )  = CONCN ( I ,  J )

FIGURE A—Z—‘IO. FLOW DIAGRAM FOR PROGRAM TRACER
(continued)
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Q
I

TPRINT = TPRINT + DELT/3600.  0

PRINT Y ES
PTIME

NO

PRINT

C P R T

TPRINT = DELT/7200 .0

PUNCH
CONC

FIGURE A-Z- i i .  FLOW DIAGRAM FOR PROGRAM TRACER
=- ( con t inued )
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' TRIDAG "

w = B (KMIN)
G (KMIN) = s (KMIN)/W
BB (KMIN) : c (KMIN)/W
KMINP1 = KMIN + 1

V

K=KMINP1 1 *®

31K = K + 1 KMAX

KM1 = K — 1
W =‘ B (K) - A (K) * BB  (KM1)
G (K) = (S (K) — A (K)) * G (KM1))/W
B B  (K) = C (K)/W

P (KMAX) = G (KMAX)
KMAXM1 = KMAX - 1
KK = KMAX

K = K
' MIN - R E T U R N

| K =  K + 1 KMAXM1

KK = KK — 1
KKP1 = KK + 1
P (KK) = G (KK) - B (KK) * P (KKP1)

. FIGURE A-Z-1Z .  FLOW DIAGRAM FOR PROGRAM TRACER
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Table B-1. PROGRAM CONC — An Open—Channel Transport Model Using

the Taylor Approximation for the One-Dimensional Dispersion

Equation — Notations and Conversions

Fortran Notation General Notation Description

X Distance down-channel.

D X  D Turbulent dispersion
coefficient, (ft /sec.)

U Velocity in channel,
(feet / second).

AM 111 M a s s ,  (pounds).

A C r o s s  sectional area,

(square feet).

RHO P Density of powder
Rhodamine B ,  (lbs/ft3).

W Volume of Rhodamine B
per unit area of cross—
section, (feet).

T t Time since release of

Rhodamine B ,  (hours).

C Concentration, (ppb) .
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D T  =1 .0 *60 .0
T = 0.0

TMAX = 0.1 - DT/(Z. O * 86400. 0 )
X = 4440  .
U 2 1.5

A M  = 1. 225 /32 .  2
A = 387.0

RHO = 2. 50
W = AM/(A * RHO)

PI = 3.1416
K = 0

D X  = 6. 50

K = K + 1
T = T + D T

TDAYS = T186400 .0
( C C K )  = O. 5 W/SQRT (PI * DX * I)

* EXP ( - 1 .  0 * ( X  — U * T )  ** 2 / (4 .  0 * DX*T)

KMAX=K

FIGURE B-1-1. FLOW DIAGRAM FOR PROGRAM CONC



PRINT DX

THO  URS
I H p;

H

O O

THOURS = THOURS + 1311/3600. 00

FIGURE 13-1-2.

i
PRINT C (I),

THOURS

FLOW DIAGRAM FOR PROGRAM CONC
( con t inued )

329  -
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Table  C- ( l .  PROGRAM TRACE - An Algo r i t hm fo r  Computing Di spe r s ion

Coef f i c i en t s  by  Me thod  o f  Va r i ances

Nota t ions  and Conve r s ions

For t ran  Notation Genera l  Notation Desc r ip t i on

C Concent ra t ion .

X Dis t ance ,  ( f ee t ) .

XBAR IJ. Ari thmetic Mean  .

V A 0'2 Va r i ance ,  (Squa re  f ee t ) .

DISCOF D Turbulent  D i spe r s ion  ~
Coefficient,  (ftz / sec .  ) .

DELT Change  in  t ime ,  ( s econds ) .
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CSUM = CSUM + c (I)
cx=  cx+  can :  xu )

= I+1

NO

XBAR = CX/  CSUM
XSQ=O

I :  1

XSQ = XSQ + C (I) * (ABS (X  (I)  - XBAR)  ** 2 .  0

I = I+1

K = K + 1

FIGURE C-Z- i .  FLOW DIAGRAM FOR PROGRAM TRACE
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READ DELT ( J )

l
DISCOF ( J )  = (V (2  * J )  - V (Z * J -1))/(2.0 * DELT (J))

l
PRINT DISCOF ( J )

FIGURE C~2-2 .  FLOW DIAGRAM FOR PROGRAM TRACE
( con t inued )



APPENDIX D - LAKE BASTROP HYDROLOGIC-IDATA 334

90 ' 90

I" so _ 3‘. so
a; Q

5 St- 70  I... 70

so ' 4 so '
VI I I I I I I I I  I I I I I I I JJ

IO 20 3O 4O 50 IO 20  30 40 50
DEPTH (feet) DEPTH (feet)
May 24 .  I 968  June I 8 ,  I 968

90 -  3_ 90— _4_
u— D >—-

1‘; 80— .‘f 80—
r— a. —-

5 70- 5. 70—
P h— d —

60— so— 4
I I l I I I I I  I J  I l l I I I I 14
IO 20 3O 40 50 IO 20 30 40  50

. DEPTH (feet)  DEPTH (feet)
July 8 ,  I 968  July 24 , I 958

"' Water  Temperature Data
90— i

Q— P Lake Bastrop

J" 80"  Station No. 62' - *.. (May,  June, Ju ly ,  August
23 70 1968)

60 -  4
I I i l I l L I l I Source:

Lower  Colorado  River Authori tyI0 20 3O 4O 50
DEPTH (feet)
Auq.23. I 968

Lake Bastrop Temperatures — Station 6,Figure D - l .
- _May - August P ro f i l es ,  1968  - I 969 .



TE
M

P.
°F

T
E

M
P

. °
F

T
E

M
P

.
°F

90

80

70

60
I I I I  I 141411

IO 20  30  4O 50
DEPTH ( f ee t )
May2 I , l 969

60-
I I I I I I ‘ I  I I I

IO 20  30  40  5O
DEPTH ( f ee t )
July 8 ,  I 969

90-— i

80—

70-

60r— 4
I I I I I I I I  I I

IO 20  30 40  50
DEPTHIfee?)
Aug. 25 , I 969

Figu re  D-Z .

335

90

u. é
° .  80  D

a.
E
+9 70

60
, I 1 I I I M I I

IO 20  30  4O 50
DEPTH ( f ee t )
June  6 ,  I 969

90 - 4.

3 80——
d .—

S 70 ~—

60— 4
I I I L I  I I I I
I 0  20  30  40  50

DEPTH ( f ee t )
July 30  , I 969

Wate r  Tempera tu re  Da ta

Lake  Bas t rop

Station No.  6

(May ,  June ,  Ju ly ,  Augus t
1969)

Source :

Lower  Co lo rado  R ive r  Au tho r i t y

Lake  Bas t rop  Tempera tu re s  - Stat ion 6 ,
May — Augus t  P ro f i l e s ,  1068  - 1969.



336

.m
u

d
Q

o
q
fivo

fiu
o

n
B

.m
o

h
m

m
m

9
3

A
.m

..D
m

n
d

m
d

h

0
62

:053m

3
E

N
D

Q
u

S
U

O
E

R
U

S
H

.

m
o

n
u

m
m

m
3

3
4

. 
3

3
0

5
5

4u
m

zm
o

vd
n

o
d

o
o

yo
ke

d
"w

u
n

so
m

«
3

d
w

h
su

d
u

m
m

a
o

h.83
3

m
<

1
3

2
<

2
m

a
m

m
m

. 
_

m
o

m
. 

_
E

\\ 
2

:0
0

.5
o*0

:8
3

326...
d

lo
sfib

3
:8

5
.»

:
h

o 2E
]

5
3

:

HHIH I I I
o O o o O— N «3 ¢ no

(499;) HldHG

O



337

I00 --- iug. 23 ,  I 966  - Amb. 85°F,  I 42  MW

90  _ fi'g ‘3‘ fi ‘ .  fiL 4; __°

80  ~—

70— April 13, I966-Amb. 67°F, 125 MW

601— ‘F ' - - W v J
50 I I I J I I I

- SIa.Nos. I 4 5 6 8 9 3
on. ' 00 ”—
V 9 Aug. I 8 ,  l 967 -Amb .  90 °F ,  l 29  MW
DJ 90  " " \  L
a: fi' 

4.; *4“ + ‘0.2 8<>~—- ,<[ Nov. 30 ,  I 967 -  Amb. 68  F ,  I 3 I  MW
0: 7O 0-— fi} - k
E W " —C if 4

I3 so I I I , I. V I. I I
Sta.Nos.I 4 5 6.. 8 9 3
I00  - Aug. 23 ,  I 968~Amb.  98°F, 264  MW

90  —- " ' ‘ ' '

30“" -  .
70 - FDec .  I8, I968- Amb. 6391?, 213 MW

50 I I I I .. I , I I
Si'a.Nos. I 4 5 6 ‘ ' " 8‘ 9 ‘ 3

Discharge Intake
Channe' - TEMPERATURE §TATIONS mm“
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Annual Maximum and Minimum, 1966 - 1970.
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Figure  D-5 .  Lake  Bas trop  Sur face  Tempera tu re s ,
Annua l  Maximum and  Minimum, 1966  — 1970 .
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Surface Temperature at Station No.6
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Figure D-6 .  Lake Bastrop Temperature Station No.  6
Temperatures at Surface and 30-Ft. Depth
1966  - 1970 ,  Monthly Averages
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SUPPORTING DATA FOR VERIFICATIONAPPENDIX G

TESTS ON JUNE 30, 1970
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