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PREFACE

The work described herein and the preparation of this report

were conducted during the period March 19714 to July 1976 for the U. S.

Army Engineer Division, Ohio River (ORD), by the U. S. Army Engineer

Waterways Experiment Station (WES) under the general supervision of

Messrs. H. B. Simmons, Chief of the Hydraulics Laboratory, and M. B.

Boyd, Chief of the Mathematical Hydraulics Division (MilD).

Dr. B. H. Johnson , MilD, conducted the study and prepared this

report. Mr. Ron Yates of ORD aided in the data collection.

Directors of WES during the conduct of this study and the prepa—
ration and publication of this report were COL G. H. Hilt, CE, and

COL John L. Cannon, CE. Technical Director was Mr. F. R. Brown.

1 

—-~~~~~~~~



. .., ~~~~~~~~~ ‘ ~~~~~~~~~~~~~~~~~~ 
-, . - ~- --— --~~--~~ -

__________— - — 

• CONTENTS

P~g~
PREFACE • 1

CONVERSION FACTORS, U. S. CUSTOMARY TO METRIC (SI) UNITS
OF MEASUREMENTS 3

PART I: INTRODUCTION 14
Purpose and Scope 14
Background 7

PART II : NUMERICAL MODEL DEVELOPMENT 10

Discussion of Basic Model — SOCI-IMJ 10
Modifications Required for the Ohio Problem 11
Input Data Required 15
Computation Cycle for Ohio Problem 16
Output Provided 18

PART III: MODEL CALIBRATION AND PRESENTATION OF RESULTS 19

Initial. Conditions 19
Geometric Data 20
Calibration Procedure 20
Calibration Results 21
Results from Prescribing Elevations as the Boundary

Condition at McAlpine Locks and Dam 22
Results from Application to 1976 Data 22

PART IV : CONCLUSI ONS AND RECOMMENDATIONS 214
REFERENCES 27

_ -

~~ 

TABLES 1—3
PLATES 1—8

APPENDIX A: LIST OF INPUT REQUIRED BY SOCIII4J
APPENDIX B: NOTATION

2

--  - -- -~~~~ 



- ~~~~~~~~~~~~~ ~ii ~~~~~~~~~~~~~~~~ ~~~~~~~~~~~

CONVERSION FACTOR S, U. S. CUSTOMARY TO METRIC (SI)
UNITS OF MEASUREMENT

U. S. customary units of measurement used in this report can be con-

verted to metric (SI) units as follows:

Multiply By To Obtain

feet 0.30 148 metres

miles (U. S. statute) 1.609314 14 kilometres

cubic feet per second 0.02831685 cubic metres per second

3
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A MATHEMATICAL MODEL FOR UNSTEADY—FLOW COMPUTATIONS THROUGH

THE COMPLETE SPECTRUM OF FLOWS ON THE LOWER OHIO RIVER

PART I: INTRODUCTION

Purpose and Scope

1. The U. S. Army Engineer Division , Ohio River (ORD) is respon-

sible for operation of the navigation dams on the Ohio River to maintain

a navigable channel during low—flow periods. In addition , during periods

of flooding on the lower Ohio and lower Mississippi Rivers , ORD directs

the operation of Barkley and Kentucky Reservoirs on the Cuinberland and

Tennessee Rivers , respectively. The primary objectives of flood control

regulation by these reservoirs are to:

a. Safeguard the ~ississippi River levee system.

b. Reduce the frequency of use of the Birds Point—New Madrid
floodway .

c. Reduce the frequency and magnitude of flooding of lands
along the lower Ohio and ~ississippi Rivers that are un-
protected by levees.

It is obvious that a mathematical model capable of accurately predicting

Ohio River stages during periods of flooding would be extremely useful

in determining the most efficient reservoir operation plan at Barkley

and Kentucky Reservoirs for a given flow on the Ohio and ~ iss i s s ipp i

Rivers. In addition , if such a model included the effect of the naviga-

tion locks and dams i t  would be of great use in establishing more ef-

ficient and systematic gate manipulations along the river during low—

flow periods. ~odification and subsequent calibration of an exis ing

mathematical model , P,flfl1ll-~J (Simulation of Open Channel Hydraulics in

~ulti—Junction Systems), to provide ORD with such a capability were

the objectives of the project described herein.

2. A mathematical model capable of providing ORD with the capa-

bility discussed above along the Ch ic Piver from ~ c AI jine Locks and Thn

near Lcuisville , Ky., to the Ohio ’s junct ion  wi th  the ‘ ississij}i Pivt- r

at Cairo , Ill., involves the calculation of unsteady flows in a system

14
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composed of portions of the Ohio, Green, Wabash , Cumberland , Tennessee,
and Mississippi Rivers. The equations which govern such flows are state-

ments of the conservation of mass and momentum of the flow field and may

be written as:

Continuity: ~~~ + ~~~ ~(Av ) — = o (1)
~t B 3x B

2
Momentum : ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ = 0 ( 2 )

where

h = water—surface elevation above mean sea level*

= rate of change with respect to time

B = width of water surface

A = cross—sectional flow area

V = mean flow velocity

= rate of change with respect to distance

q = lateral inflow per unit distance along the channel per
unit time

g = acceleration due to gravity

n = Manning ’s resistance coefficient

R = hydraulic radius

These equations are often referred to as the equations of St. Venant.

A brief discussion of their properties and the assumptions underlying

their derivation are presented in any open channel hydraulics text and

are summarized in Reference 1.

3. The attenuation or amplification of unsteady flows such as

flood waves is controlled by inertial, friction, and pressure terms in

the momentum equation, and by the mechanism of storage in the channel

and its overbanks. In the past, the momentum equation has been simpli-

fied by omitting some of the terms so that solutions could be more

easily obtained . Early models completely neglected the dynamic or

momentum equation to yield what are commonly referred to as storage

* For ccnvenier~ce , symbols and unusual abbreviations are listed and

~‘fined in t h e  Notation (Appendix B).

5
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routing models. An approximation of the complete dynamic equation in

which the pressure and inertial terms are neglected results in the

“kinematic wave” model. Simi larly , if the inertial terms are neglected

but the pressure term is retained the “diffusion wave” model results.
Incorporating the full momentum equation yields the complete solution ,

which is often labeled the “dynamic wave” model. These different math-

ematical models and their solutions are discussed in Reference 2. A

summary of the various terms retained in these models is presented below :

Continuity Equation

+ V + h’ ~~~~~ = o (3)

~ Storage Routing

Momentum Equation

. + ~~~ L + g~~~ L~~
[ 5 +

~~~l~Y I V 1 . 0  ( 14 )

~ Kinematic Wave
‘~ Diffusion Wave-
~~~ Dynamic Wave

where S is the bottom slope of channel. Fread3 has determined the

significance of the various terms in the dynamic equation for both a

gradually and rapidly varying transient on the lower Mississippi River

(Table 1). For the case of the slowly varying transient (rise of

1.5 ft/day* at RM 138.7), the local acceleration term is negligible corn—

pared with the friction slope term. However, the convective accelera-

tion term is about 22 percent of the friction slope while the pressure

or water slope term has a magnitude of about 80 percent of the friction

slope. From these results, it is obvious that at least the diffusion

wave model approximation and preferably the complete dynamic wave model

* A table of factors for converting U. S. customary units of measure—
ment to metric (SI) units is presented on page 3.

6
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should be employed for flood computations on the lower Mississippi  River .

Based upon other results from Fread ,
14 

it can be determined that the dy-

namic looping effect in stage—discharge plots on a river such as the

Ohio with a slope of 0.00005 ft/ft and a rate of rise of the water sur—

face on the order of 14.0 ft/day is about +2.0 ft. Also , when calcu-

lating unsteady flows which are significantly influenced by upstream as

well as downstream conditions, such as a lock and dam or a junction of a

major tributary with the main river, the most accurate modeling approach

is to utilize the complete continuity and momentum equations .

Background

14. Since 1971, the U. S. Army Engineer Waterways Experiment
Station (WES ) has been involved in the computation of unsteady flows

on the Ohio River. At its twenty—seventh meeting on 19 May 1970, the

Mississippi Basin Model Board (MBME) approved a study to develop com-

puter programs for unsteady—flow computations along reaches of the

Mississippi River and its larger tribu.taries. At the thirty—second

meeting on 7 January 1971, in a joint effort with ORD, the area of re-

sponsibility of WES was determined to be the lower Ohio River from

Louisville, Ky., to its junction with the Mississippi River. This

ini t ial  study5 involved the application of two mathematical models

developed by the Tennessee Valley Authority (~~ A ) . 6 Although the ac-

curacy of the results from this study - left much to be desired , the study

did demonstrate the feasibility of solving numerically the complete St.

Venant equations applied to a large and complicated system such as the

Ohio River and its major tributaries.

5. At the conclusion of the MBMB study, it was decided that a

need existed for a model capable of predicting stages accurately at

Cairo for given release schedules at Barkley and Kentucky Reservoirs .

To provide ORD with such a model, the previously applied TVA model ,

SOCHJ , was reprogrammed and modified to handle a system composed of an

unlimited number of rivers.
1 

This was required due to the necessity of

treating the Cumberland and Tennessee Rivers as dynamic branches of the

system. In addition , more accurate geometric data were collected from

LI
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the Mississippi Basin Model. The physical limits of the modeling effort

to provide ORD with a model to aid in planning releases at Barkley and

Kentucky Reservoirs are shown in Figure 1. As illustrated in Figure 2,
GOLC ONDA

DAM

~ ~~ EE K _._ <EN r
~~~~

v DAM

CAPE G I RA R D EA L )

M4

0

C A RU TR E RS V I LL  E

Figure 1. Model limits of previous application of SOCHNJ

330 -

[01

MAR 9)3  APR 1973 M A Y  1973

Figure 2. 1973 elevation hydrographs at Cairo , Ill.
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results from this study were extremely enc:-urag iag . ? ince th e latter

part of 19714, ORD Las ised the model lC-flhUJ to make Lilly i~c~-ecasts at

Cairo as well as at other points along the Ohio aLLd ~-M ssissipp i Rivers.

6. After applying $OCIIMJ with great success , ~-HD then expressed

an interest in extending the model to Louisville , ~y., with the require—

ment that  the effect  of the high .li ft loc~cs and darns on the CL i o P iver
be included in the solution. In addition , the (Ireen and Mabash Rivers

were to be treated as dynamic branches of the system , along with the
Cumberlarid and Tennessee Rivers. Figur e 3 illustr -tes the limits of the

physical system to be mod eled and the locations of the locks and dams
on the Ohio which are to be included .

LOUISVILL E
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18 BRANCHES 1:~~ 
S A L T  A N D  R O L L I N G

172 N E T  PO INTS ~~~~~~~ L O C A L

15 LOCAL INFLOWS ~~~~- L O C A L

4 CANNELT ON L&D
LOCAL

~~ NEW BURGH L&D ~ LIVERMORE
L O C A L  — ~~~~~~~~~~~~~~~~~ 

6

E V A N S V I L L E

MT. CARNEL ? I~~~
_ O CAL

UNIONTOWN L&D

‘~~~~~~~~ — L O C A L

9 I G O L C O N D A

0 __— L O C A L  BA RKLEY
\ 2 - A DAM

SMITHLAND L&D
L O C A L  

~~ KENTUCKY
L O C A L _

._L
~~~~~~~

ESS
~~~

_

~~~~

_ DAM

L OC A L— ~~ 15

CAPE GI RARDEAU ~ L OCA L  u
~
. L&D 52

- METROPOLIS

L OC A L

LOCAL —~~ 
C A I R O

0

I
CARUT H ERSV I L LE

: iRure 3. Physical h alts of current aciJication of UCi iLi~
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PART II : NUMERICAL MODEL DEVELOPMENT

- Discussion of Basic Model — S0CI~vIJ

7. As previously noted, the TVA unsteady—flow model has been
modified and recoded , and the resulting model is called SOCHMJ. The

modified model can be applied to a system composed of an unlimited

number of junctions and branches, including a system containing no trib-

utaries, i.e., a single river . Also, the model can be applied to a

system such as encountered in the flow around an island. In addition

to the FORTRAN coding and applicability to multi—junction systems, one

other maj~ r difference exists between the original TVA model and SOCHMJ.
In SOCHMJ , Manning ’s n is allowed to vary with elevation as well as

with distance along the channel, whereas the original TVA model allows
only for variation with distance along the channel.

8. Although, as indicated above, the coding has been altered to
provide for a more understandable computer program , the same centered
explicit finite difference scheme developed by Stoker7 under an ORD

contract and employed in the TVA model has been util ized in SOCHMJ for

the numerical solution of the St. Venant equations . With such a compu-

tation scheme, the solution on a particular time line can be directly
determined at each net point. In other words , the solution marches
forward in time from one time line to the next.

9. As discussed above, SOCHMJ can be applied to a system composed

of many rivers , with each river labeled as a branch of the system. In

the discret~ zation of the physical system , a restr ict ion on the number

of Ax ’s per branch exists. A minimum of four Ax ’s must be contained

within each branch with the additional restriction that if more than

four exist , the total must be an even number. On each branch , all Ax ’s

have an equal length , although the length can vary from one branch to

another . However, the time step At prescribed is common to all

branches. Thus , since the stability cri terion

10
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(~ + At/Ax < 1 - (5)

must always be satisfied , it is obvious that the smallest Ax in the

system determines the At to be used for computations on all branches .

It is then ea.~y to see that one small branch in a large system can re—

sult in a very inefficient operation of the model. As will be discussed

later , it was necessary to relax thi s restriction, although it has not

been completely removed, to make the application of SOCHMJ to the system

illustrated in Fi gure 3 economically feasible. Application to the

system shown is called the Ohio problem in the remaining discussion.

Modifications Required for the Ohio Problem

The physical system

10. As illustrated in Figure 3, a system composed of six rivers
with a total of approximately 700 river miles is to be modeled. In ad-

dition , the effects of five locks and dams, namely Cannelton, Newburgh,

Uniontown, Smithland , and Lock and Dam 52, are to be accounted for in

the flow computations. In order to handle the internal flow control

structures more efficiently and in a straightforward manner, each lock

and dam is considered to be a junction consisting of two branches. In

addition , since the model does not allow for the specification of bound-

ary conditions at both ends of a branch , it was necessary to create arti—

ficial junctions between Louisville and Cannelton Locks and Dam and be—

tween Cannelton Locks and Dam and Newburgh Locks and Darn . Figure 3

shows that the system is then composed of a total of 12 junctions and

• 18 branches. The discretization of the system is presented in Table 2.

Lock and dam computation procedure

11. During low—flow periods , the various navigation dams on the

-
- Ohio River are operated to maintain a 9—ft navigation channel . This  is

accomplished by manipulat ing the gates to maintain a particular eleva-

tion upstream of the dam , i.e., the flow is controlled. On the rising

side of a flood wav e , the  gate operator maintains  the desired elevation

11
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by raising more gates. When all the gates are finally removed , the flow

• field becomes that of essentially a free or uncontrolled river . As the

peak passes and the recession side of the wave is encountered , more and

more gates are lowered in order to maintain the desired navigation depth

and the river is once more in a controlled state.

• 12. As discussed in Reference 1, the governing differential equa-

tions constitute a hyperbolic system. Thus, as long as the flow is sub-

critical, either the water—surface elevation or the discharge or perhaps

a rating curve at a downstream boundary must be prescribed at an open

• boundary . The mathematical model SOCHMJ operates such that when one

dependent variable is prescribed, the other is calculated at the bound—

ary. Therefore, the lock and dam problem is handled in the following

manner. The downstream boundary condition of the branch immediately

• upstream of a lock and dam is prescribed to be the elevation the opera-

tor attempts to maintain , so long as the flow is being controlled . The

discharge corresponding to the fixed elevation is then computed and used

as the upstream boundary condition of the branch immediately downstream

of the lock and dam. The downstream elevation corresponding to the pre-

scribed discharge is then computed and compared with the prescribed up-

stream elevation. If the downstream elevation is less than the upstream

elevation , the flow is controlled to some degree; however, when the two

elevations become equal , all gates are out of the water and the river is

in an uncontrolled state. At this point , the lock and dam is assumed

to be a junction. As with the junction of two rivers , computations are

then made to ensure that the elevations of the branches are equal at the

junc t ion .  Details of the computation cycle are presented hater .

Small branch computation procedure
13. As noted in previous discussion , a restriction imposed by

UOCHMJ is that each branch must be subdivided into at least four Ax ’s

As indicated in Table 2, this  forces the Ohio problem to contain a Ax

of 0.60 mile on branch 8 between Uniontown Locks and Darn and the june—

ti on of the Ohio and Wabash Rivers. With a spatial step of 0.60 m113,

the stability criterion (r iven in Equation 5) forces the At for the

complete system to be on the order of 60 oec . However , on a maj ority of

12
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• the branches the discretization is such that a At on the order of

300 sec can easily be specified with stable computations maintained.

Since the restr ict ion of four Ax ’s per branch could not be rerv veo

due to the comput ation procedure at the junc t ions , another solut ion t

the time -step problem had to be found.

l~4. The approach taken was the specification of two time ~~to~~ L: ,

one to apply to small branches such as branches 5, 8, 11, and 15 and a

larger At to be applied to the remaining 114 branches. As i l lustrated

in Figure 14 , the large At must be an odd multiple of the small time

I 2~~ l

L A R G E  B R A N C H  — — — — LARGE B R A N C H

MALL BRANCH

t = 0  _____ ______ _____ _____ — — — — _____ ____ ____

~~~~
A X I~~~~ ~~~~

Figure 14. Two time—step option

step. Computations on small branches are made at small time—step in-

tervals within each large time step. Such computations within a large

time step are repeated until the elevations at the junctions of  the

large and small branches converge wi th in  a spec i f ied  l im i t .  ~o t a i J s  of

the computation cycle are presented in a later section .

15. As indicated above , iterations over the small branches wit hi n

each large time step occur. Thus, it would appear that in :ome ca ;e~
less computer time might be required if  the small t ime  o t ~~ j w~~re u.a 1
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for all branches rather than using the two time—step option. An attempt

to provide guidance on the feasibility of the small branch option is

presented below :

• Let

L = number of net points on large branches

S = number of net point s on small branches

At~ = time step for large branches

At = time step for small branches

N = average number of iterations required for computations
on the small branches within each large time step

Without the option of specifying small branches , the number of net point

computations per large time step is approximately :

( L + s ) ( ~~&)

whereas with the small branch option , t he number of comput ations per

large time step can be expressed

Thus , for the small branch option to be economically feasible the

following must hold :

At At
(L + s)(~~~)>L ÷sN

(
~~~
) 

(6)

or, after rearranging terms,

(
~~~~) N l

Assuming At~~/At = 5 and based upon sample runs N = 3 , the ratio of

total net points cn large branches to  the number on small branches must

be greater than 2—1/2 for the small branch option to be viable. Table 2
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shows that this ratio is 8.2 for the Ohio problem and thus the use of

two time steps should result in s ignif icant  savings in computer time .

Input Data Required

16. The modifications of SOCHMJ required for application to the

Ohio problem illustrated in Figure 3 have been made in such a manner
that the model retains its general applicability to multi—junction sys-
tems, although the lock and dam procedure, as currently coded, can only
be applied to the particular physical system shown in Figure 3. The

option of classifying branches as either large or small branches and

employing two time steps is available for all applications .

17. Data required for the operation of SOCIThJ are read from cards .

The first data card contains basic information such as the total number

of net points in the system, the total number of junct ions and branches ,

the number of stations at which output is desired , and the large time

step to be employed. The seccnd group of data contains information

about the stations at which output is desired . In addition to request-

ing output at particular stations, output can be requested at any of the
net points of the system . The third group of data contains information

about each branch such as the type of boundary condition prescribed , the

si ze of the spatial step, and whether the branch is a large or small

branch. The fourth data group contains information about the junctions ,

e.g., the numbers of the branches associated with each junction. The

next major data group consis ts  of the tables of geometric data. A table

of top width , flow area , (hydraulic radius ) 2/3 , and Manning ’ s n , all as

functions of elevation, must be input at each net point of the system.

A more detailed discussion of the geometric data for the Ohio problem is

presented later. The next data group consists of the initial values of

the elevation and discharge at all grid points on the first two time

lines . The specification of initial conditions is flexible due to the

characteristic of hyperbolic equations that the solution becomes in-

dependent of initial conditions after a sufficient length of time . T~e

final major data group required by SOCHMJ consists of the time—dependent

15
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boundary conditions which must be prescribed at each open bcw Ilary  ar1i

any lateral inflows into the system. A detailed listing of the Ijata

required by SOCHMJ in its present (June 1977) form is presented in

Appendix A.

Computation Cycle for Ohio Problem

18. As previously noted , SOCHMJ utilizes an explicit finite di f-

ference scheme for the numerical solution of the St. Venant equations .

With such an explicit scheme , the solution on a particular time line

can be directly determined at each net point , i.e., the solution marches

forward in time from one time line to another. The computations per-

formed from one time line to the next are referred to as the computation

cycle and are outlined for the Ohio problem in the following steps :

Steps Action Taken

1 Various constants and variables are
initialized.

2 All input cards except the boundary condi-
tions are read. The Ohio problem is set up
as if the dams are junct ions .

3 Before any computations are made , subroutine
PRSET is called to set up the proper problem ,
i.e., which dams are controlling the flow.
Dams that are controlling the flow have
B.C.’s set immediately upstream.

14 Computations at interior points of first
large branch are made.

5 If the large branch for which interior com-
putations have just been made contains a
boundary , boundary computations are made .

6 Steps 14 and 5 are repeated for all large
branches. If the Cannelton Dam is control-
ling the flow , the calculated Q at the
downstream end of branch 3 is set as the up-

• stream B.C. of branch 14 before any computa-
tions are made for branch 14 .

7 Subroutine SMALL is called.

( Con t inued)

‘C 

•~~~~~~~~~ •



- —~~~~~~-—.-—.~-- -.——.-—•• •~~~~—•-.,. ~~- - -.-~~--- ~~~~— -~ •~~~~-,- ~~~~~~~~~~~~~~~~ -.-.— —- - -—•- • • ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~ 

—-- -

- ________— •—--—-•— _ • _ •—- •-—-•-- - • - _ _— • - _ - - - _ _-•—--- • - -  — • ! ~~~~~~~~~~~~~~~~ _ ~~~~~~~~~~~~~~~~~~ — /

Steps Action Taken

8 If th is  is the f i rs t  iteration , i.e., the
first tire SMALL has been called for this
particular time line, values on the previous
two time lines are saved as initial condi-
tions to be used for each successive t ime
SMALL is called during the current large time
step.

9 If this is not the first time SMALL has been
called during this  t ime step , initial condi-
tions are reestablished from the result of
step 8.

10 Comput ations at the interior points of the
f i rs t  small branch are made .

11 If this small branch is downstream of a lock
and dam controlling the flow and the time
line is a boundary t ime line , upstream bound-
ary comput ations are made wi th  discharges
pre scribed from the branch upstream of the
darn.

12 If th is  small branch is part of a normal junc-
tion at its upstream end , boundary computations
are made by linearly approximating the eleva-
t ion at the junc t ion  at the end of the current
large time step if this is the f irst  time SMALL
has been called during this large time :toj
If t h i s  is not the f i r s t  t ime SMALL hao been
called , the calculated junction elevation is
used as the upstream B.C. for this small branch.

13 J t e p  12 is repeated for the downstream end of
this small branch.

114 Steps 10—13 are repeated for each of the omall
branches .

15 ~tep 10 beginL again for the next small time
step. This looping act ion continues unti l  the
end of the  large t ime step is reached.  There
must be an odd number of small t ime steps
wi th in  the large one.

16 The small branch values are reindexed so that
the time indices will match those of the large
branches .

17 Control is now t ransferred  back to the main
program and computations at all normal ~unc-
tions arc made .

17
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Steps Action Taken

• 18 If ITER = 1 , i . e . ,  SMALL has only been
called once , ITER is inc remented by 1 and
SMALL is called again. Steps 7—17 are re-
peated. If I T E R  > 1 , a check is made at
each j unction. If the difference between the
elevation now and after the previous value of
ITER is greater than DSI , SMALL is called
again. Steps 7—18 are repeated. If the dif-
ference at each junction is less than DSI, the
t ime is updated and a check is made for print-
ing of output.

19 Steps 3—18 are repeated .

20 When new boundary conditions cease to be read
in , the program terminates .

Output Provided

19. Output can be obtained from SOCHMJ at specified stations or

river miles as well as at all or specific net points. ~t such net
points , output in the form of elevations , velocities , and discharges

plus geometric data if desired , is provided. At particular river mile

locations where output is requested , similar information except f~ r

geometric data is printed. Output is provided after a certain interval

of time steps, th e value of which is variable and is specified in the

input data.

18 4
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PART III: MODEL CALIBRATION AND PRESENTATION OF RESULTS

20. Field dat a recorded during 1975 were used in the init ial

calibration of the model described herein. A more accurate calibration

through a wider spectrum of flow could not be accomplished since Union—

t own and Smithlan d Locks and Dams were still under construction. The

time—dependent conditions specified at the external model boundaries

were as follows :

a. Dischar~es were specified at Louisville on the Ohio.

b. Discharges were specified at Livermore on the Green .

c. Discharges were specified at Mt. Carmel on the Wabash.

d. Discharges were specified at Barkley on the Cumberland.

e. Discharges were specified at Kentucky on the Tennessee.

f .  Discharges were spec i f ied  at Cape Girardeau on the upper
Mississippi.

£• A rating curve in the form of a table of elevations
versus discharges was specified at Caruthersville on the
lower Mississ ippi.

As previously discussed , during periods when a particular lock and darn

controls the flow , a constant elevation is set as an internal boundary

condition upstream of the lock and dam.

21. The boundary hydrographs are presented in Plate 1. Table 3,

which waj obtained from data provided by the U. S. Army Engineer

District , Memphis , presents elevations and correspondIng discharges

used as the boundary condition at Caruthersville . The looped nature

commonly observed in actual rating curves is not allowed in S0CH i~J.

Initial Conditions

22. As noted previously , initial values of elevation an(I (Iio-

charge must be specified at each net point on the first two time lines.

During the calibrat ion phase of a mat hematical model in g :~ u - I , val.

are known initially at various points in the sy~;tem from h i ot- -ri~~ 1

data. Values at intermediate fli t. point s are then specifiel oither Li~
a “best guess ” or perhaps interpolation . Puiis ‘ as:eo~ (I -w ra~ I Ily

19
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errors in initial conditions dampen revealed that even though the

initial state of the system was changed significantly , essentially

identical results were obtained after three or four days of computa-

tions using a large time step of five minutes. As previously discussed ,

the St. Venant equations constitute a hyperbolic system and as such

possess the characteristic that the effect of’ initial conditions dimin-

ishes as time progresses.

Geometric Dat a

23. SOCHMJ requires as input at each net point a table of geo-

metric data consisting of flow area, top width , (hydraul ic radius )2/3,

and Manning ’s n versus water—surface elevation . In earlier studies ,
1’5

the system illustrated in Fi gure 3 was divided into small reaches on the
Missi ssippi Basin Model and storage volume data were collected for each

reach. As discussed in Reference 5, these data were then converted to

the tables described above. In addition , channel and overbank cross
sections were constructed at many points in the system from hydrographic

and topograph ic maps ; tables were then constructed from these for use in

areas where uncertainty of the accuracy of the storage volume data

existed. In this and earlier studies involving SOCHMJ , overbank areas

are considered as only storage areas and thus the flow area in the geo-

metric tables does not include cross—sectional area on the overbanks .

Calibrat ion Pro cedur e

p14. With the spatial steps shown in Table 2 employed for the

18 branches of the system , a large time step of 300 sec and a small

t ime step of 60 sec were found to yield s tabLe  computat ions .  Calibra-

t ion  of the model was accomplished by comparing calculated and recorded

values of elevation and discharge at several point:; in the :~yotem . The

cali bration or “matching” of elevations was accomplished by varying the
;a~ ue:- for ranning ’s n at net points in the neighborhood of the check—

oc-int. Increasing n at. upstream staLl -as decreases the elevation ,

20
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whereas increases at downstream stations increase the elevations. s—

charges were brought into agreement by chang ing the n values at all net
points on a particular branch by the same amount. Lateral inflow data

were furnished by ORD as the total estimated inflow within large reaches

of the Ohio River, e.g. Louisville to Evansville. These were subdivided

within each large reach and input in equal amounts at the various local

inflow points illustrated in Fi gure 3. The lateral inflow hydrographs

are presented in Plate 2. Results from initial model runs indicated

that the est imated lateral inflow from Louisville to Evansville was
probably too high. Therefore, the Louisville—Evansville inflow hydro—

graph shown in Plate 2 was reduced by 50 percent , a value that is hydro-

log ically acceptable, from 30 March through 14 April in the calibration

results to be presented in the following discussion.

Calibration Pesults

25. Plates 3 and 14 illustrate the comparison of calculated and

field values of elevations at McAlpine (Louisville , Ky.), Cannelton ,

Newburgh, Uniontown , and Smithland Locks and Dams, and Cairo on the Ohio
River. From an inspection of these plots , it is observed that in most

cases agreement is better on the rising side and at the peak of the hy—

drograph than on the recession side. This problem could perhaps be

alleviated by allowing Manning ’s n to vary , depending upon whether the
water—surface elevation is rising or falling. However , no jus t i f ica t ion
for such a variation is known; therefore SOCIUvIJ was not modified to allow

for this type of variation in Manning ’s n . Two possible explana ti ons

for the above inconsistency in hydrograph reproduction are as follows .

First , it seems reasonable to believe that perhaps as the river falls ,

the flow of the water from the overbank areas into the river channel

adds si gni f icant  momentum to the channel flow which is not accounte d
for in SOCHMJ . This would then result in a higher wave velocity on the

recession side than that calculated by the mathematical model. In aadi—

+ i on , many substantial depressions exist in the floodplains that retain

w-a~ er as the overbank areas drain into the river channels , whereas the

21
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mathematical model assumes that all of the water on the overbank moves

back into the channel. Plate 5 illustrates the larger calculated dis-

charge on the recession side at Evansville , m d .
26. Again , it should be noted that the calibration results I re—

sented herein were obtained using flows such that the partially ccc.—

pleted Uniontown and Smithland Locks and Dams were never called mien to

control the flow. After these structures are completed , additional cal-

ibrations should be undertaken.

Results from Prescr ib ing Elevat ions as th e boundary
Condi t ion  at ~cAl~~ine Locks and Pam

27. Plate 3 reveals a rather substantial difference in computed

and recorded elevations at I-~cAlpine Locks and F-am from 6 Aeril through

13 April. Therefore , it was decided to con y the calibraoe-d mo-del to

the 1975 flood using recorded elevations rather than discharges as the

upstream Ohio boundary condition at I-’cAi pine Locks and Fan . Results from

this run are included in the calibration results presented in i l ates 3

and 14 . Use of the more accurate recorded elevations as the boundary

condition results in substantially better matching at the lower end of

the hydrographs at Cannelton and Newburgh Locks and Dams, with iit t le

difference in the computations observed at downstream points. F W V 5 ,

since in an operational mode the model will normally be run with f ’ i a -

cast discharges, the initial calibration previously discussed was :I~n—

lucte d with discharges as the upstream boundary condition.

Results from Application to 1976 Data

28. An application of the calibrated model has been made using

~Q7I data furnished by ~~~~ In this  application , the Uniont nwn °ar: as

we~ l as the flannel ton and F~ wbucgh Dams controlled the flow for a sub-

stantial portion of the pen 1 during which unsteady—flow comsutations

were made. Elevations w + r~ prescribed as he L un tarv conii to- r~ at

DcA ri ne Li cks ar;d Dam w t h 1 h:;rg : pr’escribelt at . he nrer ‘boundaries

of che Green , Wabash , - ‘ aol ci tfld , W - a i  • - o  see , and at per ‘‘i ssi SSI  ri-i Hi vers

22
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(Plate 6). Lateral inflows were prescribed at the same locations as

note d in Fi gure 3. A comparison of computed and recorded ei~~v a t I o n: ;

downstream of the Cannelton , Newburgh , and Uniontown Locks and Dams and

at Cairo , Ill., are presented in Plate 7. Except for the verb low flow

portions of the Cannelton and Cairo hydrographs , the results are satis-

factory considering the limited calibration experienced by the model.

• Actually , it should be pointed out that essentially no cal ibrat ion has

been attempted at these low flows since the calibration with the 1975

data did not cover such flows . It might also be noted that the e f fec t

of inaccurate initial conditions is probably reflected in the computa-

tions for longer periods of t ime when low flows are experienced immedi-

ately af ter  ini t ia t ion of the computations . Also , with a rate of change

of elevation of 10.0 f t/ day  such as occurs between 18 and 19 February at

t t cAlpine  Locks and Dam , daily input of boundary condi t ions  with a l inear

• interpolation to provide values at the end of each time step is ocotably

insufficient for the accuracy desired. Plate 8 presents a comparison of

computed and recorded 1976 discharges at Evansville , Ind.
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PART IV : CONCLUSIONS AND RECO!~1FNDATIONS

29. In this study , numerical solutions have been obtained of the

open channel unsteady— flow equations applied to a system composed of

portions of six rivers , namely the Ohio , Green , Wabash , Cumberland ,

Tennessee , and Mississi ppi Rivers, which take into account th e effect

of five locks and dams on the Ohio River . The modeling limits were

KcAlpine Locks and Dam on the Ohio , Livermore , K y., on the Green ,
p it . Carmel , m d . ,  on the Wabash , Barkley Dam on the Cumberland , Kentucky
Dan on the Tennessee , Cape G i rard eau on the upper ~4ississippi , and

Caruthersville on the lower ~ississi ppi . Due to economic considerations ,

the mathematical model utilized was modified to allow for the specifi-

cation of two time steps, one for branches with spatial steps about five

miles in length and the other for smaller branches with spatial steps

about a mile or less in length .

30. The mathematical model was calibrated by application to 1975

field data provided by ORD . The calibration was accomplished by vary-

ing i ia n n i n g ’s n with distance along the rivers , as well a~ with eleva-

t ion at some points , until recorded and computed values of elevations

and discharges compared favorably. A comparison of elevation plots

shows that in general good agreement is realized , especially on the

rising side and the peak of the various hydrographs . The one discharge

plot presented also demonstrates this behavior . Similar results were

obtained from an application of the calibrated model using 1976 data.

31. Based upon the results of this study , it is concluded that

the mathematical model provides ORD with a potentially useful opera-

tional tool. It should be remembered , however , that additional calibra-

tion and verification of the model are needed. Particular attention

should be direct ed toward comparing calcul at ed a o l  recorded discharges

through the various- navigation dams. Due to tht lack el data, only

elevati ons were compared in the current study.

32. An additional effort has been funded by ORD to mathematically

model the complete Ohio River plus its major tributaries from Pittsburgh ,

Pa., to i t s mouth at Cairo , Ill. Therefore, to the approximately

214



700 miles of river modeled in this study , an additional 800-900 miles

of river will be added . Also , an additional 114 locks and dams will be

added to the system . As shown in Figure 5, an additional 29 junctions

and 35 branches will be added to the current system ‘beir:g modeled . The

number of additional ax ’s will probably be in the nei ghborhood of
200 as compared with the 1148 in the current application. For a run on

the GE—635 computer located at WES , SOCHMJ applied to the system de—

scribed in the present study requires approximately 2—1/2 hours
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of computer time for 30 days of flow computations. Assuming three itera-

tions are required on each small branch , one finds the computer time j~er

reach modeled per day of computations, A , is approximately 1.56 sec/
reach/day . Therefore , for the complete Ohio River system the computer

time required on the GE—635 to simulate one day of flow would require at

least 12 minutes. Actually , the time would be substantially greater
- since iterations at the additional junctions have been neglected in

arriving at the above estimate. Obviously , the current application of

SOCHMJ has pushed the model to its economic limit as an operational tool.

• 33. Both explicit , such as SOCHMJ , and implici t f in i t e  d i f f eren ce
models of the unsteady—flow equations exist . Ix. explicit solution pro-

cedures , such as the Stoker scheme utilized in SOCk-i~J , the solution is
obtained at each net point by progressing from upstream to downstream

and the process is repeated for each time line . However, to achieve

stable computat ions , i.e., small numerical e rrors do not increase in
magnitude with succeeding computations , it i s necessary to res tr ict the
t ime-s tep s ize .  When solutions are obtained by an implicit formulat ion ,

the difference equations are written for all poin ts  along the channel

and solved simultaneously before proceeding to the next time line . Im-

plicit computational procedures are stable for all At ’s provided proper

finite differences are used.8 However , even with an uncondi tionally

stable impl ic i t  model it is easy to visualize 1:ow the operati-:;n of the

locks and dams on the Ohio River will still force a restriction on the

time step. The maximum time step permissible will be that time interval

at which it is desired to check to determine if the dams are controlling

the flow. It seems reasonable to expect su~oh a check to be made at

least twice a day . Therefore , the time-step restriction will probably

be At < 12 hours. A;’ previously noted , the large time step used in

tie current modeling effort is 5 minutes. Thus, it would appear that

even ~-h the locks and dams impose a restriction , an imp l i c i t  maie~
mi ght u~;e a tine step more than 100 times larger than that current ly

being ei’.~ ~~y J .  Therefore , even though a more complicated computation

procedu re , ;ts implW’it formulation should seriously be considered in

the no ira: ol ’ the complete Ohio River and i ts ma,icr tributaries.



___ IT~~~~~~~~~~~i i T~ ~~~~~

REFERENCES

1. Johnson , B. H . ,  “Unsteady Flow Comput ations on the Ohio—Cumb erland—
Tennessee—Mississippi River System,” Technical Report R—714—8, Sep
19714, U. S. Army Engineer Waterways Experiment Station , CE, Vicks—
burg, Miss.

2. Gunaratnam, N. D. and Perkins, E. F., “Numerical Solution of Un-
steady Flows in Open Channels,” Technical Report No. 127, 1970,
Fiassachusetts Institute of Technology , Hydrodynamics Laboratory ,
Cambridge , Mass.

3. Fread , D. L., “Implicit Dynamic Routing of Floods and Surges in the
Lower I h i s sissippi ,~ Hydrologic Resea rch Laboratory , Nat ional Weather
Service , Na tional Oceanic and Atmospheric Administration , Silver
Spring , t~d.

14. 
__________

, “ A Dynamic Model of Stage—Discharge Relations Affected
by Chang ing Discharge,” Hydrologic Research Laboratory , National
Weather Service, National Oceanic and Atmospheric Administration ,
Silver Spring , ~d.

5. Johnson , B. H. and Senter , P. K., “Flood Routing Procedure for the
Lower Ohio River ,” Miscellaneous Paper H— 73—3 , Jun 1973, U. S. Army
Engineer Waterways Experiment Station, CE , Vicksburg, M iss.

6. Garrison , l-~. J., Granju , J.—P . P., and Price , T. J., “Unsteady Flow
Simulation in Rivers and Reservoirs——Applications and Limitations ,”
Journal, Hydraulics Division,  American Society of Civil Engineers~
Vol 95, No. HY5, Sep 1969, p 1559; presented at ASCE Hydraulics
Division Specialty Conference at Cambrid ge , M a s s . ,  2 1—23 Aug 1968.

7. Stoker, J. J., “Numerical Solution of Flood Prediction and River
• Regulat ion Problems ,” Reports I and II , 1953_l9514 , New York Univer-

s i ty ,  Inst i tute of Mathematical Sciences , New York , N .  Y.

8. Strelkoff, T., “Numerical Solution of Saint—Venant Equations ,”
Journal , Hydraulics Division , American Society of Civi l  Engineers ,
Vol 96 , No .HY 1 , Jan 1970 , pp 223—2 52 .

27

~L1



rT ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~

4

cr1
C~1 ~ ) - 4
40 N- (‘j

4t~ H

‘~~ c— ~o H - - ,
H — —

I;, - 0 0 0
~
-‘• - ,  0 0 C

- 0 o C C
-~~ 0 0 C C

0
I I

•-~~~~
-
~ 01 .0 s—i 01

C•l1 (0 ~— —P

-~ S •

- b C C
S 0-s~•. _ C-

C

P
C C C

s--I - - t a  c’ - .5-
.

a
-S 5

• - • 0 -
o -
-~ - - C C

• - • C’ -
- 5 - CC -~~~~- = 0 0)

0 0

- 
1

C 0o (1) 0 0) (5
Ill — C - . C C 0

- --4 ‘.-. C- C) 01 C..
0)

- 
.

- ~~

5

0 0 04 (0
r5•( (1~ 

( .1 (‘1
- P C 0

C 0 0 0 C
- C C.) IT) C’

C 0 0 Cl
0) 0 C 0

c-’ ’ ;. •~. C
• 

~~~~~~~~~~~~~~~ C - I I T 0 -  C.
• ‘-S - C - - s-s - S U- S ’ • ~- 0 1) - —

N— C - C
• 

• -~~ ~~~~~III ~. 04 - 4 0 - - C
• >, •~4 p ,--l ,-l s—c,
S cj ;- 4 ’

~) P P _ 1 , ( , •  4 - . 4 . .
ci a

-- ~~~~~~~ . ~~~~~• 
-
~~~~~ r.



1~~~

Table 2

Disc re t i za t ion  of the Physical System

No. of
Branch Locat ion A x , miles Ax ’s

1 McAlpine Locks and Dam, RM* 320.9 14.675 12

2 RM 320.9, Cannelton Locks and Dam 5.017 12

3 Cannelton Locks and Dam, RM 233.0 14.617 6
14 RM 233.0, Newburgh Locks and Dam 14.617 6
5** Newburgh Locks and Dam , Green River 2 .025 14

6 Green River 5.933 12

7 Green River , Uniontown Locks and Daiii 5.150 12

8** Uniontown Locks and Dam, Wabash River 0.600 14

9 Wabash River 13.920 6
10 Wabash River , Smithland Locks and Dais 5.007 114

ll** Smithland Locks and Dam, Cumberland River 1.005 14

12 Cumberland River 14 .597 6
13 Cumberland River , Tennessee River 3.320 14

114 Tennessee River 3.593 6
l5** Tennessee River , Lock and Dam 52 0.750 14

16 Lock and Dam 52 , Mi ssissippi River 5.325 8

17 Upper ~‘ississippi River 5.237 10

18 Lower Mississippi River 14.992 214

* R iver m iles above ,~unction of Ohio and Mississippi Rivers.

** ‘m a L l  branches.



Table 3
Rating Curve Employed at Caruthersville*

Elevation Discharge
ft msl cfs

255.0 200 ,000

257.0 320 ,000

259 .0 1414o,000

261.00 575, 000

26 3.0 700 ,000

265.0 820,000

267.0 9140 ,000

269.0 1,050,000

271.0 1,170 ,000

273.0 1,290,000

275.0 1,1410,000

277.0 1,550,000

279.0 1,710,000

281.0 1,920,000

283.0 2,2140,000

285.0 2,900,000

* Obtained from data provided by the U. S.
Army Engineer District , Memphis.

_ _
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APPENDIX A: LIST OF INPUT REQUIRED BY S0CI~4J

Input is submitted on cards in the following order and format.

1. TITLE (A8o)

2. NSTA, NBRCHS , JUNCS , 1S5, NSTEP , MNTH , KDAY , KYEAB , LMTE , NØXS
TIME , DT (lo15,2Flo.0)

NSTA = Sum of total number of grid points on each branch .
Junction point counts on each branch .

NBRCHS = Total number of branches (m ax 19)

JUNCS = Total number of junctions (max = 12)
1S5 = 1 — Elevation , discharge , velocity , area , wid th ,

(hydraulic radius)2/3, Manning ’s n are printed
— = 0 — Elevation, discharge, and velocity are printed

NSTEP = Number of entries in geometric tables (max = 9)
MI’TTH = Starting month

4 

KDAY = Starting day

KYEAR = Year

LMTE = Print interval

NØXS = Number of gag ing stations at which output is desired

TIME = Starting time on 214—hr clock

DT = Time step in seconds

3. STITLE(I), 1XS (1,1), IXS (1,2), FF (1,1)
(A3o,315,5x,F1o.o)

STITLE(I) = Description of I ’th gaging station

IXS(I,l)  = Number of the branch upon which the I’th gaging
station is located

ISX(I ,2) = The station or net point on a boundary time line
whi~h is immediately upstream of the I’th gaging
station

IXS ( I ,3) = 1 if gaging station is an upstream boundary or
S junction point .

= 0 if gaging stat ion is in the interior of the branch

= —1 if gaging station is a downstream boundary sf
junction point

FF(I,l) = The distance in feet from the I’th g~Iging s t a t ion  tn
Ixs(I,2).

(One card for each gaging station at which output is desired)

Al
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14. NBRCH , IBRNCH (1,1), IBRNCH (1 ,2 ) ,  IDIR ( I ) ,  NEQ ( I ) ,  ~1~B1~ ( I ) ,
NFLBR ( 1 ,1), NFLBR (1,2 ) ,  TMILE , DX ( I )  (815,>;I:, : ..  0)

(One card for each branch)

NBRCH = Number of this branch

IBRNCH (1,1) = Number of first grid point in the I’th L-r-~r~ ’:.

IBRNCH (1,2) Number of last grid point in the I’th brai ~ch

If NBRCHS = 2 , Set IBRN CH (1 ,1) = 1 and IBRNCH (1 ,2) =
IBRNCH (2,1) = IBRNCI-I (2,2) = NSTA .

IDIR ( I )  = (1) — I’th branch has an upstream outer boundary

= (0)  — I ’ th  branch is an interior branch

= (— 1)  — I’th branch has downstream outer boundary

NEQ(I) = (—1 ) — Fread ’s equation relating stage and discharge
is used as the downstream boundary condition of
I’th branch.

= (0)  — Elevations are prescribed for boundary
conditions of I ’th  branch. Always input 0 for a
branch adj acent to and upstream of a dam.

= (1) - Discharges are prescribed for boundary conditions
of I’th branch. Always input 1 for a branch adjacent
to and downstream of a dam.

= (N) — Rating curve is used for boundary conditions
of I’th branch and N values of elevation vs discharge
will be read in.

• I S B R ( I )  = 0 - I ’ th  branch is not a small branch.

= (1) — I’th branch is a small branch.

If ISBR ( I )  = 0 — leave the next two entries blank .
NFLB R (1 ,1) = Number of the upstream branch adjacent to the

I ’ th small branch.

NFLBR (1,2) = ;iui~uex’ of the downstream branch adjacent to the
I’ th small branch.

T~-IILE ( I )  = Extreme upstream mileage of I ’th branch.
DX (I) = Spatial step in feet for the I’th branch.

5. DT1, DSI , HSET 1, HSEI’2 , HSET3 , HSET14, HSET5 (8Flo .o)

DT1 = Time step in seconds for small branches.  If there are
no small branches DT1 PT.

DSI = Iteration control for small branches. (0.005 is
probably a good value) If the program is not being used
for the Ohio problem , the remainder of the card is blank .

I
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= Lpstream elevation which the Cannelton L~:-cks ar I I I  f -am
attempts to main ta in .

= :p~ tr~ws elevation which the i ewburg L L cki~ and Darr.
attempts to maintain.

= T pstrean elevation on which the ~‘niontowrl 1~~cks and ~un
attempts to mainta in .

i~$ETI4 = I pstrea.m elevation which the Smithland Locks and ~~~
attempts to maintain.

HSET5 = Upstream elevation which Lock and Dam 52
attempts to maintain.

(If JIJNCS = 0, the next card is omitted)

E . TIJU~IC , N , (I,nsNc (I,J), j  = l,N), (IFLOW (I ,J), J = i,r-:)
(1215)

(One card for each junction)

NJUNC = Junction number

N Number of branches at this junction

(I.nJN (i,~~), J = 1,11)  = Branch numbers which comprise the
I ’th junction

(FLOW (i ,J), J = l,N )  = (— i )  — J’th branch is downstream of
I ’th junction

= (1) — J’th branch is upstream of I’th
junct ion

= ( 2 )  — Side branch coincides with junction

7. (PRMILE (I), I 1, NSTA ) (3812)

PRNILE (I) = Print selection control — Input l’s at those
net points for which output is desired.

8. (ELEV (K ,I ) ,  AREA (K ,I ) ,  R23 (K,I), WIDTH (K,I), CR (K ,I), K 1,
NSTEP) (5Flo.o)

Geometric data — Begin with first grid or net point on first
branch and follow through last grid, point on last branch .

9. ( ELTAB (I ,J ) ,  QTAB (i ,J ) ,  J = 1, NEQ (I)) (8Flo.o)

Rating curve for outer boundary of I ’th  branch if
NEQ (I) > 1

10. i~ø (I), QP (I), TAU(1), sØ (I), 110(I), HP(I), AAVER(I), AK (I)
(8Flo.o)

There will be one card for each branch with NEQ(I) = —l
QØ(I) = Discharge at beginning of a typical flood in cfs

_ ~L.
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QP(i) = Peak discharge of a typical flood in cfs

TAU(I) = Elapsed time from Q~ to Q.P in days
s~~(i) = Bottom slope of channel in ft/ft

• H Ø ( I )  = Elevation at beginning of a typical flood in ft

HP(I) = Peak elevation of a typical flood in ft

AAVER(I) = Cross—sectional area associated with the elevation

(HP + HØ
\ 2

A K ( I )  = A value used in computing the kinematic wave velocity.
It s value ranges from 1.7 to 1.3 with 1.5 a good
value for most natural channels.

Remember that all the above pertain to the downstream boundary of
the branch with NEQ = —1.

11. H(IMIN , 2), Q(IMIN, 2), H(IM AX , 2), Q(1MAX, 2) (5Flo.o)

Elevation and discharge at the first and last grid
points on the 2nd starting line.

12. H(JJ , 1), Q(JJ , 1), H(JJ + 1, 2), Q(JJ + 1,2) (8Flo.o)

Elevation and discharge at interior grid points of
this branch on first and second time lines.

13. QLAST ( I ) ,  ELAST (I) (SF10.0)

QLAST (I) — Discharge at outer boundary of I’th branch
on 3rd time line.

ELAST (I) — Elevation of outer boundary of I ’th branch
on 3rd time line.

This card is only input if this branch contains an outer boundary .

Cards 11, 12 , and 13 ( if  13 is appl icable ) are input in
sequence for each branch in the system. If a branch consists
of only one grid point such as a branch coinciding with a
junct ion or a downstream boundary , cards 11, 12, and 13 are
not input for that branch.

114 .  NRCH , (IRCH ( I ) ,  I = 1, NRCH) (1215)

NRCH — Number of reaches that contain lateral inflow .

IRCH (I) — The upstream station numbers of the reaches that
contain lateral inflow.

A14
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15. (XINFL (1 ) , I 1, NECH) ( 8Flo.o)

XINFL ( i)  — Third Un e  of lateral inflows

This curd is omitted if NFPCH = 0

16. IFCNT , (x IN1• ’i~ ( I ) ,  I = 1, NECII) (Is, 5X , 7F10.0)/,
(lox , 7F1O . O )

IFCNT — Number of Lime steps until the new lateral
inf’i ows which are about to be read apply

XINFL ( I )  — New line of lateral inflows .

This card is omitted if NRCH = 0.

17. ELAST (II), IECK (II) (Flo.o , 15)

ELAST ( I I )  — Elevation specified as the boundary condition
for the II’th branch.

IECK (II) — Number of time steps before a new value of ELAST
( II) is read in.

If IDIR (II) = 0, this is an interior branch and there will be no
card. In any case, this card is present only if NEQ (II) = 0.

18. QLAST ( i i) ,  IQCK (II) (Flo.5, 15)

QLAST (II) — Discharge specif ied as the boundary condit ion
for the Iltth branch.

I-QCK (II) — Half the number of time steps before a new value
of QLAST (I I) is read in.

If IDlE (II) = 0, this is an interior branch and this card is
omitted. In any case , this  card cannot be present unless
NEQ ( I I )  = 1.

Cards 16, 17, ari d 18 are repeated. Remember that the check on
whether to read in new cards or not is first on lateral inflows
and then on boundary conditions.
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APPENDIX B: NOTATION

A Cross—sectional flow area

B Effective width of water surface

g Acceleration due to gravity
- h Water—surface elevation above mean sea level

h’ River stage

L Number of net points on large branches

n Manning ’s resistance coeff icient

N Average number of iterations required for computations on the
small branches within each large time step

q Lateral inflow per unit distance along channel and per unit time

Q Discharge

R Hydraulic radius

S Number of net points on small branches

S
f 

Friction slope (in Table 1)

Bottom slope of channel

t Time
V Mean flow velocity

x Distance along channel

lit Time increment

Time step for large branches

lit Time step for small branches

lix Distance increment
B/st Rate of change with respect to time

~/~x Rate of change with respect to distance

Bl
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In accordance with letter from DAEN-RDC , DAEN-AS I dated
22 Jul y 1977, Subject : Facsimile Catalog Cards for
Laboratory Technical Publica t ions , a facsimile catalog
card in Library of Congress MARC format is reproduced
below.

Johnson , Bi ll y Harv ey
A mathematical model for unstead y-f low computation through

the complete spectrum of flows on the lower Ohio River / by
Bill y H. Johnson. Vicksbur g, Mis s . : U. S. Wate rways Ex-
perime nt Stat ion Springfield , Va. : available from National
Technical Information Service , 1977 .

27 , ~9, p. ; 8 leaves of p lates : ill. 27 cm . (Technical
report - U. S. Army Eng ineer Waterwa ys Experiment Station
H-77-18)

Prepared for U. S. Arm y Engineer Division , Ohio Riv er ,
Cincinna t i , Ohio.

Referen ces: p. 27 .

1. Mathematical models. 2. Ohio River . 3. Open channel flow ,
4. Unstead y flow. I. United States. Army. Corps of Engineers .
Ohio River Division . TI . Series: United States. Waterways
Experiment Station , Vicksburg , Miss. Technical report
1-1- 77-IS .
TA7 .h34 no .II-?7-l 8


