
INFORMATION TO USERS

This material was produced from a microfilm copy of the original document. While 
the most advanced technological means to  photograph and reproduce this document 
have been used, the quality is heavily dependent upon the quality of the original 
submitted.

The following explanation of techniques is provided to  help you understand 
markings or patterns which may appear on this reproduction.

1. The sign or "target" for pages apparently lacking from the document 
photographed is "Missing Page(s)". If it was possible to  obtain the missing 
page(s) or section, they are spliced into the film along with adjacent pages. 
This may have necessitated cutting thru an image and duplicating adjacent 
pages to  insure you complete continuity.

2. When an image on the film is obliterated with a large round black mark, it 
is an indication that the photographer suspected that the copy may have 
moved during exposure and thus cause a blurred image. You will find a 
good image of the page in the adjacent frame.

3. When a map, drawing or chart, etc., was part of the material being 
photographed the photographer followed a definite method in 
"sectioning" the material. It is customary to  begin photoing at the upper 
left hand corner of a large sheet and to  continue photoing from left to 
right in equal sections with a small overlap. If necessary, sectioning is 
continued again — beginning below the first row and continuing on until 
complete.

4. The majority of users indicate that the textual content is of greatest value, 
however, a somewhat higher quality reproduction could be made from 
"photographs" if essential to  the understanding of the dissertation. Silver 
prints of "photographs" may be ordered a t additional charge by writing 
the Order Department, giving the catalog number, title, author and 
specific pages you wish reproduced.

5. PLEASE NOTE: Some pages may have indistinct print. Filmed as 
received.

Xerox University Microfilms
300 North Zeeb Road
Ann Arbor, Michigan 48106



74-4002

CHENG, Joseph Kwang-Chao, 1936-
UPSTREAM DETENTION METHODS AS A FLOOD CONTROL 
PRACTICE IN URBAN AREAS.

The U n iv ers ity  o f  Oklahoma, P h .D ., 1973 
E ngineering, c i v i l

University Microfilms, A XEROX Com pany. Ann Arbor, Michigan |

THIS DISSERTATION HAS BEEN MICROFILMED EXACTLY AS RECEIVED.



THE UNIVERSITY OF OKLAHOMA 

GRADUATE COLLEGE

UPSTREAM DETENTION METHODS AS 

A FLOOD CONTROL PRACTICE 

IN URBAN AREAS

A DISSERTATION 

SUBMITTED TO THE GRADUATE FACULTY 

in  p a r t ia l  f u lf i l lm e n t  o f  th e requirem ents fo r  th e

degree o f  

DOCTOR OF PHILOSOPHY

BY

JOSEPH KWANG-CHAO CHENG 

Norman, Oklahoma 

1973



UPSTREAM DETENTION METHODS AS 

A FLOOD CONTROL PRACTICE 

IN URBAN AREAS

APPROVED BY

( y / \  .j. =dL L ^ 9~vv\,.r

DISSERTATION COMMITTEE



TO

HIS MOTHER DONGS 

AND

HIS BROTHER SAMUEL



UPSTREAM DETENTION METHODS AS 

A FLOOD CONTROL PRACTICE 

IN URBAN AREAS

BY

JOSEPH KWANG-CHAO CHENG

MAJOR PROFESSOR: Dr. Jimmy F. Harp

ABSTRACT

The problem o f  urban area  floodw ater containm ent has become more 

and more s e r io u s  as the p rocess  o f  u rb a n iza tio n  co n tin u es . This research  

e f f o r t  i s  an e x te n s iv e  study o f th e current g ra p h ica l methods which have 

been most w id e ly  used . H ydrologie methods are not en v is io n ed  as candidate  

m odels, or eq u a tio n s , to  be com puterized. The b a s ic  p a r t ia l  d i f f e r e n t ia l  

eq u ation s o f  unsteady non-uniform  flow  are to  be assem bled and a d ig i t a l  

computer a s s i s t e d  f i n i t e  d if fe r e n c e s  tech n iq u es d eveloped . This e lim in a te s  

the u t i l i z a t i o n  o f  one o f  th e c l a s s i c a l  approximate methods whereby 

sto rage-d ep th  assum ptions are made. An a p p lic a b le , s u it a b le ,  computer 

method i s  developed , and an a p p lic a tio n  to  urban areas i s  made.
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UPSTREAM DETENTION METHODS AS A FLOOD 

CONTROL PRACTICE IN URBAN AREAS

CHAPTER I  

INTRODUCTION

Whenever heavy r a i n f a l l  or m eltin g  snow p ro v id es  more ru n o ff than  

can be c a rr ied  w ith in  th e normal channels o f e x is t in g  stream s, a f lo o d  

r e s u l t s .  The e x c e ss  w ater o verflow s to  ad jacen t a r e a s , th e  v a l le y  la n d s , 

and invades developed  a r e a s . Then, th e  f lo o d  damage i s  r e la t iv e  to :  

tr a n sp o r ta tio n  impediment, a g r ic u ltu r a l d e s tr u c t io n , urban development 

in u n d ation , and lo s s  o f  human l i f e  and p ro p erty . There i s  no known abso­

lu t e  method o f  c o n tr o ll in g  th e  r a i n f a l l  i t s e l f  apart from current w eather  

m o d ific a tio n  e f f o r t s  such as cloud  se e d in g , e t c .  N ature a lon e  c o n tr o ls  

th e  c y c le  from sea  to  sky to  e a r th . Man's e f f o r t s  are con fin ed  to  attem pts  

a t  gu id in g  th e  w ater on th a t p a rt o f  i t s  cou rse  from ea rth  back to  th e  s e a .  

The r e g u la tio n  o f  th e  w aters th a t could  cause f lo o d s  p resen t th e  f lo o d -  

c o n tr o l problem .

Many s tr u c tu r e s  are b u i l t  to  c o n tr o l w ater: waterways o f  proper

depth and w idth c o n tro l a r t e r ie s  o f  tr a n sp o r ta tio n ;  w ater d ischarged  

through w ater-w heels p rovid es c o n tr o lle d  power; w ater may be caught in  

sto ra g e  b a s in s  and d is tr ib u te d  fo r  ir r ig a t io n  or w ater supp ly; and w ater
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th a t I s  an a c tu a l or p o te n t ia l  sou rce o f  damage or danger to  property  or  

human l i f e  may b e c o n tr o lle d  to  prevent f lo o d s .  When t h is  co n tro l o f  

w ater in v o lv e s  inçrovem ent o f reclam ation  o f  property  n o t damaged in  i t s  

p resen t c o n d it io n s , th e  c o n tr o l i s  termed " reclam ation ,"  and when i t  

in v o lv e s  th e  p reven tion  o f  f lo o d  damage i s  termed " flood  c o n tr o l."

Flood problems are d iv e r se  in  n a tu re . U ncontro lled  runoff r e s u l t s  

in  e ro s io n  o f  land and c o n tr ib u te s  to  sed im en t-d ep o sitio n  problems down­

stream . "Among th e  d e v ic e s  employed under th e  gen era l concept o f  f lo o d  

c o n tr o l, the s to r a g e , or d e te n t io n , o f  e x c e ss  f lo o d  w aters in  r e se r v o ir s  

d esigned  fo r  th a t  purpose c o n s t itu te  one method o f  f lo o d  co n tro ."  Another 

i s  th e  d iv e r s io n  o f  e x c e ss  f lo o d  w aters in to  floodw ays s p e c i f i c a l ly  

design ed  fo r  th a t purpose. By c o n tr a s t , l e v e e s ,  d ik e s ,  floodw ays and 

channel improvement m erely serv e  to  p r o te c t  property from overflow  but do 

n ot c o n tr o l f lo o d s ;  in  f a c t ,  t h e ir  presen ce tends to  co n fin e  f lo o d  flow  

and thereby in c r e a se  th e  h e ig h t  o f  f lo o d  s t a g e s .  As p op u la tio n  in c r e a s e s ,  

th e  n a tu ra l tren d  i s  fo r  more p eop le  to  crowd in to  th e  low v a l le y  la n d s ,  

which are n a tu ra l pathways fo r  f lo o d  w ater . Subsequently , th ere  i s  a 

g rea te r  demand fo r  more e x te n s iv e  f lo o d  p r o te c t io n .

The fu n c tio n  o f  a f lo o d -c o n tr o l r e s e r v o ir  i s  to  s to r e  a p o rtio n  

o f  th e  f lo o d  flo w  in  such a way as  to  m inim ize th e  f lo o d  peak a t th e p o in t  

to  be p r o te c te d . In an id e a l  c a s e , th e  r e s e r v o ir  i s  s itu a te d  im m ediately  

upstream from th e  p ro tec ted  area and i s  operated  to  "cut o ff"  or a l t e r  

th e f lo o d  peak. T his i s  accom plished by s lo w ly  d isch arg in g  a l l  r e se r v o ir  

in flo w  u n t i l  th e  ou tflow  reaches th e s a fe  c a p a c ity  o f  th e  channel down­

stream . A ll  flow  above t h i s  r a te  i s  s to red  u n t i l  in flo w  drops below th e  

s a fe  channel ca p a c ity  and th e s to red  w ater i s  r e le a se d  to  recover s to ra g e
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ca p a city  fo r  th e n ext f lo o d .

The common method o f  determ ining sto ra g e  In a reach o f  n a tu ra l 

channel Is  to  u se one o f  s e v e r a l s to ra g e  equations In con ju n ction  w ith  

obsered f lo w s . F igure 1-1  shows an Inflow  and ou tflow  hydrographs 

r e la t io n s h ip .  In th e  case  o f  a proposed f lo o d -c o n tr o l r e s e r v o ir ,  I t  I s  

n ecessary  to  determ ine th e  degree o f  flo o d  p r o te c t io n  o f fe r e d . This 

req u ires  th a t an op era tin g  p lan  fo r  th e  r e se r v o ir  be determ ined and th a t  

a c tu a l f lo o d s  o f  v a r io u s m agnitudes be "routed" through th e  r e se r v o ir  

fo llo w in g  th e  proposed op eration  sch ed u le .

To s o lv e  th e  problem o f  h y d ro lo g ie  r e se r v o ir  r o u tin g , th e r e s e r v o ir  

s to ra g e  co n fig u ra tio n  must be known. A sto ra g e  eq u ation , "Inflow  minus ou t­

flow  eq u a ls change In s to ra g e  per u n it  tim e,"  becomes th e  b a s is  o f  th e  

ro u tin g . In rou tin g  a flo o d  through a reach . I t  I s  n ecessa ry  to  know:

(1) T o ta l In flow  In to  reach

(2) P r o f i le  o f  w ater su r fa ce  a t any In sta n t

(3) S torage under th e  p r o f i le

The sto ra g e  eq u ation  I s :

(I  -  0) At = AS

In which I I s  th e  t o t a l  In flow  r a te ,  0 Is  the t o t a l  ou tflow  r a te ,  AS I s  the  

change In volume In s to ra g e  In the reach . At I s  th e len g th  o f  the tim e  

p eriod .

U n t i l  r e c e n t ly ,  most o f  the w ater flo o d  flow  research  has been  

aimed a t  deteirmlnlng th e  v a r ia b le s  In flu en c in g  ru n o ff , and th e  r e la t io n ­

sh ip s  between th e v a r ia b le  has been em p ir ica l or s t a t i s t i c a l  because o f  

th e  com plexity o f th e  problem and th e la ck  o f data In vo lved . In rec en t
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tim es, h igh  speed d ig i t a l  computers have been used fo r  both  b a s ic  and 

app lied  research  to  f lo o d  flow  problem s. Most o f th e  techn iques fo r  over­

land flow  rou tin g  In stream s are based . In va rio u s d eg ree s , on th e  

In te g ra tio n  o f  th e p a r t ia l  d i f f e r e n t ia l  equations o f  m otion. The equations  

o f  flo o d  flow  can be a pow erful to o l  fo r  th e  d if f e r e n t  areas o f  research .

In t h is  stu d y , th ere  are two fundamental p a r t ia l  d i f f e r e n t ia l  eq u a tio n s .

One Is  th e  con servation  o f mass or th e c o n tin u ity  equation  and th e  other  

Is  the momentum eq u ation . These two p a r t ia l  d i f f e r e n t ia l  equations from 

the b a s ic  m athem atical models rep resen t the variou s phenomena. These 

equations are not sim ple to  s o lv e  by a n a ly t ic a l  methods, and num erical 

s o lu t io n s  prove to  be too  ted io u s  fo r  p r a c t ic a l purposes. S im p lifie d  

methods based p rim a rily  on th e equation  o f con serv a tio n  o f  mass have been  

w id ely  used In th e p a s t .  The d ig i t a l  computer has made I t  f e a s ib le  to  

obtain  num erical s o lu t io n s  fo r  th e  com plete system  o f  eq u ation s o f  motion  

by the f i n i t e  d if fe r e n c e  method.

A ccordingly  th e  flo o d  problem, w ater In th e  stream  channel system  

(see  F ig . 1 -2 ) ,  has been observed to  be unsteady non-uniform  flo w , e t c . ,  

but the r e se r v o ir  rou tin g  problem I s  d if fe r e n t  from th e stream flow  rou tin g  

problem In I t s  fundamental nature and by d if fe r e n c e  from lo c a l  ru n off  

en ter in g  along th e le n g th  o f  the stream  channel. This study w i l l  e n t a i l  

th e u se o f  p a r t ia l  d i f f e r e n t ia l  eq u ation s to  so lv e  th e problem o f r e se r v o ir  

ro u tin g . The so lu t io n  req u ires as Input Inform ation:

(a) The r e se r v o ir  geom etric e lem en ts.

(b) The t o t a l  tim e.

(c) The In flow  hydrograph.

Programs fo r  th e s o lu t io n  o f  the p a r t ia l  d i f f e r e n t ia l  eq u ation s o f
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7
th e  open channel flow  have been w r it te n  fo r  s o lu t io n  by d i g i t a l  computers 

such as th e  IBM 360. The programs have been design ed  to  u t i l i z e  a v a r ie ty  

o f  languages such as FORTRAN, MAD, ALGOL, e t c .

The r e se r v o ir  ro u tin g  problem has been so lv ed  by s e v e r a l grap h ica l 

methods which w i l l  be d escr ib ed  in  th e l i t e r a t u r e  rev iew . The o r ig in a l  

purpose o f  t h i s  d is s e r a t io n  was to  p resen t a s o lu t io n  s im ila r  to  th e ICES- 

HYDRO scheme (25) whereby a p r a c t ic a l  method i s  made a v a ila b le  fo r  th e  

problem o f  urban area flood w ater containm ent. However, due to  circum­

sta n c es  beyond our c o n tr o l,  a l e s s e r  g o a l was a ch iev ed . S p e c i f i c a l ly ,  t h i s  

study w i l l  examine one a sp ect o f  t h i s  problem ------ r e s e r v o ir  ro u tin g . Hope­

f u l l y ,  th e  end r e s u lt  o f  t h i s  research  w i l l  be th e development o f  a 

p r a c t ic a l ,  u suab le tech n iq u e fo r  urban area  flood w ater containm ent.

The ICES-HYDRO (25) package s o lv e s  th e stream flow  ro u tin g  problem  

but not th e r e s e r v o ir  ro u tin g  problem so lv ed  h ere . T his tech n iq u e u ses  

th e ALGOL computer, which i s  n o t a v a ila b le  a t th e  U n iv e r s ity  o f  Oklahoma 

computer la b o ra to ry .



CHAPTER I I  

REVIEW OF LITERATURE

The h is to r y  o f  f lo o d  ro u tin g  through r e se r v o ir s  w i l l  be reviiîwed 

in  t h i s  ch ap ter. For many years most en g in eers have recogn ized  th e  pro­

blem o f  w ater overflow  and have expended co n sid erab le  tim e and thought to  

i t s  s o lu t io n .  U su a lly  th e in v e s t ig a to r s  d ire c ted  t h e ir  e f f o r t s  towards an 

a n a ly t ic a l  approach to  th e  problem. A b r ie f  e v a lu a tio n  o f  th e  work th at  

has been done in  t h is  f i e l d  w i l l  be d escr ib ed .

In th e  p a s t ,  most research  has been done by two methods fo r  o p t i­

mum flo o d  c o n tr o l. F i r s t ,  th e  u n it  hydrograph method along w ith  a b a s ic  

w ater b a lan ce r e la t io n s h ip  shows th e  w ater overflow  as a l in e a r  system . 

Second, th e  f lo o d  rou tin g  method u ses  two com plete p a r t ia l  d i f f e r e n t ia l  

equations fo r  open channel f lo w , one b ein g  the c o n t in u ity  eq u ation  and th e  

o th er , th e  momentum eq u ation .

In order to  study th e  s to ra g e  in f lu e n c e  on th e  ou tflow  hydrograph, 

the d i f f e r e n t ia l  equation  co n ta in in g  th e s to ra g e  term (in flo w  minus ou tflow  

i s  th e  change o f  s to ra g e  in  a g iven  tim e increm ent) i s  in te g r a te d  over a 

c y c le  in flo w  fu n c tio n  (an assumed hydrograph) and fo r  o u tflow  r a t in g  curve 

which i s  l in e a r  w ith  r e sp e c t to  th e r e se r v o ir  l e v e l .  This theory  was com­

p le te d  by J . A. Seddon 1898 ( 1 ) .  He l e t  th e fu n ctio n  H = f ( t )  be a 

r e se r v o ir  le v e l  hydrograph where th e  area o f th e r e se r v o ir  i s  e i th e r  con­

s ta n t  or changing w ith  th e  r e s e r v o ir  l e v e l ,  and where H i s  th e r e se r v o ir

8
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l e v e l  and t  i s  th e  tim e. The e f f e c t  o f  sto ra g e  on th e  am plitude o f  th e  

c r e s t  flow  and on phase s h i f t in g  (th e  postponement o f  maximum Q) i s  derived  

a n a ly t ic a l ly  fo r  one or more r e s e r v o ir s .

In 1914 T. R. Running (2) used th e  storage equation  and a graph­

i c a l  method fo r  i t s  in te g r a t io n :

P -  Q = A ^  (2 -1)

where P = r e se r v o ir  in flo w  in  c f s

Q = r e s e r v o ir  ou tflow  in  c f s  

A = area  o f  r e r se r v o ir  in  square m iles

H = depth or  e le v a t io n  o f  th e r e se r v o ir  area in  f e e t

t  = tim e

Since P = f ( t ) ,  Q = f(H ) , and A = f(H ), then ^  = f ( H , t ) .  The

fam ily  o f curves o f  = f ( t )  fo r  con stan t H can be p lo t t e d ,  when P , Q,

and A are known. U sing the s ta r t in g  p o in t Bq (Hq , t^ ) (where B i s  th e  

w idth o f r e s e r v o ir )  and s e le c t in g  th e p o in t on th e  l i n e  so th a t the  

area under B^B  ̂ i s  (H^- Hq) , th e  p o in t t^  i s  ob ta in ed , e t c .  The fu n c tio n  

H = f ( t )  i s  thus d e r iv e d .

H. A. Thomas 1917 (3) so lv ed  the sto ra g e  equation  by mass curves

P -  Q = ^  (2 -2 )

Given th e mass curve o f  P , s to ra g e  W = f(Q) computed form W = f(H)

and Q = f (H ) . An in te r v a l  At i s  s e le c te d  as f ix e d ,  in s id e  o f  which a l l

changes are considered  l in e a r .  On th e  storage  W fo r  each ou tflow  Q, l/2QAt 

i s  added and a new curve W + l/2Q At = f(Q) i s  p lo t te d . I f  th e  accumulated



10
ou tflow  I s  known fo r  and At I s  added, th e  v a lu e  o f  Ip^At i s  determ ined  

fo r  th e  cen ter  o f th e At range.

ZP^At -  ZQ^At = W + l/2QAt (2 -3 )

and w ith  th e v a lu e  from th e  curve W + l/2QAt = f (Q ), th e  mean v a lu e  o f  Q 

in  th e  in te r v a l  At i s  o b ta in ed . The ou tflow  during th e  in te r v a l  i s  QAt 

and th e  new p o in t o f  ZQAt becomes ZQ^At + QAt. In t h is  manner, th e  

in te g r a t io n  i s  com pleted

where P = in flo w  o f  r e s e r v o ir  in  c f s

Q = ou tflow  o f  r e s e r v o ir  in  c f s  

W = sto ra g e  volume 

H « depth in  r e se r v o ir  in  f e e t  

t  = tim e in te r v a l

R. E. Horton, 1918 (4 ) developed  a sto ra g e  equation  o f th e  form

PAt = AAH + [ 1 /2 (Q  ̂ +  Qg)] At (2 -4 )

His equation  i s  d iscu sse d  fo r  in te g r a t io n , Q̂  and Q̂  a t  th e  b eg in ­

n ing and a t th e  end o f  A t, A and H are area and h e ig h t o f  r e s e r v o ir  su rfa ce  

r e s p e c t iv e ly .  At = tim e in t e r v a l .  For g iven  At, P^, A, and and assumed 

AH, Qg can be determ ined so th a t AH and Q̂  can be obtained  by s u c c e s s iv e  

approxim ations. In order to  avoid  t h is  procedure, two fu n c tio n s  are 

developed :

Ql
*1 " A at + T  (2-5)
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H, Q,
Fz = A Â f  + 2 "  (2-*)

As or are fu n c tio n s  o f  or  = f(H^) and F  ̂ = fCHg),

and two curves can be computed th a t  may be e a s i l y  p lo t t e d ,  Fg = P -  F^, 

and fo r  g iven  F^ and P^, th e  v a lu e  F  ̂ and HgCQg) can be o b ta in ed , and so  

on.

Where P =» in f lo w  d isch a rg e  in  c f s

Q = ou tflo w  d isch arge  in  c f s  

F^, Fg = s to ra g e  fa c to r s  

At = tim e in te r v a l

J . C. S tev en s , 1921 (5) used th e  in te g r a t io n  o f  th e  s to ra g e  

d i f f e r e n t ia l  eq u ation

P -  Q = ^  (2 -7 )

The fu n ctio n  W = f(Q ) i s  rep la ced  by dW = f(Q)dQ, wher f(Q ) = m i s  th e  

shope o f  th e  s to ra g e  fu n c tio n  and may b e con sid ered  p r a c t ic a l ly  con stan t  

in  c e r ta in  l im it s  o f  Q. The tr ia l-a n d -e r r o  method i s  based on d if f e r e n t  

At and corresponding m. The g en ra l form o f  th e s to ra g e  d i f f e r e n t ia l  

equation  fo r  Q = f(H) and W = f(H ) as power fu n c tio n s  o f  H i s  d eveloped , 

but not in te g r a te d  becau se o f  th e  d i f f i c u l t y  to  f i t  th e  hydrograph P = f ( t )  

by a m athem atical e x p r e ss io n .

Where P » in f lo w  d isch a rg e  in  c f s .

Q » o u tflow  d isch a rg e  in  c f s
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W = sto ra g e  volume 

H = depth in  r e s e r v o ir  in  f e e t  

t  = tim e in te r v a l

A tr ia l-a n d -e r r o r  method fo r  f lo o d  ro u tin g  by th e  u se o f  th e  s t o r ­

age equation  was developed by R. D, Goodrich, 1931 ( 6 ) .  He used

P -  Q = ^  (2 -8 )

fo r  th e  s e le c t e d  tim e in te r v a l  u s in g  th e o u tflow  sto ra g e  fa c to r  equal to

+  ?2 + -  Ql " Wg + Qg (2 -9 )

8 0  th a t Wg and are ob tained  by s u c c e s s iv e  op era tio n s in  ta b u la tin g  th e  

above v a lu e s .

Where P = in flo w  d isch arge  in  c f s

Q = ou tflow  d isch a rg e  in  c f s  

W = sto ra g e  volume . 

t  = tim e in te r v a l

H. K. Barrows, 1933 ( 7 ) ,  by u s in g  a g ra p h ica l procedure fo r  th e  

determ ination  o f r e s e r v o ir  s to ra g e  above th e  s p illw a y  l e v e l ,  computed th e  

ou tflow  from th e  r e s e r v o ir .  A sim p le  sh o rt method, em ploying th e  mass 

curves o f  in f lo w  and sp illw a y  d isch arge  i s  u sed . As th e s t a r t in g  p o in t ,  

sto ra g e  W rep re se n ts  th e  increm ent o f  d if fe r e n c e  in  l e v e l  AH. Using th e  

s lo p e  o f th e  ou tflow  mass curve fo r  AH, a new p o in t on th e  in f lo w  mass 

curve i s  ob tained  fo r  th e  new l e v e l  H +  AH and th e com putation p rocess  

i s  rep ea ted .
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G. R. Clemens, 1945 (8) proposed a g ra p h ica l method based on th e  

sto ra g e  eq u ation . I t  i s  c a l le d  "Reach R eservoir  Method" and i s  used fo r  

f lo o d  ro u tin g  in  r e s e r v o ir s  and in  v a l le y  s to r a g e . The curves

and

F i = Wi + 1/2Q^ (2-10)

Fg = Wg - I/2Q2 (2-11)

both eq u ation s are used as w e ll  as Q = f(H ) and W = f (H ) , w ith  known in flo w s. 

Curves o f  d if f e r e n t  s c a le s  can be p lo t te d  to  in c r e a se  th e  accuracy o f  th e  

method. The tim e in t e r v a l  o f  th e  wave, th e  lo c a l  in f lo w , and th e  v a l le y  

sto ra g e  e f f e c t  are d is c u s s e d . In th e  eq u a tio n , F^, F^ = sto ra g e  fa c to r s ,

Q = ou tflow  d isc h a r g e , W = s to ra g e  volume and H = depth in  r e s e r v o ir .

The s l i d e  r u le  f lo o d  ro u tin g  method was used by C. J . Posey 1935 

( 9 ) .  This method in vo lved  s h o r t ,  uniform  tim e increm ents and required  a 

sep ara te  s e t  o f  s c a le s  fo r  each r e se r v o ir  having a d if f e r e n t  volum e-depth  

or ou tflow -d ep th  r e la t io n .  Length along th e  s l i d e  and s to c k  rep resen t  

t o t a l  volumes a s  " d a y -se c o n d -fe e t ," th e  former b earing  a sim ple s c a le  w ith  

graduations d e fin ed  by

^2 " ^2 * ^2 2 (2-12)

and th e  la t t e r  b earin g  two opposed s c a le s  w ith  a common o r ig in  d efin ed  

by I = Pt and
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F i = Wi -  Ql y  (2 -13)

In which P = average in flo w  r a te  in  c f s

t  = le n g th  o f  tim e increm ent 

= a t  beg inn ing  sto ra g e  volume 

Wg = a t  end sto ra g e  volume 

Q̂  = a t  b eg in n in g  ou tflow  r a te  in  c f s  

Qg = a t  end ou tflow  r a te  in  c f s

The ou tflow  r a te  i s  assumed to  be a known fu n ctio n  o f  th e  t o t a l  

sto r a g e , and th e  s to ra g e  equation  i s  o f  the form (F^ + F^). Given th e  

in flo w  and ou tflow  r a te s  a t  th e beginn ing o f  a s te p ,  th e  ou tflow  r a te  a t  

th e end o f  th e  s te p  can be obtained  d ir e c t ly  by means o f  th e  s l id e  r u le  

or by means o f  a monograph in  which F  ̂ and F  ̂ are s to ra g e  fa c to r s .

The f i r s t  attem pt to  com plete th e gen era l p a r t ia l  d i f f e r e n t ia l  

equations o f  a so lu t io n  s u ita b le  fo r  f lo o d  co n tro l was begun by H. Â. 

Thomas, 1937 (1 0 ) . H is was th e  f i r s t  r e a l  s ig n i f ic a n t  co n tr ib u tio n  to  

t h is  d is c ip l in a r y  area , "Hydraulics o f  Flood Movement in  R ivers"  u s in g  WPA 

funded re sea r ch . H is two p a r t ia l  d i f f e r e n t ia l  equations were: 

th e  energy equation

(5)(1) (2) (3) (4)

and the law o f  c o n tin u ity :
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(6) (7 ) (8)

(1) Bed -  s lo p e  term

(2) H ydraulic -  f r ic t io n  term

(3) Depth -  f r i c t io n  term

(4) V e lo c ity  -  Head term

(5) A cce lera tio n  term

(6) Prism -  s to ra g e  term

(7) Wedge -  s to ra g e  term

(8) Rate -  r i s e  term

Thomas research  paper (10) p resen ts  a sy stem a tic  a n a ly s is  o f  un­

stead y  flow  in  r e iv e r s  and o f  th e approximate f lo o d -r o u tin g  methods th a t  

have been developed . The fo llo w in g  are d iscu ssed : Review o f law s o f

stead y  and unsteady f lo w s , propagation  o f  s ta b le  wave form s, d i f f i c u l t i e s  

o f  in te g r a t io n  by exact methods and boundary c o n d it io n s , u se o f  h yd ra u lic  

models fo r  unsteady flow  (which i s  recommended fo r  accu rate  flo o d  r o u t in g ) , 

and approximate methods o f  f lo o d  ro u tin g  in  uniform  channels and in  a c tu a l  

r iv e r s .  Three approximate methods are analyzed: F ir s t  approxim ation, w ith

a s in g le  sto ra g e  eq u ation  fo r  each Ax and tim e in te r v a l A t, based on th e

r e la t io n sh ip  o f s to ra g e  and ou tflow  d isch arge ( t h is  method was found to  be  

la ck in g  in  accuracy); second approxim ation, in  which th e s lo p e  o f  the  

reach i s  considered  to  be a s t r a ig h t  l i n e ,  w ith  or w ithout co rr ec tio n s  fo r  

v e lo c it y  head and a c c e le r a t io n  term; and th ird  approxim ation, em ploying  

two d i f f e r e n t ia l  eq u ation s where the so lu t io n  i s  very im p ra ctica l and the
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p o s s ib i l i t y  o f  so lv in g  th e eq u ation s by th e  f i n i t e  d if fe r e n c e  approach i s  

very d i f f i c u l t .  H. Â. Thomas d id  some sample com putations d is c u s s in g  how 

the techn ique could b e used in  th e  f i e l d  and acknowledged th a t th e  q u a n tity  

o f  com putation made i t s  a p p lic a t io n  q u ite  d i f f i c u l t  to  app ly .

A sem igraph ica l method fo r  in te g r a t in g  the s to ra g e  d i f f e r e n t ia l  

equation was made by R. S . Goodridge, 1937 (1 1 ) . For g iven  in flo w  hydro­

graph, s to r a g e -e le v a t io n  fu n c tio n , and ou tflow  d is c h a r g e -e le v a t io n  fu n ctio n  

(r a t in g  c u r v e ) , th e  o u tflo w  hydrograph and sto ra g e-tim e  fu n ctio n  are d e ter ­

mined. The sh ortcu t method d escr ib ed  u ses  a p ro cess  o f  d ir e c t  in te g r a t io n  

w ithout em ploying mass cu rv es. I t  i s  based on th e  u se  o f  a s e le c t e d  tim e  

u n it  At (which i s  v a r ia b le )  fo r  th e  equation  W = QAt and u ses  At as a 

con stan t (tim e required  to  f i l l  a g iven  volume by a g iven ) d is c h a r g e ); At 

depends on the s e le c te d  increm ents fo r  s to ra g e  and d isch arge in  which W i s  

sto ra g e  volum e, Q i s  o u tflo w  d isch a rg e , and At i s  tim e in t e r v a l .

The fu n ctio n  o f  a flo o d  c o n tro l r e se r v o ir  i s  to  reduce th e  h e ig h t  

o f flo o d  peaks by tem porarily  s to r in g  p art o f  th e  f lo o d . The f e a s i b i l i t y  

o f th e  id ea  was ex em p lified  in  s tu d ie s  made by C. J . Posey and I .  Fu-Te, 

1940 (1 2 ) . The p r in c ip a l problem in  th e fu n c tio n a l d esign  o f a f lo o d  

co n tro l r e se r v o ir  i s  th e  determ ination  o f th e r e la t io n sh ip  between th e  

amount o f  s to ra g e  and th e  corresponding red u ction  in  th e  f lo o d  peak. They 

have been g en era lize d  and extended to  apply to r e se r v o ir s  w ith  e i th e r  

o r i f i c e  or w e ir -ty p e  o u t le t s  and v a l le y s  o f  a w ide m orphological c o n f ig ­

u ra tio n . Although th e  r e la t io n s h ip s  derived  can be used in  th e  d es ig n  o f  

m u ltip le -p u rp ose  r e s e r v o ir s ,  the p resen t d isc u ss io n  i s  r e s t r ic t e d  to  

r e se r v o ir s  designed  p rim arily  fo r  f lo o d  c o n tr o l.

H. A. Thomas, 1940 (13) made u se  o f  th e  two p a r t ia l  d i f f e r e n t ia l
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eq u ation s fo r  unsteady f lo w . A tr ia l -a n d -e r r o r  p ro cess  o f  determ ining  

lo c a l  in flo w  from g iv en  s ta g e  p r o f i l e s  fo r  d if f e r e n t  tim es i s  g iven  by 

u sin g  th e  s ta g e -s u r fa c e  p r o f i l e  fo r  a co n stan t d isch a rg e  as th e re fe ren ce  

b a se , from which th e  depth h i s  measured. By rep ea tin g  th e  p r o c e ss ,  

f i n i t e  r e la t io n s  o f  Q = f ( t )  fo r  g iven  s ta t io n s  and A = f ( x )  fo r  given  

tim es are  determ ined. Having At and Ax fo r  both  fa m il ie s  o f cu rv es , ZAQ 

and AW are o b ta in ed , where ZAQ i s  th e  d if f e r e n c e  betw een ou tflow  and in flo w  

and AW i s  s to ra g e  o f  a reach Ax during th e  tim e . A t. L ocal in flo w

ZP = AW -  ZAQ (2 -16)

S o lu tio n  o f  th e  t r ia l-a n d -e r r o r  p ro cess  in  th e  ca se  o f  known lo c a l  in f lo w  

i s  a ls o  g iv e n . Thomas (13) rec o g n izes  th a t th e  method i s  la b o r io u s  but 

co n sid ers  i t  j u s t i f i e d .

D. Johnstone and W. P. C ross, 1949 (14) in  "Elements o f  A pplied  

H ydrology," Chapter 7 , d is c u s s e s  th e  sim ple s to ra g e  eq u a tio n , f lo o d  rou tin g  

through r e s e r v o ir s  and re ta d in g  b a s in s  w ith  s to ra g e  a s  a fu n c tio n  o f  d i s ­

charge a lo n e , an example o f  f lo o d  ro u tin g  by u se o f  a mass diagram and a 

s to r a g e - fa c to r  (2W/At +  Q) curve, a long w ith  d is c u s s io n  o f  f lo o d  rou tin g  

in  a stream  where s to ra g e  i s  used as a fu n c tio n  o f  in f lo w  and o u tflo w . 

D eriva tion  i s  g iv en  o f  th e s to ra g e  r e la t io n s h ip  fo r  a reach and an example 

o f th e  flo o d  ro u tin g  i s  shown. In  w hich , W i s  s to r a g e  volum e. Q i s  th e  

o u tflow  r a te ,  and t  i s  th e  tim e in t e r v a l  used .

Most t e x t  books on hydrology such as L in s le y , K ohler, and P au lhus, 

1949, 1958 (15 , 16) p resen t a good summary on f lo o d  ro u tin g  through r e s e r ­

v o ir s  by u sin g  th e  c o n t in u ity  eq u a tio n . I t  i s  th e  s o -c a l le d  "hydrology
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eq u ation , " w ritten  as

I -  0 = (2 -17)

The term I rep resen ts  the In flow  d isch a rg e , 0 th e  ou tflow  d is ­

charge, and As/At th e  r a te  o f  change o f  s to r a g e . In words i t  sim ply s t a t e s  

th a t th e  r a te  o f  change in  s to ra g e  in  a system  i s  equal to  th e  d if fe r e n c e  

between th e in flo w  and the o u tflo w .

The Hydrology Equation (2 -1 7 ) may be rew r itte n  as

S, + ) Id t = Sg t y  Odt o r  (2 -18 )

h  ^1

I .  + 1 ,  0 + 0 ,  .
( - l y - 2 )  -  = I l  (2-18a)

and tra n sp o sin g , we ob ta in

'^2  r^2
Id t - J  Odt = Sg -  or (2 -19)

" l  *̂ 1

I ,  +  lo  Oi +  ° 2
■ - At -  -- Y - - A t  = Sg -  (2-19a)

In th e  l a t t e r  form th e  equation  says s im p ly , th e  t o t a l  q u a n tity  o f  in flo w  

in to  a reach during a g iven  p eriod  o f  tim e minus th e  t o t a l  q u a n tity  o f  

outflow  from th e  reach  fu r in g  th e  same p eriod  eq u a ls  th e  change in  the
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volume of w ater sto red  in  th e reach.

S in ce n e ith e r  I  nor 0 can be exp ressed  m athem atically  in  terms o f  

t ,  num erical in te g r a t io n  i s  n ecessa ry  fo r  th e s o lu t io n  o f  the hydrology  

eq u ation . S e le c t in g  a tim e in te r v a l  sh ort enough th a t both  I  and 0 may be 

con sid ered  l in e a r  fu n c tio n s  o f  t ,  th e  equation  may be rew r itte n  a s:

I +  I  0 + 0
(tg  -  t^) (  ̂  ̂ -  -  Y — ) = Sg -  S  ̂ (2-20)

By th e  terms o f  the problem , and are known and assuming th a t  

and S  ̂ are known, th e equation  has two unknown, 0^  and S^. For a 

s o lu t io n  o f  th e  flo o d  ro u tin g  problem i t  i s  th e r e fo r e  n ecessa ry  th a t  

another r e la t io n  in v o lv in g  0 and S be found. This r e la t io n  may be obtained  

from th e p h y s ic a l c h a r a c te r is t ic s  o f  th e  reach .

Flood ro u tin g  by th e  h y d r o lo g ic a l method i s  based on th e  s to ra g e  

eq u ation  which K. E. Sorenson, 1949 (17) arranged in  th e form:

+ l/2(Qj^At) +  [ 1 /2 (Pĵ  +  Pg) -  Q^] = Wg + 1 /2 (Q2 A) (2 -21)

The fo llo w in g  curves are used by Sorenson (17) in  h is  s o lu t io n  to  

th e  f lo o d  ro u tin g  through r e se r v o ir  problem: W + l/2 (Q A t) = f (H ) , W = f (H ),

Q = f(H ) and P = 1/2(P ^  +  Pg) -  f ( t ) ,  Q -  f[W + l/2 (Q A t)] .

The fu n c tio n s  H ■ f ( t )  and Q = f ( t )  are computed. A g ra p h ica l 

method i s  used and a combined grap h ica l and nomographic method in  which  

P = in flo w  d isch arge  in  c f s ,  0 = ou tflow  d isch arge in  c f s ,  W = s to ra g e  

volum e, t  = tim e in t e r v a l ,  and H = depth in  th e r e se r v o ir  in  f e e t .

B. R. G i lc r e s t ,  1950 (18) u ses  two appxim ation methods fo r  f lo o d
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ro u tin g . The f i r s t  approxim ation method i s  based  on th e  n e g le c t  o f  the  

momentum equation  and th e  second approxim ation method i s  based on th e  two 

d if f e r e n t ia l  eq u a tio n s .

These p a r t ia l  d i f f e r e n t ia l  eq u ation s have been d ir e c te d  toward 

improving th e tech n iq u es o f s o lu t io n  u sin g  th e  method o f  c h a r a c te r is t ic s .

J . J . S tok er , E. I sa a c so n , and A. T roesch , 1953, 1954, 1956, 1958 (1 9 , 20, 

21, 2 2 ) , r e s p e c t iv e ly ,  did th e  research  in  t h is  f i e l d  w ith  th e a id  o f  a 

d ig i t a l  computer. The l a s t  paper, (2 2 ) , i s  a c tu a lly  a summary o f  th e  f i r s t  

th ree rep o rts  which were prepared fo r  th e  U. S. Army Corps o f E ngineers, 

Ohio R iver D iv is io n . Those rep o rts  gave a com plete d is c u s s io n  o f  th e  

r e s t r ic t io n s  imposed by th e  c h a r a c te r is t ic  d ir e c t io n s ,  developed g r id s  for  

so lv in g  th e  eq u ation s by f i n i t e  d if fe r e n c e s  method on th e  d i g i t a l  computer, 

and comparison w ith  th e  a c tu a l data which was good in  th e  case  o f  a 

ju n c tio n  a n a ly s is  and a r e s e r v o ir  o p era tio n . The method o f  c h a r a c te r is t ic s  

i s  used to  determ ine th e tim e d if fe r e n c e  range fo r  At when AX i s  s e le c te d  

and th ere  i s  a good a n a ly s is  o f  th e mesh o f  p o in ts  (A t, AX) in  th e  p lane  

( t ,  X ). A lthough th e  research  e f f o r t s  o f  S tok er , Isaacson  and Troesch (19 , 

20, 21, 22) was d ir e c te d  s p e c i f i c a l l y  to  stream  r o u tin g , th e  p r in c ip a l  

id ea s  may be adapted to  r e se r v o ir  rou tin g  w ith  some e f f o r t .

In  Chow’s  Open-Channel H yd rau lics , Part V, 1959 (2 3 ) ,  unsteady  

flow  i s  d iscu sse d  in  two ch a p ters . Chapter 18 t r e a t s  grad u a lly  v a r ied  

unsteady f lo w , co n sid er in g  c o n t in u ity  o f  unsteady f lo w , dynamic eq u ation , 

m onoclinal r i s in g  wave, dynamic eq u ation  fo r  uniform ly p r o g e ss iv e  flow , 

wave propagation  and s o lu t io n  o f  th e  unsteady su r fa ce  f lo w . Chapter 20 

tr e a t s  f lo o d  r o u tin g , co n sid er in g  th e method o f  c h a r a c t e r is t ic s ,  th e  

method o f  d if fu s io n  analogy in c lu d in g  p r in c ip le s  and methods o f  h y d ro log ie
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r o u tin g , and a sim ple h y d ro lo g ie  method o f  ro u tin g .

M orgali and L in s le y , 1965 (24) p resen ted  a method o f  sy n th e s iz in g  

overland flow  hydrographs by c o n tr o ll in g  the param eters. The hydrograph 

i s  con stru cted  fo r  a uniform  r a in f a l l  on a flow  p lan  o f  con stan t s lo p e  

w ith  uniform  su rfa ce  te x tu r e  and a g iven  le n g th , and the e f f e c t  o f each  

param eter i s  is o la t e d  by vary ing  i t  in d iv id u a l ly .  These c o n tin u ity  and 

momentum eq u ation s are so lv ed  on a d i g i t a l  computer u sin g  th e  num erical 

procedure fo r  boundary and i n i t i a l  c o n d it io n s .

The HYDRO Program, 1966 (25) i s  a co n te n t-o r ie n te d  computer 

language system  which was f i r s t  begun in  th e  C iv il  E ngineering  Department, 

M assachusetts I n s t i t u t e  o f  Technology and was com pleted la t e r  in  the  

Department o f  C iv il  E n gin eer in g , Carnegie I n s t i t u t e  o f  Technology. I t  

was developed fo r  th e  s o lu t io n  o f h y d ra u lic  en g in eer in g  problems and 

s p e c i f i c a l ly  fo r  th e  stream  flow  ro u tin g . This system  has two p r in c ip le  

components: an ALGOL com piler and a procedure lib r a r y .  The gen era l f lo o d

ro u tin g  com putation i s  based on th e  appximate methods o f  ro u tin g  proposed  

by H. A. Thomas, 1937 (10) in  "The H ydraulics o f  Flood Movements in  

R iv ers,"  Carnegie I n s t i t u t e  o f  T echnology, E ngineering B u lle t in  P .4 6 -60 , 

and i s  a p p lic a b le  to  grad u ally  v a r ie d  unsteady flow s in  stream flow  channels 

w ith  no abrupt changes in  th e cro ss  s e c t io n .  The method makes two b a s ic  

approxim ations: (1 ) th e  s to ra g e  in  a reach (reach h ere in  i s  d efin ed  as th e

channel le n g th  between two s t a t io n s )  i s  con sid ered  equal to  th e  le n g th  o f  

th e  reach tim es the average cro ss  s e c t io n  area w ith in  the reach , assuming 

th a t th e su r fa ce  p r o f i l e  w ith in  th e reach does not d i f f e r  from a s t r a ig h t  

l i n e  by more than a n e g l ig ib le  amount, and (2) the d isch arge ra te  a t the  

downstream end o f th e reach i s  con sid ered  equal to  th e normal d isch arge
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ra te  corresponding to  the g iven  s ta g e  a t  the end o f  th e reach . The 

e f f e c t s  o f  abnormal su r fa ce  s lo p e  in  m odifying the d isch arge  are  

n e g le c te d .

Hartman, Ree, Schoof, and Blanchard, 1967 (26) developed  a f lo o d  

p reven tion  program on Sugar Creek, a tr ib u ta ry  to  th e  W ashita R iver in  

Oklahoma, where f lo o d  peaks were reduced by o n e -h a lf .  The r e c e s s io n  p a rts  

o f the a fte r -tr e a tm e n t hydrographs were length en ed . The s tr u c tu r e s  re ­

duced th e  i n f i l t r a t i o n  on th e f lo o d  p lan e by reducing f lo o d  peaks. The 

r e c e s s io n  flow  was in crea sed  by the number o f  d e te n tio n  r e s e r v o ir s .

The U. S. Army Corps o f  E n g in eers, H ydrologie C enter, D a v is , 

C a lifo r n ia , 1971 (27) have developed very r e c e n t ly  a g e n e r a liz e d  computer 

program fo r  the r e s e r v o ir  system  a n a ly s is .  This program was prepared fo r  

use in  th e CDC 6600 computer and i s  u sab le on o th er  h igh  speed computers 

i f  dim ensions are changed to  f i t  memory s i z e .  U sing FORTRAN IV , i t  p er­

forms m ultipurpose ro u tin g  o f  a r e se r v o ir  system  by any nunber o f  p er iod s  

o f  uniform  or v a ry in g  le n g th  per year based on v a ry in g  flo w  requirem ents 

at r e s e r v o ir s ,  d iv e r s io n , and downstream c o n tr o l p o in t s ,  and power peak­

in g  and energy requirem ents a t r e s e r v o ir s .  Although i t  can accep t any 

co n fig u ra tio n  o f  r e s e r v o ir s , d iv e r s io n s , power p la n t s , and c o n tr o l p o in ts  

and w i l l  accep t system  power demands th a t o v err id e  in d iv id u a l power p la n t  

requirem ents, but i t  does n o t p rovid e fo r  channel r o u tin g s . T h erefore , a 

more fundam entally based form ulation  i s  req u ired  i f  one i s  to  ach ieve a 

high  degree o f  g e n e r a lity  and f l e x i b i l i t y .

A review  o f  th e l i t e r a t u r e  re lev a n t to  th e problem o f  r e s e r o ir  

rou tin g  has shown th a t most s tu d ie s  have d e a lt  w ith  p r a c t ic a l  methods and 

u se a g ra p h ica l tech n iq u e . However, i t  was found th a t  no research  e f f o r t s
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have been d ir e c te d  toward so lv in g  " flood  rou tin g  through r e se r v o ir s" . 

T h erefore, i t  i s  th e  purpose o f  t h is  study to  p rov id e development o f  a 

p r a c t ic a l ,  u sab le  technique fo r  urban area  flood w ater  containm ent.

Having review ed the l i t e r a t u r e  p e r t in e n t  to  t h is  problem . 

Chapter I I I  w i l l  p resen t the th e o r e t ic a l  work.



CHAPTER I I I

DEVELOPMENT OF PROCEDURE FOR MATHEMATICAL EQUATIONS

Part I .  B asic  Theory

In s to r a g e  r e s e r v o ir s  fo r  f lo o d  c o n tr o l ,  th e  in flo w  hydrograph and

outflow -head  r e la t io n s h ip s  must be known (s e e  F ig . 1 - 1 ) .  From th e mathe­

m a tica l p o in t o f  v iew , th ere  are two fundamental p a r t ia l  d i f f e m t i a l  

equations fo r  open channel unsteady nonuniform flo w . One i s  th e c o n tin u ity  

equation  commonly c a l le d  th e law o f  co n serva tion  o f  m ass, and th e  o ther one

i s  th e  momentum eq u ation  or the law o f  co n serva tion  o f  momentum. These two

equations are c l a s s i f i e d  as n on lin ear  p a r t ia l  d i f f e r e n t i a l  eq u ation s o f  

the h y p erb o lic  ty p e .

Two Fundamental P a r t ia l  D i f f e m t i a l  Equations

A. C ontin u ity  Equation

In F igure 3 -1 , th e  AX i s  the le n g th  between th e  s e c t io n s  a -a  and 

b -b . L e tt in g  X b e th e  h o r iz o n ta l d is ta n c e  in  f e e t  in  th e  same d ir e c t io n  

as th e  w ater f lo w , p i s  th e  w ater d e n s ity , t  i s  th e  tim e coord in ate  in  

secon d s, A i s  th e  channel cro ss  s e c t io n  area  in  square f e e t ,  Y i s  th e  flow  

depth in  f e e t ,  E i s  th e  channel bottom  e le v a t io n  in  f e e t ,  V i s  th e  average  

v e lo c ity  in  th e same d ir e c t io n  as th e  w ater flow  in  f e e t  per second , B i s  

the channel bottom  w idth  in  f e e t ,  and Q i s  th e  volume flo w  r a te  en ter in g

24
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th e channel through s e c t io n  a -a  in  cu b ic  f e e t  per second . This study

assumes no la t e r a l  in f lo w .

The mass o f  w ater en ter in g  th e  channel reach during a tim e in te r v a l

w i l l  be

pQAt (3 -1 )

The volume ou tflow  r a te  i s

Q + H  AX (3 -2 )

The mass o f  w ater le a v in g  th e  channel during th e  same tim e A t, from 

exp ressio n  (3 -2 ) w i l l  be

p(Q + | |A X ) A t  (3 -3 )

Combining th e  in f lo w  and ou tflow  from e x p ress io n s  (3 -1 ) and (3 -3 )  

we have th e  fo llo w in g  ex p ressio n :

pQAt -  P(Q +  AX)At (3 -4 )

The change in  s to ra g e  i s  g iven  by

p 1“  AXAt (3 -5 )

For th e  law o f  co n serv a tio n  o f  m ass, in flo w  minus ou tflow  equals  

the change in  s to r a g e , so we equate th e  ex p ress io n s  (3 -4 ) and (3 -5 )

pQAt -  p(Q + I I  AX)At -  p |“  AXAt (3 -6 )
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D iv id in g  by pAt from equation  (3 -6 )

Q -  (Q +  I I  AX) = 1 ^  AX ( 3 - 7 )

S im p lify in g  equation  (3 -7 )

3Q ,  9A
3X aT “ °  (3 -8 )

Equation (3 -8 ) i s  th e c o n t in u ity  equation  and i s  th e  m athem atical

ex p ress io n  fo r  th e  law o f con serv a tio n  o f  mass fo r  open ch an n el, non-

uniform , unsteady f lo w . S in ce Q = AV, fo r  a tr a p e z o id a l c ro ss  s e c t io n  the

area A = (B + ZY)Y and the top w idth T = B + 2ZY, so  th e  c o n t in u ity

eq u ation  may be w r it te n  as th e  fo llo w in g :

?  +  V I #  +  I f  -  0  « - 9 a )

For a recta n g u la r  c ro ss  s e c t io n ,  t h is  ex p ress io n  i s  g iven  by

B. Momentum Equation

The equation  fo r  co n serva tion  o f  momentum i s  g iven  by Newton's 

second law o f  m otion which s t a t e s  th a t t o t a l  fo r c e s  a c t in g  on an elem ent 

are equal to  the r a te  o f  momentum change. The fo r c e s  a c t in g  on th e  

elem ent are shown in  F igure 3 -2 . These fo r c e s  are th e  r e s u l t  o f  the  

p ressu r e , g r a v ity  and f r ic t io n  fo r c e s .
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3

L e tt in g  y be th e  s p e c i f i c  w eigh t o f th e  f lu id  (y “ 6 2 .4  l b / f t  

fo r  w ater , g i s  th e  a c c e le r a t io n  due to  the g r a v ity  which denotes 3 2 .2  f t  

per second per secon d . A lso  y = pg, r e fe r s  to  th e  f r i c t io n  s lo p e  in  

f t / f t ,  i s  th e  channel lo n g itu d in a l bottom s lo p e  in  f t / f t ,  h^ i s  the  

head lo s s  in  f t ,  and th e  fo r c e s  and Fg rep resen t th e  h y d r o s ta t ic  fo rce s  

a t th e  end fa c e s  o f  th e  elem ent.

= yYA -  VA (3-10)

F  ̂ = yYA +  yA ^  ^  (3 -11)

The w ater depth a t  s e c t io n  a -a  i s  Y; a t s e c t io n  b-b i t  i s

âV
Y +  — The c r o ss  s e c t io n  area  a t  s e c t io n  a -a  i s  A; a t  s e c t io n  b -b , oX

i t  i s  A +  The p ressu re  fo r c e  F  ̂ a c ts  to  th e  r ig h t  and th e

p ressu re  fo r c e  F, a c ts  to  th e  l e f t .  I t  i s  assumed th a t  th e  w ater depth  

a t s e c t io n  b-b i s  g rea te r  than th e s e c t io n  a -a  w ater depth . So th e  

r e s u lta n t  h y d r o s ta t ic  fo r c e  i s

Fp = -pgA 1^  AX (3-12)

The body fo r c e  ex p ress io n  i s  equal t o  th e  w eigh t o f  th e f lu id  

in s id e  th e  elem ent (pgAAX) tim es th e channel lo n g itu d in a l bottom  s lo p e  (S^)

Fg « PgAAX • (3 -13)

The head lo s s  i s  eq u a l to  th e f r ic t io n  s lo p e  (S^) tim es th e le n g th  

o f  th e elem ent (AX)
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hg = SgAX (3 -14 )

The energy lo s s e s  caused by th e boundary drag, tu rb u len ce , and 

m o d ific a tio n s  to  th e  v e lo c i t y  d is tr ib u t io n  p a ttern  produces an energy l in e  

w ith  a s lo p e  which r e s u lt s  in  a lo s s  o f  head in  th e  len g th  AX, The 

r e s is ta n c e  fo r c e  i s  g iven  by

« PgAhj (3 -1 5 )

From equation  (3 -1 4 ) h^ = S^AX

Fĵ  = pgAS^AX (3 -16)

Mass in  th e  sm all elem ent = pAAX and th e  a c c e le r a t io n  = a =

Rate o f th e  momentum change o f  th e  f lu id  th r o u ^  th e  elem ent i s  th e  change 

in  tim e w ith  re sp ec t to  the momentum in s id e  o f  th e  volume e lem en t.

pAAX ^  (3 -17)

where i s  d e fin ed  as

So the ra te  o f  th e  momentum change i s  g iven  by

pAAX ( 1 ^  + v g  )  (3 -19)



31
F in a l ly ,  u s in g  Newton's second law , F = Ma, and combining the equa­

t io n s  o f  p ressu r e , f r i c t i o n ,  g r a v ita t io n , and th e  r a te  o f  th e  momentum 

change eq u ation s (3 -1 2 ) ,  (3 -1 3 ) ,  (3 -1 6 ) ,  and (3-19)

pgAAXS  ̂ -  pgAAXS  ̂ -  PgA ^  AX = pAAX  ̂ ^ (3 -20)

S im p lify in g  eq u ation  (3 -20 )

PgA ~  AX + pAAX (-|^  + v |“ ) = pgAAXS  ̂ -  pgAS^AX (3-21)

D iv id in g  eq u ation  (3 -2 1 ) by pAAX

S im p lify in g  eq u ation  (3 -22)

3X 9t 9X * ' o “f8 I t  +  I ?  + “ 8 (S . -  S f) (3 -23)

Equation (3 -2 3 ) i s  th e  momentum eq u ation  fo r  open channel non- 

uniform , unsteady f lo w . But fo r  th is  stu d y , i t  i s  a p p lied  to  a r e se r v o ir  

where f r ic t io n  s lo p e  i s  n e g l ig ib ly  sm a ll, so l e t  Sg equal zero , whereby 

equation  (3 -23) becomes:
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P art 2 . Method o f  S o lu tio n

A s t r i c t  c lo se d  form m athem atical s o lu t io n  to  th e  r e s e r v o ir  rou tin g  

problem has been shown In  th e  l i t e r a t u r e  to  be extrem ely  co m p lica ted , d i f f i ­

c u l t ,  and, as y e t  u n so lved . However, v a r io u s  s im p lif ie d  methods have been  

developed fo r  p r a c t ic a l  p u rp oses. The approach d e a lt  w ith  In t h is  problem  

I s  to  u se th e  f i n i t e  d if fe r e n c e  tech n iq u e r e la te d  to  th e  g en era l method o f  

c h a r a c t e r is t ic s .  Now, I t  I s  th e  purpose o f  t h i s  research  to  seek  a 

num erical methods type s o lu t io n  which I s  based on th e  s o lu t io n  to  th e  s e t  

o f  d i f f e r e n t i a l  eq u ation s o f  unsteady flow  In r e s e r v o ir s .

The eq u ation s governing th e  unsteady flow  problem under co n sid er­

a t io n  are tr e a te d  In t h i s  s tu d y . Although a g en era l s o lu t io n  I s  n ot a v a i l ­

a b le ,  th e  method o f c h a r a c te r is t ic s  I s  used  to  transform  th e  p a r t ia l  

d i f f e r e n t ia l  eq u ation s In to  p a r t ic u la r  t o t a l  d i f f e r e n t i a l  eq u a tio n s which  

are then  so lv e d  by a f i r s t  order f i n i t e  d if fe r e n c e  tech n iq u e . In  order to  

o b ta in  an o rd er ly  num erical s o lu t io n  on th e  d i g i t a l  com puter, a method o f  

s p e c if ie d  tim e In te r v a ls  I s  adopted.

The c o n tin u ity  and momentum eq u ation s (3 -9 a ) and (3 -2 4 ) ,  form a 

p a ir  o f  q u a s llln e a r  h y p erb o lic  p a r t ia l  d i f f e r e n t i a l  eq u ation s In terms o f  

two dependent v a r ia b le ,  v e lo c i t y  (V) and depth ( y ) , and two Independent 

v a r ia b le ,  d is ta n c e  (X) a long th e  r e s e r v o ir  and tim e ( t ) .

The s lo p e  o f  th e  c h a r a c te r is t ic s  curve I s  used  to  In d ic a te  th e  

s o lu t io n s  o f  th e  fo llo w in g  p a r t ia l  d i f f e r e n t ia l  eq u ation s w ith  Independent 

v a r ia b le s  d is ta n ce  (X) a long th e  r e se r v o ir  and tim e ( t )  and dependent 

v a r ia b le  flow  depth (y) and flow  v e lo c i t y  ( v ) .
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The c o n tin u ity  equation

The momentum eq u ation

The t o t a l  changes in  depth

dx +  dt = dy (3 -37)

The t o t a l  change in  v e lo c i t y

dx +  dt = dv (3 -2 8 )

In th e above four e q u a tio n s , -|^  i s  th e  s lo p e  o f  w ater su rfa ce  

■|^ i s  th e  change o f  depth o f  flow  w ith  r e sp ec t to  t im e , ^  i s  th e  change 

v e lo c i t y  w ith  r e sp e c t t o  d is ta n c e , and -|^  i s  th e  change v e lo c i t y  w ith  

r e sp e c t  to  tim e. These eq u ation s (3 -2 5 , 3 -2 6 , 3-27 and 3-28) are a s e t  

o f  nonhomogeneous l in e a r  eq u ation s in  th e  fou r unknowns 3V/3X, 3V /3 t, 

3y/3X and 3 y /3 t .  These can be exp ressed  by a s in g le  m atrix  eq u ation  as 

th e fo llo w in g :
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3y/9X 9 y /9 t 9V/9X 9 v /9 t

V 1 A/T 0

g 0 V 1

dx dt 0 0

0 0 dx dt

'9y /9x ' 0

9 y /9 t

9V/9X dy

9 v /9 t dv
, 4

(3-29)

The th eory  o f  l in e a r  a lg e b r a ic  eq u ation s show th a t  i f  th e  determ inant o f  

the c o e f f i c ie n t  m atrix  v a n is h e s , th a t i s ,  i f

1 A/T 0

g 0 V 1

dx dt 0 0

0 0 dx dt

=  0 (3-30)

The equation  (3 -3 0 ) shows e i th e r  an i n f i t y  o f  s o lu t io n s  o r  no 

s o lu t io n  r e s u l t s  and a ls o  show d is c o n t in u it ie s  to  determ ine th e  ch a ra cter ­

i s t i c  d ir e c t io n  (See F ig . 3 -3 ) .

S im p lify in g  eq u ation  (3 -3 0 )

( ^ )  -  2V ( ~ )  + (V  ̂ -  g^) “ 0 (3-31)

(3 -32)

For a rec ta n g u la r  cro ss  s e c t io n ,  which cou ld  som etim es be u sed , 

th is  ex p ress io n  i s  g iv en  by
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^  (3-32a)

L et C = /  T o r  C = /g y  (3 -33 )

The c h a r a c te r is t ic  curve

(it^ a  = V + C (3 -3 4 )

( | | ) 3  = V - C  (3 -3 5 )

F in ite  -  D iffe r e n c e  Equations

The method o f  th e  f ln l t e - d l f f e r e n c e  techn ique I s  based on the  

d eterm ination  o f approxim ate s o lu t io n s  o f  the p a r t ia l  d i f f e r e n t ia l  eq u ation s  

In a d is c r e te  n e t  o f  p o in ts  In th e  x - t  p la n e . There are v a r io u s  procedures 

which can be used to  s o lv e  approImate s o lu t io n s .  In  g e n e r a l, the system  

com putation norm ally adopted I s  u sed  on a rec ta n g u la r  array o f  p o in ts  In  

d is ta n c e  and tim e (X, t  -  p lane) as shown In  F ig . 3 -3 . When u sin g  a 

f i n i t e  d if fe r e n c e  tech n iq u e to  s o lv e  a p a r t ia l  d i f f e r e n t ia l  equation  (when 

g iven  I n i t i a l  and boundary c o n d it io n s )  a network o f  g ir d  p o in ts  I s  f i r s t  

e s ta b lis h e d  throughout th e  reg ion  o f  I n te r s e c t  occupied  by th e  Independent 

v a r ia b le s .  For exam ple, th e  d is ta n c e  coord inate x  and th e  tim e t  are  

Independent v a r ia b le s ,  th e  r e s p e c t iv e  gr id  sp acln gs are AX and A t, and the  

dependent v a r ia b le s  are th e flo w  depth y and v e lo c i t y  v .

One s o lv e s  th e  c h a r a c te r is t ic  eq u ation s by u s in g  th e  f i r s t  order 

f i n i t e  d if fe r e n c e  approxim ations. The su b sc r ip ts  are used to  d e fin e  th e
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loca tion , o f  th e known and unknown q u a n tity . These two p a r t ia l  d i f f e r e n t ia l  

eq u ation s (3 -9 ) and (3 -2 4 a ) , th e  i n i t i a l  d ata , boundary c o n d it io n s , and in ­

flow  hydrographs are g iv e n . These two equations have a u n iq u ely  determ ined  

so lu t io n  (see  F ig . 3 -3 ) fo r  th e  unknown q u a n tit ie s  flow  depth y and 

v e lo c i t y  v  fo r  a l l  fu tu re  tim es . The two unknowns y ( x , t )  and V (x ,t )  are  

advanced by a tim e increm ent At through u sin g  th e  p a r t ia l  d i f f e r e n t a l  

eq u a tio n s .

To s o lv e  th e se  two p a r t ia l  d i f f e r e n t ia l  eq u ation s by u s in g  the  

f ir s t - o r d e r  f in i t e - d i f f e r e n c e  method can combined th e  c o n t in u ity  and 

momentum equations to g e th er  and m u lt ip lie d  by K to  momentum eq u a tio n . The 

K w i l l  make both  eq u ation s d im en sion a lly  com patib le .

+ I f ]  + [|JCV +  Kg) + = KgSD (3-37)

T ota l d e r iv a tiv e  in  v e lo c i t y  r e sp ec t to  tim e

T ota l d e r iv a tiv e  in  depth r e sp ec t to  tim e

comparing equations (3 -3 8 ) and (3 -37) g iv e s
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^  , V + ̂  (3-40)

Comparing eq u ation s (3 -39) and (3 -37) g iv e s

I l  » V +  Kg (3-41)

S o lv in g  fo r  K from eq u ation s (3 -4 0 ) and (3 -41 )

T
K = gT (3 -42 )

For a rec ta n g u la r  c r o ss  s e c t io n ,  t h is  ex p ress io n  i s  g iv en  by

^ 8 (3 -42a )

Consider th at i n i t i a l  co n d itio n s  fo r  v e lo c i t y  and depth are known a t  

p o in ts  L and R from F ig . 3 -3 . The two c h a r a c te r is t ic  curves C+ and C -, 

p a ssin g  through p o in ts  L and R and in te r s e c t  a t  p o in t  F where co n d itio n s  

are unknown.

S u b s titu tin g  K in to  th e  eq u ation  (3 -37)

I l  + K I I  -  KgSo = 0 (3 -43 )
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From eq u ation  (3 -4 3 ) and F ig . 3 -3  can w r ite  th e  fo llo w in g  f in i t e -  

d if fe r e n c e  equation

(3-44)

or

Ay + KAV -  KgSoAt = 0 (3 -45)

From th e  c h a r a c te r is t ic s  curve can ob ta in  th e  fo llo w in g  four  

f in i t e - d i f f e r e n c e  eq u ation s

(1) The C+ C h a r a c te r is t ic  Curve

Yp -  +  K (Vp -  -  KgSoAt = 0 (3 -46 )

Xp -  = (V +  C) (tp  -  t^ ) (3 -47)

(2) The C- C h a r a c te r is t ic  curve

Yp -  Yp -  K (Vp -  Vp) -  KgSoAt = 0 (3 -48)

Xp -  Xp -  (V -  C) ( tp  -  tp )  (3-49)

The above four eq u ation s have four unknowns Vp, Yp, Xp and tp .

To s o lv e  fo r  th e se  unknowns. Let L be th e  le n g th  o f  th e  r e s e r v o ir ,  . .

N i s  th e  number o f  eq u a l rea ch es.
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AX Xp -  = Xp- -  L/N (3 -5 0 )

and

i t  = tj, -  t i  -  t j  -  ^  (3 -51)

Now, so lv in g  eq u ation s (3 -4 6 ) and (3 -4 8 ) are ob ta in ed  fo r  V

and Yp.

Yp = I  (Y^ + Yp) +  I  K (V^ -  Vp) +  KgSoAt (3 -52)

and

''p = - V I + V

The v a lu e s  o f  both  Yp and Vp are used to  d es ig n a te  th e  in te r io r

p o in t s .

At th e  upstream  end o f  th e  r e s e r v o ir ,  th e  v e lo c i t y  V^  ̂ i s  

determ ined by u s in g  th e  C_ C h a r a c te r is t ic  Curve based on the both  

c o n tin u ity  and momentum e q u a tio n s . The r e s e r v o ir  a t  f ix e d  l e v e l ,  the  

v e lo c i t y  V^  ̂ i s  obtained  d ir e c t ly  from equation  (3 -4 8 ) .

%  * ''r  + K (^P -  V  -  S So i t  (3 -54)



t  +  3At
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F ig . 3 -3 . Grid fo r  F in i t e  D if fe r e n c e  A pproxim ations
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At th e downstream end o f  th e r e s e r v o ir ,  th e  ex p ress io n  fo r

v e lo c ity  becomes

Where; = C o e f f ic ie n t  o f  D ischarge

= Length o f  c r e s t  

H = The head

A = The Area. 
P



CHAPTER IV

DIGITAL COMPUTER SOLUTION

The computer s o lu t io n  d iscu sse d  in  th is  Chapter w i l l  provide a 

s im p lif ie d  s o lu t io n  to  th e se  p a r t ia l  d i f f e r e n t ia l  eq u ation s so lv ed  in  

Chapter I I I .  In  s o lv in g  th ese  p a r t ia l  d i f f e r e n t ia l  eq u ation s o f  unsteady  

flo w , i t  i s  n ecessa ry  to  s p e c ify  i n i t i a l  and boundary c o n d it io n s .

I n i t i a l  C onditions

The n ecessa ry  i n i t i a l  co n d itio n s  fo r  th e unsteady non-uniform  

flow  in  th e  r e s e r v o ir  are th e in flo w  and ou tflow  r a te  and area o f  w ater  

flow  su rfa ce  along th e  r e s e r v o ir  ( s e e  F ig . 4 - 1 ) .  They ( i n i t i a l  co n d itio n s)  

are s p e c if ie d  a t  f ix e d  v a lu es  o f  tim e (At) a t v a r io u s  s p a t ia l  lo c a t io n s .

Given th e  i n i t i a l  v a lu es  o f  depth y and v e lo c i t y  V a t tim e t=0 

fo r  a s e r ie s  o f  s t a t io n s  spaced AX along the r e s e r v o ir ,  th e v a lu es  o f  y 

and V can be determ ined fo r  th e  same s ta t io n s  a t a tim e t^  = + At. By

tak in g  s u c c e s s iv e  tim e increm ents th e so lu t io n  can be sa id  to  o b ta in  in  

tim e from th e i n i t i a l  c o n d it io n s . A convergent s o lu t io n  req u ir es  th a t th e  

s e le c t io n  o f  At w ith  r e sp e c t to  AX be such th a t no p o in t w i l l  l i e  o u ts id e  

o f  th e  area bounded by th e  c h a r a c te r is t ic  cu rves. By th e  theory  o f  

c h a r a c t e r is t ic s ,  th e  maximum At can be determ ined by th e  fo llo w in g  eq u ation .

42
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At = Ax (4 -1 )
(max) V+C

The term C in  th e above eq u ation  i s  used to  rep resen t th e  

c e l e r i t y  o f  g r a v ity  wave, and equal to  /  gA/T.

Boundary C on ition s

Boundary C ond itions are co n d itio n s  s p e c i f ie d  a t  f ix e d  v a lu es  o f  

d is ta n c e  (X) a t  tim e ( t )  in  variou s d isch a rg e  versu s tim e. The boundary 

c o n d itio n s  can be p rescr ib ed  a t th e  upstream end or l e f t  boundary (X=o, 

t=»o), and a t  the downstream end or r ig h t  boundary (X=L, t = o ) . These are 

a l l  a long th e  r e s e r v o ir  bottom .

Upstream Boundary C ondition

The boundary co n d itio n  a t  th e upstream  i n l e t  o f  th e  r e s e r v o ir  i s  

given  by a d isch a rg e  in flo w  hydrograph (s e e  F ig . 4 - 2 ) .  A in flo w  hydrograph 

i s  a graph o f  d isch a rg e  a g a in st  tim e. The in f lo w  hydrograph by th e  

tr ia n g u la r  method i s  used in  th e case  where r a i n f a l l  and ru n off record s are  

not a v a ila b le .  The tim e to  th e  peak flo w  and th e  tim e from peak flo w  to  

th e  end f lo w  are computed by th e fo llo w in g  eq u ation s

and

Tj -  I  T (4-3)



In flow

Outflow
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AS2

A S l

Fig. 4-1 Reservoir Longitudinal Section
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in  which: Tp = th e  tim e to  th e  peak flow

T_ = the tim e from peak flow  to  the end flow  £

T = t o t a l  tim e i s  g iv en .

Downstream Boundary C ondition

The downstream boundary co n d itio n  i s  based on th e  p r in c ip a l s p i l l ­

way ca p a c ity  and re ta r d in g  s to ra g e  amount. These are proportioned  u sin g  

th e p r in c ip a l sp illw a y  hydrograph commonly c a lle d  th e  ou tflow  hydrograph.

I t  i s  th e  s a fe ty  v a lv e  fo r  the f lo o d  co n tro l r e s e r v o ir  (See F ig . 4 -3 ) .

The gen era l form ula fo r  th e  fr e e  d isch arge o f  a sp illw a y  (23 , page 3 6 2 ), 

1959 i s  g iven  by th e  fo llo w in g  equation

Q = Ĉ , (H )3/2 (4 -4 )

in  which: Q = o u tflo w  r a te  in  Cfs

= C o e f f ic ie n t  o f  d ischarge  

= le n g th  o f  sp illw a y  in  f e e t  

H = th e  head in  f e e t .

For th e  tr a p e z o id a l channel c r o s s - s e c t io n  area i s  computed by th e  

fo llo w in g  equation

A = (B + ZY) Y (4 -5 )

in  w hich: A = Cross s e c t io n  area in  f e e t  square

B = th e channel bottom  w idth in  f e e t  

Y = th e channel depth in  f e e t  

Z " th e s id e  s lo p e  o f  channel



Peak flo w  Qp

Tl

•H

TP TE
m-

fto\

Fig. 4-2 Inflow Hydrograph into Reservoir
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Normal P ool Le

F ig , 4 -3 . S ec tio n  o f  S p illw ay
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Computer Programming

The computer program I s  based on the g iven  I n i t i a l  and boundary 

c o n d itio n s  to  compute th e  in f lo w  and ou tflow  r a te .  A ll  programs were 

w r itte n  in  FORTRAN IV and were executed  on th e IBM System 360 D ig i t a l  

Conçut e r .

Given ty p ic a l  assumed data fo r  an example s o lu t io n  to  be the  

fo llo w in g :

(1) Peak flow  Qp = 4200 Cfs

(2) T o ta l tim e T » 36 hours

(3) The r e se r v o ir  geom etric  elem ents are an assumed 

tra p ezo id  ch an n el, th e  bottom w idth o f  r e s e r v o ir  

B=1000 f e e t ,  th e depth o f  r e s e r v o ir  y = 5 f e e t ,  

th e s id e  s lo p e  o f  r e s e r v o ir  Z = 0 .25  th e  le n g th  o f  

th e  r e s e r v o ir  L = 10 ,560  f e e t ,  th e  le n g th  o f  th e  

Weir C rest Ll= 50 f e e t .

A flow  ch art fo r  th e  h y d ra u lic  r e s e r v o ir  rou tin g  i s  g iven  in  F igure 4 -4  

and a computer p r in to u t i s  g iven  in  th e  Appendix A.
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FLOW CHART FOR HYDRAULIC RESERVOIR ROUTING METHOD COMPUTATIONS

^  START ^

READ B,YN ,Z ,L ,L l,O I,SI,So,ZN ,N ,T ,Q P

I
TP=4,TE»^,TM=T,MU»QP/TP , ISAVE=0 ,MD=-QP/TED 0

Wo=B+2.0*Z*YN ,Ao= (B+Z*ÏN) *YN

Po»B+2.0*YN*(1 .0+Z**2 .0) **0 .5  ,Ro-Ao/Po

Qo- ( 1 .49*A o*(R o)**0.667*(So) **0 • 5) / 21, .Vo=Qo/^^

I
C=(3 2 .2 *Ao/Wo)* * 0 .5 , NP1=N+1

DO 39 1=1, N P l ^

V (I)= V o., A(I)»Ao,W (I)-W o

I
V P(I)-V o, YP(I)-YN, Y(I)-YN

-  CONTINUE
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DX»L/N

DT-DX/(V(l)+C)

DTS»DT*60.0*60.0

Q“Qo, T=0, K -0, QDIF=0, SDIF=0

IDX=1, QQ(1)»0, S S =S I-0 l/2

—  T-T+DT

IDX-IDX+1, K»K+1

CALCULATED INTERIOR POINTS
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- < [  DO 25 1=2, N ^

25

-,o
IF(T-TP)

CONTINUE

QQ (IDX)=QP-HID* (T-TP)

UPSTREAM BOUNDARY CONDITIONS

NAMD=(A(I)/ <32.2*W (I)))**0.5

Y l-Y (I ) ,  YR«Y(I), YN»(YL+YR)/2.0

A (I)= (B + Z *Y (I))*Y (I), W (I)-B f2.0*Z *Y (l)

QAVE(IDX)= (QQ(IDX)+QQ(IDX-1)) / 2 .0

V P(I)=0.5 * (YL-YR)/NAMD+(V(I+1)+V(I-1)) / 2 .0

YP (I )=  (YL+YR) / 2 . OfNAMD* (V(I+1) - V ( I - l )  ) / 2 . Of 32. 2*S0*DTS*NAMD
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SS1-QAVE(DX)+SS

W(1)»B+2.0*Z*Y(1)

A1+(B+Z*Y(I)*Y(I)

A(1)=(B+Z*Y(1))*Y(1)

NAMD1=( 3 2 .2*W (1)/A (l))**0 .5

AP(NP1)=(B+Z*YP(NPl)) *YP(NPl)

DOWNSTREAM BOUNDARY CONDITIONS

VP(1) = V(l)4NAMDl*(YP(l)-YR)-32.2*So*DTS
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DO 256 KK=1, 500

265IF(S(KK)-SS1)

256

H-H+Ho

CONTINUE

Y2-Y(I)+H

Ho=YP(NPl)-Y(I)

S(KK)-S3+Ql(KK)/2

DS“S 2-S 1 , S3“DS/DTS

S2«((B+Z*Y2)*Y2)*L

VP(NPl)-Ql(KK)/A(NPl)

Q1(KK)-3.9*L1*H**1.5
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DO 90 I - l ,  NPl

GO TO 77

CONTINUE

R-QDIF/SDIF

SDIF-S(KK)-S(KKM1)

KK-KK-1, KKM1=KK-1

QDIF = Ql(KK)-QKKKMl)

V (I)= V P (I), Y (I)-Y P (I)

QA=Q1 (KK) -R*S (KK) , Q0UT=QA+R*SS1

SS-SSl-QOUT, Hl“ (Q 0UT/(3.9*L1))**0 .6667

F ig . 4 -4  Flow Chart



CHAPTER V

COMPARISON TO HYDROLOGIC RESERVOIR ROUTING

R eservo ir  T outing methods e n t a i l  th e h yd ra u lic  and h y d ro lo g ie  

ro u tin g . H. A. Thomas’ (1 0 ) , 1937 fundamental c o n tr ib u tio n  to  the  

l i t e r a t u r e  on f lo o d  ro u tin g  was found to  b e th e  u se  o f  c o n tin u ity  and 

momentum two p a r t ia l  d i f f e n t i a l  equations in  h yd rau lic  r e s e r v o ir  r o u tin g . 

G en era lly , h y d ro lo g ie  ro u tin g  methods are form ulations which are approxi­

mate in  th e  sen se  th a t  th e  b a s ic  c o n t in u ity  eq u ation  or con serva tion  o f  

mass d i f f e r  from th e  momentum eq u ation .

S in ce  th e  fu n c tio n  o f  r e se r v o ir s  i s  to  provide s to r a g e , t h e ir  

most im portant p h y s ic a l c h a r a c te r is t ic  i s  s to ra g e  c a p a c ity . The sto ra g e  

ca p a c ity  o f  a r e s e r v o ir  o f  reg u la r  shape can be computed w ith  th e  form ulas 

fo r  th e  volume o f  s o l id s .  The s o lu t io n  o f  th e  s to ra g e  ca p a c ity  in  e i th e r  

h yd rau lic  or h y d ro lo g ie  ro u tin g  in v a r ia b ly  req u ires  th e  use o f  num erical 

a n a ly s is  m ethods. The h y d ro lo g ie  r e s e r v o ir  ro u tin g  are o fte n  c a l le d  

sto ra g e  ro u tin g  m ethods. R eserv o irs  have th e  c h a r a c te r is t ic  th a t e i th e r  

s to ra g e  i s  c lo s e ly  r e la te d  to  th e ir  ou tflow  r a te  d isch a rg e . The s to r a g e  

d isch arge ra te  r e la t io n  i s  used fo r  rep ea ted ly  so lv in g  the c o n tin u ity  

eq u ation , each s o lu t io n  b e in g  a s tep  in  d e lin e a t in g  th e  ou tflow  hydroraph.

The b a s ic  p o in t o f  in i t i a t i o n  e f f o r t s  to  s o lv e  th e h y d ro lo g ie  

r e se r v o ir  ro u tin g  method i s  u sin g  the c o n t in u ity  equation  or co n serv a tio n

55
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o f  m ass. For a g iven  tim e in te r v a l or  ro u tin g  p e r io d , th e volume o f in flo w  

minus th e volume o f ou tflow  equals to  th e change in  volume o f  s to ra g e .

The equation  i s  o fte n  w r itte n  in  th e fo llo w in g  form:

in  which: I  =» the average r a te  o f in flo w  during th e tim e in te r v a lave

Oave “ th e average ra te  o f  ou tflow  during th e  tim e in te r v a l  

At = a tim e in te r v a l

AS = change in  volume o f s to ra g e  during th e  tim e in te r v a l  

The equation  (5 -1 ) in flo w , o u tflo w , and s to r a g e  v a r ia b le  are  

expanded as th e fo llo w in g

I ave 2

“ ava "

At = tg  -

SO th a t eq u ation  (5 -1 ) change to

I l  +  l 2  0^ +  Û2 Sg -

2 2 At (5-2)
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in  which At = th e  time in te r v a l = tg  -  t^

t^ = th e time o f the b eg in n in g  o f th e  In te r v a l

tg  = th e time o f th e  end o f  th e  in te r v a l

= in flo w  ra te  a t  tim e t^

Ig = in flo w  ra te  a t tim e t^

0^ = ou tflow  ra te  a t tim e t^

Og = ou tflow  ra te  a t  tim e t^

= sto ra g e  r a te  a t tim e t^

Sg => sto ra g e  r a te  a t tim e t^

When rou tin g  u sin g  equation  (5 -1 ) th e  u su a l procedure i s  f in d in g  

th e ou tflow  r a te  0^^^, w ith  th e  eq u ation  (5 -2 ) to  fin d  th e ou tflow  ra te  O^. 

This means th a t  two equations should be r e s e t  in  some more conven ient 

working form. A lso , i t  i s  n ecessa ry  to  u se  the ou tflow  r a te  to  s to ra g e  

r e la t io n s h ip  in  making a s o lu t io n . G en era lly , i t  i s  u sin g  th e  s to r a g e -  

ou tflow  r e la t io n s h ip .  Thus th e  unknowns in  equation  (5 -2 ) are 0^ and Sg. 

P la cin g  th e  knowns on the l e f t  s id e  o f  th e  equation  and th e  unknowns on 

the r ig h t  s id e  of th e  equation .

^1 ^2 °2
 2------------------------------------------------------------------------------------- (5 -3 )

In th e  equation  (5 -3 ) 1 /2 (1^  +  1^) are e i th e r  taken from th e  mid­

p o in ts  o f  ro u tin g  in te r v a ls  o f  the in flo w  hydrographs or computed from th e

in flo w  ta b u la ted  a t  normal in t e r v a l s . The S. and 0 . are knowns but th e1 1

Sg and Og are unknowns. I t  cannot be so lv ed  u n le ss  a second independent 

fu n ctio n  i s  a v a ila b le  such as a curve showing th e  r e la t io n sh ip  between  

ou tflow  r a te  and d isch a rg e . Most o f  th e  e a r l ie r  en g in eers used a grap h ica l
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method to  so lv e  th e  h y d ro lo g ie  r e s e r v o ir  r o u tin g . The purpose o f  t h is  

study i s  to  d escr ib e  h y d ro lo g ie  r e se r v o ir  ro u tin g  method so lv in g  by d i g i t a l  

com puters. The s to r a g e - in d ie a t io n  method, which has been w id e ly  used fo r  

h y d ro lo g ie  r e se r v o ir  r o u tin g , has in flo w  and o u tflo w  ra te  as the input 

and ou tp u t. The method to  be d escr ib ed  here i s  s u ita b le  fo r  p r a c t ic a l  

pu rp oses. T his i s  b ase on com puterization  to  so lv e  th e  h y r o lo g ic  r e se r v o ir  

rou tin g  method. I t  u ses th e fo llo w in g  two assum ptions:

(1 ) .  Develop th e  in flo w  hydrograph from th e  peak flow

(2 ) .  S e le c t  tim e in te r v a l  (At)

The ou tflow  d isch arge r a te  over th e  sp illw a y  (s e e  F ig . 5 -1 ) i s  a 

s e c t io n  o f  dam d esig n  to  perm it w ater to  p ass over th e  top  o f  th e  Weir 

C rest. The sp illw a y  i s  th e  s a fe ty  v a lv e  fo r  th e  f lo o d  c o n tr o l r e se r v o ir  

(s e e  F ig . 4 - 3 ) .  I t  must have th e  ca p a c ity  to  carry overflow  d isch a rg e ,  

and a t th e same tim e, keep the p o o l l e v e l  below  th e  maximum v a lv e .

The d isch arge  r a te  over a sp illw a y  can be computed by th e e x p e r i­

m ental form ula.

Q = (5 -4 )

in  which Q i s  th e ou tflow  ra te  in  cu b ic f e e t  per secon d , i s  th e  d is ­

charge c o e f f i c i e n t ,  the v a lu e  v a r ie s  from about 3 .0  to  4 .0 ,  L l i s  th e  

le n g th  o f  the Weir C rest in  f e e t ,  and H i s  th e  head above sp illw a y  in  

f e e t .

The computer program i s  based on th e  c o n t in u ity  eq u ation  to  com­

pute th e  in flo w  and ou tflow  r a te .  A ll  programs were w r it te n  in  FORTRAN IV 

and were executed  on th e  IBM System 360 D ig i t a l  Computer. A flow  chart fo r
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h y d ro lo g ie  r e s e r v o ir  ro u tin g  i s  g iv en  in  F ig . 5 -2  and a computer p r in to u t  

i s  g iven  in  th e Appendix B.

Given d ata  as th e  same in  th e  Chapter IV.



S p illw a y  C rest

o\
o

F ig . 5 -1 . P lan  View o f  S p illw ay
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FLOW CHART FOR HYDROLOGIC RESERVOIR ROUTING METHOD COMPUTATIONS

^  START ^

BEAD S o ,O l,L ,Z ,B ,Y l,L l,T T ,Q l

T(1)=0.0,0(1)=0.0,M =Q 1/TP

r

TP-TP+1, ITP-TP

II -I -1 ,T (I )-T (I I )+ 1 .0 ,Q (I )-M * T (I )

QA=Q(II)+Q(I) ,V(I)-Q A /2

CONTINUE

M—Ql/TA,TPMt«TP-l

B1-Q1-M*TPM1 ,TPP1-TP+1
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TPPTA-TP+TA,ITPPl-TPPl,ITPTA»TPPTA

- < ( [  DO 300 ITPP1,ITPTA ^

I I - I - I  ,T ( I ) - T ( I I ) + 1 .0 ,Q(I)-M*T (D + B l

QA-Q(II)+Q (I),V(I)=QA/2

CONTINUE

1 - 2 ,IT -1 ,A l-S o -0 1 /2

A2-V(I)+A1

AA1»(B+Z*Y1)*Y1,S1-AA1*L,MA»0,MB»1. 0 ,H»0,K=1

0 (K)« 3 . 9*L1*H**1. 5 , Y-Yl+H,AA2=(B+Z*Y)*Y

62»AA2*L,DT-1.0 * 6 0 .0 * 6 0 .0 .DS-S2-S1.S3-DS/DT, S(K )-S3+0(K )/2

H-H40.25
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IF H-24 420

420

IBB=0(K)-M*S(K),00«M*A2+BB,H1=( 0 0 / ( 3 .9*L1))* * 0 .6 7

IF(IT-IR ) 320320

END

K»K+1

STOP

GO TO 330

WRITE 'DIM NOT LARGE ENOUGH'

A1-A2-00, I - I + l , IT-IT +1, IR-TP+TA

KMl-K-1 ,MA-0 (K) -0  (KMl) ,MB-S (K) -S  (KMl) ,M=MA/MB

FIG. 5 -2 . FLOW CHART
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In flow

•Outflow
(U

8

I•HO

Time (Hours)

a . H ydrologie Routing Method

•Inflow

Outflow

0)

s

I
N.

V.

P

Tiem (Hours) 

b . H ydraulic Routing Method

F ig . 5 -3 .  H ydrologie and H ydraulic Routing Methods 
In flow  and O utflow  R e la tio n sh ip s



Case 1 . Time I n te r v a l Changed

‘In flo w

Outflow
<4-1

Time (Hours)

L = 10 ,560 f t .

LI = 50 f t .
B = 1000 f t .

YN = 5 f t .
At = 5 .7 Hrs.

Fig. 5-4 Hydraulic Reservoir Routing Inflow and Outflow Relationships.



Case 2 . Dimension Changed

■Inflow

lut flow

Time (Hours)

o>

L = 7920 f t .

LI = 45 f t .

B = 800 f t .

YN = 5 f t .

At = 1 .9 Hours

Fig. 5-5 Hydraulic Reservoir Routing Inflow and Outflow Relationships



Case 3. Time Interval and Dimension Changed

In flow

G

&
N
Ü
CO

•HQ

Outflow

Time (Hours)

O'
> > i

L = 7920 f t .

LI = 45 f t .

B = 800 f t .

YN = 5 f t .

At = 5 .7 Hours

Fig. 5-6. Hydraulic Reservoir Routing Inflow and Outflow Relationships
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The f ig u r e  5 -3  shows d i f f e r e n t i a l  ou tflow  hydrographs. Because 

they  have d i f f e r e n t ia l  tim e in t e r v a l ,  th e  h y d ro lo g ie  r e s e r v o ir  rou tin g  

method, assumes At = 1 hour tim e in t e r v a l ,  u s in g  th e  h y d ra u lic  r e s e r v o ir  

ro u tin g  method, th e  tim e in te r v a l  i s  c a lc u la te d  by th e  form ula  

At = AX/(VtC). The d i f f e r e n t i a l  tim e in te r v a l g iv e s  d i f f e r e n t i a l  ou tflow  

hydrograph shapes.



CHAPTER VI 

DISCUSSION OF RESULTS

Although th e  b a s ic  is s u e  i s  d e la y in g  or d e ta in in g  w ater as i t  

moves down w e ll-d e f in e d  r e s e r v o ir s ,  s e v e r a l in t e r e s t in g  r e s u lt s  have 

appeared in  th e  s o lu t io n s  to  th e  problems under s tu d y .

Of primary in t e r e s t  i s  th e  s im i la r i t y  o f  th e  two methods i l l u s ­

tra ted  fo r  com parative purposes in  F igure 5 -3 .  The h y d r o lo g ie  r e se r v o ir  

rou tin g  method r e s u lt s  (F ig . 5 -3  (a ))  shown in  th e  upper p o r tio n  o f  th e  

i l lu s t r a t io n  may be dependent on s e v e r a l fa c to r s  fo r  computing th e  

r e su lta n t  ou tflow  hydrograph. These in c lu d e  th e  tim e in t e r v a l ,  r e s e r v o ir  

c o n fig u r a tio n , and ou tflow  s tr u c tu r e  d e s ig n a te .

The o th er method, h y d ra u lic  r e s e r v o ir  r o u t in g , (F ig . 5 -3  (b ))  can 

be computed by u s in g  a tim e in te r v a l  (At) which i s  a n ecessa ry  input to  both  

th e  c o n t in u ity  and momentum eq u ation s used h e r e in . This method i s  r e a d ily  

adaptable to  l im ite d  h i s t o r i c a l  d ata  o f  h y d ro lo g ie  e v e n ts . The d if fe r e n c e s  

in  th e  two ou tflow  hydrograph shapes in  F ig . 5 -3  are due to  in h eren t d i f f e r ­

ences in  th e two m ethods. I t  should be noted  th a t  th e  peak d isch arge  r a t e s ,  

th e  tim e la g  in t e r v a l s ,  and th e  t o t a l  flow  tim es are n o t s ig n i f ic a n t ly  

d if f e r e n t  fo r  th e two ro u tin g  m ethods. At l e a s t  n o t when th e  data  i s  

a p p rop ria te ly  and c a r e fu l ly  r e f in e d .

The hydraulic reservoir routing method receives major emphasis in

69
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t h is  research  e f f o r t  due to  i t s  m athem atical a p p ro p ria ten ess . Three 

s p e c i f i c  ca ses  u s in g  t h i s  method are d iscu sse d  below .

In  Case 1 (See F ig . 5 - 4 ) ,  th e tim e in te r v a l  has been changed from 

two-hour increm ents to  s ix -h o u r  increm ents. The w e ll-d e f in e d  break p o in ts ,  

A, B, C, D in d ic a te  a need fo r  c lo se r  tim e sp acin g  on an even t o f  t h is  

p a r t ic u la r  d u ra tio n . Increm ents o f  tw elve and tw en ty -fo u r  hours are a lso  

computed by th e  method d escr ib ed  h e r e in . However, th e  l im ite d  number o f  

p o in ts  obta ined  u s in g  th o se  segm ents d id  n ot adequately  d e scr ib e  th e  o u t­

flow  hydrograph. T h erefore, th e  data and i l lu s t r a t io n s  fo r  increm ents  

g rea ter  than s ix -h o u r s  have been e lim in a ted  from t h is  stu d y .

In Case 2 (See F ig . 5 - 5 ) ,  the r e se r v o ir  dim ension v a r ia b le s  are  

changed to  study th e  e f f e c t  o f  r e se r v o ir  s i z e  on th e  Outflow hydrograph.

The two-hour tim e increm ent i s  m ain ta in ed , so  th a t any r e s u lt in g  changes 

would be o f  d ir e c t  consequence in  th e r e se r v o ir  s i z e .  I n te r e s t in g ly ,  

although th e  shape o f  th e  o u tflo w  hydrograph fo r  th e  r e s e r v o ir  dim ension  

and tim e in te r v a ls  changes i s  q u ite  d i f f e r e n t ,  th e  peak ru n o ff r a te s  are  

not a f fe c te d .  However, the r e se r v o ir  c h a r a c te r is t ic s  are  r e sp o n s ib le  fo r  

th e  d elay  o f  peak ru n o ff  r a te s  as shown in  Case 1 and Case 2 . Once th e  

r e se r v o ir  i s  f i l l e d  to  c a p a c ity , th e  o u tflow  r a te  w i l l  be approxim ately  

equal to  th e in f lo w  r a te .  D ep le tio n  o f  s to red  w ater tak es p la c e  a t  an 

alm ost con stan t r a te  due to  th e  ou tflow  and c o n tr o l c h a r a c te r is t ic s  o f  the  

r e se r v o ir . There appears to  be no s u b s ta n t ia l change in  d e p le t io n  ch aract­

e r i s t i c s  due to  e i t h e r  tim e in te r v a l  or  r e s e r v o ir  dim ension changes.

As a f in a l  e x e r c is e ,  th e tim e in te r v a l  and r e s e r v o ir  dim ensions 

are both changed in  Case 3 ( s e e  F ig . 5 - 6 ) .  The tim e in t e r v a l  i s  now in  

s ix -h o u r  increm ents but th e r e s e r v o ir  s i z e  r e ta in s  th e  same dim ensions as
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in  Case 2 . The e f f e c t iv e  ou tflow  hydrograph shape i s  s im ila r  to  th a t  o f  

Case 2 . The o u tflo w  hydrograph in  Case 3 appears to  be q u ite  d is t in c t  

w ith  resp ec t to  tim e increm ents fo r  a r e se r v o ir  o f  t h is  s i z e .  T his seems 

to  in d ic a te  th a t  the tim e increm ents are adequate in  t h is  c a se . However, 

due to  th e d u ra tion  o f  th e  e v e n t, the tw elve  and tw en ty-fou r hours tim e  

increm ent com putations are d e le te d  from t h is  resea rch .

I t  should  be noted  th a t i f  th e  even t d u ration  T i s  d iv id ed  in to  

tim e increm ents whereby N i s  an in te g e r ,  th a t  when N i s  sm aller  than  

about 3, u n r e lia b le  r e s u l t s  are ob ta in ed .

As to  r e s e r v o ir  d esign  c h a r a c t e r is t ic s ,  t h is  research  w i l l  perm it 

a rapid e v a lu a tio n  o f  any assumed co n fig u ra tio n  dim ensions w ith  regard to  

hydrograph a tte n u a tio n  and o th er  fa c to r s  in  f lo o d  c o n tr o l.

Although th e  g ra p h ica l method has been w id e ly  used fo r  th e  hydro­

lo g ie  r e s e r v o ir  rou tin g  in  f lo o d  co n tro l trea tm en t, i t  i s  su b jec t to  la r g e  

p o s s ib le  err o rs  due th e  u se  o f  lo n g  tim e in t e r v a ls .  In  c o n tr a s t , th e  

method used in  t h is  re sea r ch , th e  h y d ra u lic  r e s e r v o ir  rou tin g  method, i s  

su b jec t  to  few er erro r  because o f  two im portant fa c to r s .  F i r s t ,  t h i s  

method encompasses a s p e c if ie d  tim e in te r v a l  o f  any s e le c te d  v a lu e . And 

was im p ortan tly , w hereas, th e  grap h ica l method used  fo r  th e  h y d ro lo g ie  

r e se r v o ir  ro u tin g  u ses  on ly  th e  c o n tin u ity  eq u a tio n , th e  h yd ra u lic  

r e se r v o ir  ro u tin g  method in co rp o ra tes  th e  c o n t in u ity  equation  as w e ll  as 

th e momentum eq u a tio n . Both eq u ation s are so lv ed  sim u ltan eou sly  by the  

f in i t e - d i f f e r e n c e  method.



CHAPTER VII 

CONCLUSIONS AND RECOMMENDATIONS

G en era lly , every f lo o d  co n tro l problem in  en g in eer in g  h y d ra u lics  

e n t a i l s  th e  p r e d ic tio n  by e i th e r  experim ental or  m athem atical a n a ly t ic a l  

methods one or more c h a r a c te r is t ic s  o f  f lo w . There are s e v e r a l ty p es o f  

p r e d ic tio n s :

( 1 ) .  By fa r  th e o ld e s t  i s  th a t  o f "engineering exp erien ce"  gained  

in  th e  f i e l d  by each in d iv id u a l en g in eer .

( 2 ) .  The en g in eer in g  la b ora tory  experim ental method o f  studying  

each f lo o d  record by means o f  s c a le  m odels. The e a r ly  

en g in eers  u su a lly  used  t a b le s ,  c h a r ts , and c o e f f i c ie n t s  fo r  

d esig n in g  a model to  so lv e  th e  overflow  c o n tr o l problem s.

( 3 ) .  The use o f  f lo o d  rou tin g  eq u ation s o f  hydrology are  empir­

i c a l  and th e  methods o f  s o lu t io n  are eq u a lly  crude t r a i l -  

an d-error procedures th a t  depend on d erived  ta b le s  and 

graphs based on h i s t o r ic a l  reco rd s.

( 4 ) .  The u ta l iz a t io n  p ro cesses  o f m athem atical a n a ly s is  which are 

d evelop in g  ra p id ly  tod ay .

( 5 ) .  D ig it a l  computer s o lu t io n s  w ith  num erical a n a ly s is  methods 

and d ig i t a l  computer f a c i l i t i e s  now a v a ila b le  can be 

u t i l i z e d  to  s o lv e  most d i f f i c u l t  and complex problem s. At
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l e a s t ,  th ey  are no lon ger  such an Important Item o f  concern. 

The Input data fo r  th e  com putations are th e In flow  hydro­

graph, channel c o n f ig u r a t io n , and ou tflow  s tr u c tu r e  

d im ensions.

(6 ) .  The two approaches which have been used in  t h is  study to  

so lv e  th e  flo o d  ro u tin g  problem in  a r e s e r v o ir . One i s  

th e h y d ro lo g ie  r e s e r v o ir  ro u tin g  method based on the  

c o n tin u ity  eq u ation  on ly  and a r e la t io n s h ip  between th e  

in flo w  and o u tflo w  and sto ra g e  and o u tflo w . The o th er  

approach i s  c a l le d  th e  h y d ra u lic  or hydromechanic r o u t in g ,  

which u t i l i z e s  more f u l ly  th e  b a s ic  hydrodynamic eq u ation s  

o f  c o n tin u ity  and momentum. A comparison o f  th e  two 

methods i s  shown in  F ig . 5 -3 .

New tech n iq u es and procedures in  num erical a n a ly s is  methods are  

b ein g  developed fo r  u se  w ith  th e  e le c t r o n ic  d i g i t a l  computers in  many 

areas o f  stud y . This study i s  an attem pt to  s o lv e  r e s e r v o ir  f lo o d  rou tin g  

problems by a b e t t e r  method than has h e r e to fo r e  been u sed . The r e s u lt s  

should  be u s e fu l in  th e  p lan n in g , d e s ig n , co n stru ctio n  and o p era tio n  o f  

f lo o d  co n tro l p r o je c ts  e s p e c ia l ly  th o se  in  urban areas when in t e n s i f ie d  

a p p lic a t io n  i s  o f  current w ide im portance.

Unsteady nonuniform flow  in  r e s e r v o ir  i s  d escr ib ed  by two 

p a r t ia l  d i f f e r e n t ia l  eq u a tio n s . One i s  th e  c o n t in u ity  equation  (3 -9 a )  

and th e other i s  th e  momentum eq u ation  ( 3 - 2 4 ) .  These two eq u ation s were 

so lv e d  by the method o f  f i n i t e  d if fe r e n c e  tech n iq u e . The fo llo w in g  con­

c lu s io n s  are drawn.
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( 1 ) .  Any In flow  flo w  hydrograph can be sy n th e s iz e d  u s in g  

ap p rop rlcate num erical methods and m athem atical m odels. For 

th is  s tu d y , u se  has been made o f  I n i t i a l  and co n fig u ra tio n  

boundary c o n d it io n s .

( 2 ) .  The s e le c t io n  o f  an ap p rop riate tim e Increm ent (At) I s  one 

hour fo r  h y d ro lo g ie  r e s e r v o ir  r o u tin g . A computed

At = Ax/(V+C) I s  used  w ith  h y d ra u lic  r e s e r v o ir  rou tin g  

along w ith  th e  f i n i t e  d if fe r e n c e  tech n iq u e to  s o lv e  th e  

eq u ation s o f  unsteady flo w .

( 3 ) .  The tim e Increm ent (At) s e le c t io n  I s  a major In flu e n c e  on

th e shape o f  th e  routed o u tflo w  hydrograph.

( 4 ) .  The In flow  hydrograph I s  p lo t te d  as th e  d isch a rg e  (Q) versu s

th e tim e ( t )  fo r  t h i s  s tu d y . A lso th e  In flo w  hydrograph Is  

assumed to  b e tr ia n g u la r . Any Input hydrograph fu n ctio n  

could be assumed fo r  u se  w ith  t h is  method. However, a 

tr ia n g u la r  shape I s  n o t an unreasonable a p p rox la tlon  to  

n a tu ra l occu rr in g  e v e n ts .

(5 ) .  The method o f  f i n i t e  d if fe r e n c e s  tech n iq u e p rov id es an

accu rate  assessm ent o f  th e  r e s e r v o ir  ro u tin g  phenomenon.

Further research  has to  be done to  r e f in e  th e  programming tech ­

n iques to  a c le v e  more g e n e r a lity  and f l e x i b i l i t y .  In  t h is  s tu d y , emphasis 

Is  g iven  to  th e developm ent o f  num erical methods ra th er  than th e  a c tu a l 

programming.

The In teg ra ted  C iv i l  E ngineering System , s o - c a l le d  ICES, was 

developed and I s  b e in g  c a rr ied  out a t  th e  M.I.T.  C iv i l  E ngineering System
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la b o ra to ry . T his study i s  d ir e c te d  to  d evelop ing  a pow erful computer based  

system  which s o lv e s  d i f f i c u l t  problem s. R ecen tly , HYDRO has been added to  

s o lv e  "some" h y d ra u lic  and h y d ro lo g ie  problem s. This subsystem  i s  in  th e  

e a r l ie r  s ta g e s  o f  i t s  developm ent. HYDRO p resen ts  an opportun ity  fo r  th e  

research  group who can co n tr ib u te  to  i t s  i n i t i a l  d esign  and o r ie n ta t io n .  

T h erefore, i t  i s  hoped th a t t h i s  study can u lt im a te ly  be added to  th e  HYDRO 

c a p a b il i ty ,  which was never com pleted, as a p art o f th e  ICES System.
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APPENDIX A

SJOB 000092768#KP=29.TIME=120
C HYDRAULIC RESERVOIR ROUTING METHOD
C SOLVED BY FINITE DIFFERENCES METHOD OF SPECIFIED TIME INTERVALS
C FLOOD ROUTING THROUGH RESERVOIR INTO A TRAPEZOIDAL CHANNEL SECTION
C OP=PEAK RATE OF INFLOW HYDROGRAPH IN CUBIC FEET PER SECOND
C SI=INITIAL STORAGE IN CUBIC FEET
C 0I=INITIAL OUTFLOW IN CUBIC FEET PER SECOND
C OI=OUTFLOW HYDROGRAPH IN CUBIC FEET PER SECOND
C TPsTIME TO PEAK FLOW IN HOURS
C TE=FROM PEAK FLOW TO THE END FLOW IN HOURS
C L«LENGTH OF RESERVOIR IN FEET
C LfsLENGTH OF WEIR CREST IN FEET
C Z=SIDE SLOPE OF CHANNEL
C YNsINITIAL NORMAL FLOW DEPTH IN FEET
C BsCHANNEL BOTTOM WIDTH IN FEET
C A=AREA IN SOUARE FEET
C G=THE ACCELERATION DUE TO THE GRAVITY
C
c **************$***********$****************************$**********
c

INTEGER N.K
REAL L,LI.Z.B,MU,MD.NAMD.SDIF
COMMON V(500)«Y(SOO)«VP(500).YP(500).A(500)*W(500)
COMMON 0Q(SOD),DAVE(SOD)•Ql(500)•S(500)

35 READ(5«36) B.YN.Z.L.LI.OI.SI
36 FORMAT(7FIO.A)

235 READ!5*236) SO.ZN
236 FORMAT!2F10.6)
37 READ(5*3B) N
38 FORMAT!110)

425 REAO!S*426) T*QP
426 F0RMAT!2F10*4)

C
c *$*$$$#*$************$********************************************
C

œ
o



c
c
c

APPENDIX A (continued)

INITIAL CONDITIONS 
TP=T/6.0 
TE=(S.0*T)/6.0 
TM=T
m u =q p / t p
ISAVEsO
MD=-QP/TE
W0=B+2.0*Z$YN
AO=(B+Z*YN)*YN
P0=B+2.0*YN*(:.0+Z*$2.0)**0.5 
RO=AO/PO
OO=I.*9*A0*(R0)**O.667*(S0)**0.5/ZN
VOxOO/AO
C=(32.2*A0/W0)**0.S 
NPI=N+I 
DO 39 1*1.NPI 
Vf I)=V0
A(I>=AO 00
HCI)=MO ^
VPCI)*VO 
YP(I»=YN 
Y(I)=YN 

39 CONTINUE

OX=L/N
DT=DX/(V(1)+C) 
DTS=DT*60.0*50.0 
0*00 
T*0 
K=0
QDIF=0 
SDIF*1.0 
IDXsl 
QO(1)*0



APPENDIX A (continued)

SSsSl-OI/2
«R1TEC6.15) a.YN.Z.L.Ll 

15 FO*MAT(SF10.4)
*RITE(5.215) SO.ZN 

215 FORMAT(2F10.6)
HRITE(6.3I5) TP.TE,T.OP 

315 FORMATC4F10.4)
HRITE(6.651 QO.OX.OT.MU.MO 

65 FORMAT(5F10.4)
«RITE(6.951

95 FORMAT!6X.«HOUR*.1O X . •HEAD*.8X.•INFLOW*.10X.*0AVE'.7X.'OUTFLOW*)
C
c *******************************************$********$***$**$***$**
c

77 T*T+DT
IDX»:DX+1 
K=K + 1
IF(T.GT.TM) 60 TO 600 %

C
c ***$*****$***$*********************$******************************
C CALCULATED INTERIOR POINTS
C

DO 25 1=2.N 
YL=Y(I)
YR=Y(I)
YN=(YL+YR)/2.0 
ACI)=(8+Z*Y(I))*Y(I)
W<I)=B+2.0*Z*Y(I)
NAMD=iA(I)/(32.2*W(I)))440.5
YPCI)=0.54(YL-YR)/NAMD+(V(I+l)+V(I-l)1/2.0
YPCIl = (YL+YR)/2.0+NAMD4(V(I+l)-V(1 11 1/2.0+32.24S04DTS4NAMD 

25 CONTINUE
C
C 444444444444444444444444444444444444444444444444444444444444444444
C JPSTAÊAM BOUNDARY CONDITIONS
C
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APPENDIX A (continued)

QDlFsQl(KK)>Q1(KKMI) 
SDIF»S(KK)-S(KKM1)

265 RsQOIF/SOIF
0A=0:(KK)-R*S(KK)
aOUT=QA+R*SSl
ss=ss:-oouT
H1=(OOUT/(3. 9*L1))* * 0.6667

c 
c 
c

DO 90 :=1.NP1
v ( : ) = v p ( : )
V(I)=YPfI»

90 CONTINUE
MRlTEt6.85) T«H1«00(IDX),OAVE(IDX>»OOUT 

85 FORMAT(5(F10.At4X)>
GO TO 77

600 STOP 4%
CND

8EXEC
1000.0000 5 .0 0 0 0  0 .2 5 0 0 1 0 5 6 0 .0 0 0 0  5 0 .0 0 0 0

O.OOOOtO 0 .5 0 0 0 0 0
6 .0 0 0 0  3 0 .0 0 0 0  0 .0 0 0 0  4 2 0 0 .0 0 0 0

137.1932 2 4 .0 0 0 0  1 .8 8 8 6  7 0 0 .0 0 0 0  -1 4 0 .0 0 0 0



TABLE A
Operation Table For Hydraulic Reservoir Routing

HOUR HEAD INFLOW OAVE OUTFLOW
1*8886 0*8621 1321*9940 660*9973 196*0983
3*7771 1.8665 2643.9890 1982.9920 497*2393
5*6657 4*0616 3965*9840 3304.9860 1595*9910
7*5543 4*4829 3982*4040 3974.1930 1850*6650
9*4428 5*9798 3718*0050 3850.2030 2851*0830

11*3314 6.4247 3453.6060 3585.8040 3175*0930
13*2199 6.8043 3189.2070 3321*4060 3460.6000
15*1085 5*7048 2924*8080 3057*0070 2656*6850
16*9971 5*8988 2660.4100 2792*6070 2793*3080
18*8856 6.1594 2396*0130 2528*2100 2980*4620
20*7742 6.4733 2131*6160 2263*8140 3211*1760
22*6627 5*0627 1867*2190 1999*4170 2221*0200
24*5513 5.2214 1602*8220 1735*0200 2326*2500
26.4398 5.4237 1338*4250 1470*6230 2462*7790
28*3284 3.7753 1074*0280 1206*2260 1430*2570
30*2169 3*8732 809*6313 941*8298 1486.2890
32*1055 4*0237 545.2344 677*4329 1573.7480
33*9940 2.0858 280.8374 413.0359 587.3870
35*8826 2.1440 16.4414 148.6394 612*1418

00U1



APPENDIX B

SJO B
C
C
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c

100

10

125

135

000092768,KP=29,T:ME=120 
HVOROLOGIC RESERVOIR ROUTING METHOD
FLOOD ROUTING THROUGH RESERVOIR INTO A TRAPEZOIDAL CHANNEL SECTION
TPs TIME t o  PEAK FLOW IN HOURS
TA=FROM PEAK FLOW TO THE END FLOW IN HOURS
01=PEAK RATE OF INFLOW HYDROGRAPH IN CUBIC FEET PER SECOND
S0=INITIAL STORAGE IN CUBIC FEET
01=INITIAL OUTFLOW IN CUBIC FEET PER SECOND
L=LENGTH OF STORAGE REACH IN FEET
Z=SIDE SLOPE OF CHANNEL
BsCHANNEL BOTTOM WIDTH IN FEET
YlsQEPTH FROM CHANNEL BOTTOM TO THE WEIR CREST IN FEET 
L1=WIDTH OF WEIR CREST IN FEET 
AAxAREA, H=CHANNEL HEAD IN FEET

CO

DIMENSION 0(100), T(IOO), V(IOO), 
REAL Q1,S0,01,L,Z,B,Y1,L1,M 
REAO(5,100> S0,01,L.Z.B,Y1,L1 
FORMATC7F10.A)
REAO(5,10) TT.Ql 
FORMATC2F10*«)
TP=TT/6.0
TA=5*TT/6.0
WRITE(6,125> B.Y1,Z,L.L1 
FORMAT(SFIO.A)
WRITE(6,I35) TP,TA,TT,01 
FORMAT*AFIO.4)
T(1 )=0.0 
Q(1 )=0.0

S(IOO), 0(100)

C
c 
c



APPENDIX B (continued)

MsQl/TP
TP»TP+1
ITP*TP
DO  2 0 0  1 = 2 . I T P  
1 1 = 1 - 1
T(:)=T(::)+!.0 
Q(1)=M*T(I) 
a A = o ( : i ) + Q ( : )  
VC I ) = O A / 2  

2 0 0  CONTINUE
c
c

c
c
c

M=-01/TA
TPM1=TP-1
B1=01-M*TPM1
TPP1=TP+1 gg
TPPTA=TP+TA 
ITPPl*TPPl 
ITPTA=TPPTA 
DO 300 I=ITPP|.ITPTA 
1 1 = 1 - 1
T(:)=T(II)+1.0
Q C : ) = M * T ( I ) + B 1
a A = o c i : ) + o ( i )
VCl)=0A/2 

300 CONTINUE

WRITEC6.310)
310 FORMATC 3X.«HOUR».8X.«MEAD»,8X."INFLOW*.BX.'OAVE'.BX,'OUTFLOW*) 

1 =  2 
IT=1 •'
Al=SO-01/2 

320 A2=V(I)+A1
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APPENDIX B (continued)

■RITE(6«500) IT.H1.Q(:).V(I).00
500 FORMATC15.4(4X*FiO*4))

Al«A2-00
1*1+1
IT=1T+1
1Rs TP+TA
:F(:T-IR) 320,600,320 

600 STOP 
END

SEXEC
1000*0000 5*0000 0*250010560,0000 50*0000

6*0000 30*0000 36*0000 4200*0000

00VO



TABLE B
Operation Table For Hydrologie Reservoir Routing

HOUR HEAD INFLOW QAVE OUTFLOW
1 0.2483 700.0000 350.0000 24.3750
2 0.4983 1400.0000 1050.0000 68.9429
3 1.2514 2100.0000 1750.0000 272.5205
4 1.7549 2800.0000 2450.0000 451.4312
5 2.7639 3500.0000 3150.0000 889.2698
6 3.5220 4200.0000 3850.0000 1276.8400
7 4.5340 4060.0000 4130.0000 1861.4580
8 5.2937 3920.0000 3990.0000 2345.7050
9 5.5471 3780.0000 3850.0000 2515.2340

10 6.0540 3640.0000 3710.0000 2865.9020
11 6.3075 3500.0000 3570.0000 3046.8740
12 6.3075 3360.0000 3430.0000 3046.8740
13 6.3075 3220.0000 3290.0000 3046.8740
14 6.5611 3080.0000 3150.0000 3231.5010
15 6.3075 2940.0000 3010.0000 3046.8740
16 6.3075 2800.0000 2870.0000 3046.8740
17 6.3075 2660.0000 2730.0000 3046.8740
18 6.0540 2520.0000 2590.0000 2865.9020
19 6.0540 2380.0000 2450.0000 2865.9020
20 5.8005 2240.0000 2310.0000 2688.6620
21 5.5471 2100.0000 2170.0000 2515.2340
22 5.5471 1960.0000 2030.0000 2515.2340
23 5.2937 1820.0000 1890.0000 2345.7050
24 5.0404 1680.0000 1750.0000 2180.1650
25 5.0404 1540.0000 1610.0000 2180.1650
26 4.7871 1400.0000 1470.0000 2018.7140
27 4.5340 1260.0000 1330.0000 1861.4580
28 4.2809 1120.0000 1190.0000 1708.5110
29 4.0278 980.0000 1050.0000 1559.9990
30 3.7749 840.0000 910.0000 1416.0590
31 3.7749 700.0000 770.0000 1416.0590
32 3.5220 560.0000 630.0000 1276.8400
33 3.2692 420.0000 490.0000 1142.5080
34 3.0165 280.0000 350.0000 1013.2490
35 2.7639 140.0000 210.0000 889.2698
36 2.5115 0.0000 70.0000 770.8049

VO
o



TABLE C
Operation Table For Hydraulic Reservoir Routing (Case 1)

HOUR HFAD INFLOW QAVE OUTFLOW
5.6657 5.1732 3965.9840 1982.9920 2294.1660
11.3314 6.5034 3453.6060 3709.7940 3233.5870
16.9971 7.7675 2660.4100 3057.0070 4220.7810
22.6628 4.4969 1867.2150 2263.8120 1859.3440
28.3284 5,0627 1074.0190 1470.6170 2221.0000
33.9941 0.0000 280.8247 677.4221 0.0000

VO



TABLE D
Operation Table For Hydraulic Reservoir Routing (Case 2)

HOUR HEAD INFLOW GAVE OUTFLOW
1.8868 0.8621 1322.1700 661.0854 140.4835
3.7776 2.8018 2644.3420 1983.2560 823.0205
5.6664 5.1664 3966.5130 3305.4250 2060.6680
7.5553 6.9141 3982.2630 3974.3860 3190.2290
9.4441 7.5375 3717.8290 3850.0440 3631.2310

11.3329 6.6409 3453.3940 3585.6110 3002.9890
13.2217 6.8142 3188.9600 3321.1750 3121.3120
15.1105 7.1319 2924.5260 3056.7420 3342.0960
16.9993 7.5051 2660.0930 2792.3080 3607.7990
18.8881 6.2878 2395.6600 2527.8760 2766.7010
20.7769 6.4676 2131.2270 2263.4430 2886.2180
22.6658 5.0530 1866.7940 1999.0100 1993.2000
24.5546 5.2127 1602.3600 1734.5770 2088.4230
26.4434 3.6114 1337.9270 1470.1440 1204.3570
28.3322 3.7292 1073.4940 1205.7100 1263.7330
30.2210 3.8656 809.0610 941.2776 1333.7250
32.1098 4.0293 544.6277 676.8442 1419.2910
33.9986 2.0839 280.1946 412.4111 527.9233
35.8874 2.1430 15.7617 147.9781 550.5513

VO
to



TABLE E

Operation Table For Hydraulic Reservoir Routing (Case 3)

HOUR 
5.6666 

11.3332 
16.9998 
22.6664 
28.3329 
33.9995

HEAD INFLOW QAVE
5.1733 3966.6140 1983.3060
9.7819 3453.3540 3709.9820
3.9770 2660.0320 3056.6930
4.4508 1866.7100 2263.3710
5.0409 1073.3890 1470.0500
5.6925 280.0684 676.7290

OUTFLOW
2064.7590
5368.2960
1391.7420
1647.7150
1986.0170
2383.2860

VOw


