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APPENDIX T

FLOOD WAVE ROUTING

A, INTRODUCTION

Investigation and development of the hydroelectric resources of
TIceland will require the study of a number of storage reservoirs to
determine their best operation and their effect on flows in downstrean
sections of the rivers, This appendix presents some of the theory
of water travel through reservoirs and in natural river channels
under various conditions, It also presents accepted methods for
routing flood waves through reservoirs and down natural river channels,
These methods are used to determine the movement of flood waves and

their alteration in shape as they move downstreau,




B, FLOOD WAVE THEORY

Flood Waves

VR\.mo:Af.f 5 i’esultj;lg from precipitation, snow melt, or glacier meit,
when it enters a stream, causes the stream to rise to a crest, and té.
recede as tﬁe runoff ceases, This rise, crgsi:, and recession in stream
flow is callecl» a flgod wave, A series of flood waves, varying in shape
aud size and occurring a"t’ irresg;ﬂla"«?» intervals make up a‘ stream hg,'d:ﬂéss
granph, The rapid rise of a flood wave in a river th,ﬁnel produces
unequal flow at different points and clistﬁrbs r‘the ususal balance between
frictional résistancé and energy gradient that exdsts during steady |

flow,

a. Propagation of Wawes, A flood wafe as it travels down a river
channel is generall& coﬁsidered as a solit;a,ry wave of rtrénslatign that
follows the same ,genéral ldws as é Monoc%iinal wave, It has both a rising
aﬁd a falling face and a base thaﬁ may be ma:;;f.miles long, There are
broa.dlj two general classés of flood waves, namely, those in which‘
rmmenﬁzm or accelerative forces predémte , and those :m which such
forceé have been coﬁn{;erbalanced by.fricticna.l resistance, .Elood wavés
of the first class occur in ?ower—reguléted éhélmels and in steep
mountain channels as a result of cloudbursts §1° very high intensity
rainfall, I~Ios£ waves in na‘tﬁral river 'clméls aie of the secoﬁd class,
i:h which the time length of their base at any place. greatly exceeds the

time of travel from the headwater to the given place and ac¢eleratbing
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forces are probably duite small,

b, Altervation of Wave Shape, Progressive flow and pondage, or

reservoir action, both affect the movement: of flood waves through
natural river channels, Progressive flow consists of downstresam move-
ment of the flood wave without appreciable change in its shape, This

is often referred to as flood wave translation, and is approximated only
in orismatiec river charmels where ‘st,,age and discharge relations remain
aporoximately the same for the entire length of the channel, Wave
velocity also remains nearly constant throughout the stages produced

by the passage of the wave, The flood wave under these conditions may
be considered as being translated in time essentially unchanged in shape
and volume from one point to another in the chammel, Reservoir,. or
pondage actbion, in the second process transforms the wave in both time
and shape, It reduces the crest discharge, extends the period of
maximim discharge, and lengthens the base of the wave,

Channel, or Valley Storage

Natural river chammels usually consist of a succession of pools,
or ponds and rapids or other cqntrol features, such as bends and channel
constrictions., The water surfaces and the associated storage in the pools
are vegulated, or controlled to a variable extent, by the stage-discharge
relationship of the control ab their downsiream end, Flow through
rapids, bends, and chamnel constrictions, is controlled by the shape
and the hydraulic characteristics of these channel sections,

When a flood wave enbers a section of a river channel, the water

surface must rise in order to mainbain the increased flow, This rvise in

m————

|




water surface elevation requires that a part of the water remain in
temporary storage in the chﬁnnel in oxder to maintain the increased
stage, This temporary storage is called channel, or valley storage,
Thas during the period when river stages are rising, a portion of the
inflow is filling up this storage and reducing the water available for
discharge ab the lower end of the river séction., After the peak of
the flood wave passes and stages begin to fall, this temporary storage
is released and helps to maintain stages and discharge at the lower
end of the section,

Reservoir Storage

Reservoirs constructed in natural river chammels act in much the
same Way as pools, However, they are designed so that both outflow
and storage in the reservoii can be controlléd, Thus storage in this
case becomes a function of outflow alone, and the relationshipn between
these two quantities is relatively easy to determine, The ideal reservoir
may be defined as one whose depth is very great so that water velocity
through it approaches zeré. 'The surface of such a pool would be level
and the displacement of a mass of wéter entering the upper end of the
reservoir would be transmitﬁéd to all parts-of the pool almost instantly,
Many large, deep reservoirs épproach this ideal condition and pool eleva-
tions at their lower ends reflect their‘storage within reasonably close
limits, Short, shallow reservoirs differ radically from the ideal,
Their pools are not level, but have a slgping profile, which varies

with their inflow and the channel characteristics throughout much of



PRI S

their length, Their storage includes not only that below a level pool,
but also that bebtween the level ?ocl and the backwater curves at their
upper end, A1l of this storage must be considered when operating small,
shallow reservoirs,

Storage Bouation

A gengrél hydrologic equation can be written for any natural R

section of a river or for a reservoir on a river if certain basic
assumptions are made, These are, that accretions or losses from ground-
water are negligible or equal; that no precipitation occurs over the
channel, or reservoir, during the passage of the flood waves; and that

evaporation losses be neglected, This equation reduces to:

£ ta
Sl?l'{ld‘b=82;£'/.;'0dt ...ouo...(...,.‘(l) \‘
1)

Sl is the storage in fhe section or reservoir at the beginming of
a period,

is the storage at the end of the period,

1 4s the volume of inflow during the period from t, to to.

0 is the volume of oul¥low during the period from Ty to to.
Transposing Equation (1) becomes

t, iy
jr Idt - ,C'Odt ZSp =S e e s e s e s e e e ee (2)

Equation (Z)e;ays simply that "The total quantity of inflow into a section
of river or reservoir, during a given time period, minus the total gquantity
of outflow from the section during the same period is equal to the change

in volume of water stored in the reach,"




Neither I nor O can be éxpressed mathematically in terms of %, for

any but the simplest cases, therefore arithmetic intergration becomes
necessary for the solution of Beuation (2), If a time interval t or

at, be selected sufficiently short so that both I and 0 may be consider-—
ed linear functions of %, during each interval, then Equation (2) may be

rewritten in the following form:

(tz-stl)(12?2(11-02291)’-‘52-51...,.....;(3)

Eguation (3) is generally called the Storage Equation,




G, FLOOD WAVE ROUTING

Definition

The process of determining progressively the timing and shape of
a flood wave at successive points along a river, or through a reservoir
igs called Flood Routing,

Need for Flood Wave Routing

Development of the rivers of Iceland for hydroelectric power
production, will require design and construction of both storage reservoirs
and headwater ponds, Operation of these will materially affect downstream
flows, particularly any flood waves moving down these streams, The
flood routing procedure will be necessary to determine these downstream
effects and nmust be included as a ‘pax_‘t of the investigations for hydro-
electric power development, Investigation of flood wave movements have
been carried out by many hydrélogists during the past 60 years. These have
resulted in the development of a number of methods for ﬂoqd wave routing
through reservoirs and dovm natural éha.phels. ‘Those methods believed most
appropriate for use on Iceland rivers are discussed in subsequent seétions

of this append:ix. Detailed procedures for their application are given,
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D, ROUTING THROUGH RESERVOIRS

Flood Indication Method

The routing of a flogd wave through a storage reservoir is the
simplest application of routing procedures, In this case outflow and
storage are interrelated and storage is controlled‘ by the reservoir
outlets, such as spillways, sluieeé; turbines, etec, so that it:'bscomes
a direct function of outflow, Equation (3) may be modified so as o
simplify the routiné of a flood wave ﬁhréugh a fgsemir constructed in
a river channel, Let t, - % in Eéua‘bion (3) be equal to a small time
snterval designated as "t.," Then |

t(Iz_".;Il-O_Z.é_S'l)=SZ-Sl..~. e e ()

2
and 127‘11-02—01_-' Esé“i?g; coooaigooooooo(S)

Transpose all known guantities to the ie;ft side of the eguation, then:

(12’[11),[(521__—013=_2S?2-’[02......%"‘b’..(é)

The solution of this equation is known as the Flood Indication Method,

Tn this solution all values of inflow, Ij and Ip as well as all values

of outflow, 07 and O should be in cubic meters per second; all values of
storage Sy and Sp should be in cubic meters; and time, t, should be in
seconds, Given the inflow hydrograph to the reservoir; the physical
characteristics of the reservoir; and the characteristics of all reservoir
outlets, such as spillways, sluices, turbine discharges, etec,, BEquation
(6) can be solved to give the outflow hydrograph at the dam and the time-

stage relationship for the reservoir, The following steps are required
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in application of the Flood Indication Method for routing a flood
wave through a loung, deep reéervcir:

a, Step 1 - Determination of Reservoir Capacity, Determine the

capacity, or storage available in the reservoir from field survéy data,
or by planjnwteringvsuitable topogfaphic maps of the reservoir arvea,
Plot a curve to show the relation between elevation énd‘sﬁorage below
a flat pool., If the reservoir is a short,'shallQW'cne, backwater
curves may be determined for its upstream portion, and storage between
these and the leve; pool may also be considered in the routing process,
Backwater storage curves can be determined and plotted for various
flat pool elevations, using varioug values of inflow as parameters,

These are known as Reservoir Storage Curves,

b, Step 2 = Solection of Time Intervél, t;‘ Seigét a cpnﬁeﬁient time
interval, t, for use in the routing process, Thié inierval should be
short enough so that 'the position of the inflow and outflow hydrographs,
as well as the portion of the réservéif‘capacity curve corresponding
to t, can be assumed to be linear functions of t. The shorter the interval
selected, the more accurate and satisfaétory will be the results from the
routing procedure, Therefore t may beiaken as a day, a portion of a day,
or a few hours, depending upon the sﬁape of the inflow hydrograph and the
reservoir storage curve,

c, Step 3 = ReservoiJ’OutleW'dﬁrve, Calculate the outflow capacity

of the spillway, the sluices,and the turbines, and all other outlets for
various reservoir pool elevations, Plot outflow curves for each of these

to show the relationship between reservoir level and their discharge,
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Combine the values from all of these curves and plot a new curve to show
the relationship between reservoir pool elevation and total outflow for
that elevation., This is called a total reservoir outflow curve,

d, Step 4L - Storage Indication Curve, Select a number of intervals

of reservoir pool elevation and tabulate their corresponding level stor-
age in cubic meters, as read from the Reservoir Level Storage Gu?ve
determined in Step 1, TFor these same elevations tabulate the corresponding
total discharge in cubic meters per second as read from the Reservoir
Outflow Curve, determined in Step 3, From these data determine %S- £ 0

for each selected elevation and tabulate, .Plot a curve to show the
relationship betweej‘g 0 and .2{5. # O, This is called a Storage Indication
Curve, and represents the right~hand side of Equation (6). A typical
tabulation for Step 4 is shown in Table 1 and a Storage Indication Curve
on Figure 1,

e, Step 5 - Reservoir Outflow Hydrograph. Tabulate the inflow

hydrograph as shown in Table 2, and solve Equation (6) for each time in-
tervael, using the storage Indication Curve as shown‘ in Figure 1, Table 2
shows a typical tabulation for solution of this problem, At the start of
the solution the first value of O in Columm (6) of Table 2 is known or is
assumed, The first value in Colum (5) is the value of 355_ # O from the
Storage Indication Curve of Step 4, that corresponds to the first value
of 0 in Colum (6), Column (7) in each case is the value in Colum (5)
minus twice the value in Column (6). In subsequeﬁt lines after the first

line, the value in Column (5) is the value in Colum (4) plus the value
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TABLE 1

COMPUTATIONS FOR STORAGE INDICATION CURVE
(t = 7200 sec,)

Elevation Storage 25 Outflow 25 £ 0
Meters 3 t 0 t
M3 M3/sec 3/sec W}/ sec
000
(1) : (2) (3) (&) (5)
530 13 3.6 61,0 6hh,6
540 L7 : 13,1 105,6 118,7
560 268 74,0 161,0 235,0
580 749 208,0 202,0 ' 310,0
600 1545 429.0 236,0 : 665,0
620 2840 - 789,0 . 265,0 1054,0
640 4760 1328,0 293.0 1621,0
660 7360 - 2044,0 317,0 2361,0 R
680 10500 2917,0 340,0 3257,0 ' f
700 1110 3919,0 361,0 4,280,0 o
720 18360 5100,0 381,0 54,81,0 1
740 - 23100 - 64,20,0 L0L,0 . 6820,0 1
750 25700 7140,0 409,0 7550,0 -
755 2'7000 7500,0 413,0 7910,0 0
758 27800 7720,0 697.0 84,20,0 it

760 281,00 7890,0 1022,0 8910,0 It
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in Colmm (7) from the line above, The discrepancy in Table 2 between
total inflow and total outflow .is about two-tenths of one percent and pro-
bablf resulted from reading values from the Storage Indication Curve, Ib
is well within the acecuracy of the original hydcrologic data, The Reservoir
outflow Hydrograph may be plotted from the data in Colunms (2)and (6) of
Table 2,

£, Step 6 - Reservoir Fluctuations, Fluctuations of the reservoir

pool elevations as shown in Colum (8) of Table 2 were obtained by apply-
ing outflow values shown in Column (6) to the Totel Reservoir Outflow
Curve, as determined in Step 3.

Routing Through Short, Shallow Reservoirs

The Flood Indication lMeinod may a2lso be used for routing i‘lo§d waves
through short,'shallow reservoirs., Technically speaking, routing through
these reservoirs must take into account the effect of the additional
storage above the level pool and below the backwater curves produced
by the inflow at the upper portion. of the reservoir, For steep streams
and relatively small reservoirs ,4 the effect of this additional storage on
the outflow hydrograph is relatively small and is often neglected, When
it is considered, the solution of Equation (6) by the Flood Indication
Method can be accomplished only by "cut and try" procedures, since
total reservoir storage is no longer a function of outflow only, but is
also a function of inflow as well, Application of the Goefficient
Method, described later for use on natural river chamnels, provideé a

better solution for small, shallow rveservoirs when backwater storage is

considered,




e S e

\6

TABLE 2

ROUTTNG COMPUTATIONS FOR RESERVOIRS

z T T £ T 2540 0 25 - 0 - .
Date Time Pool Elevabion
Hours M3/sec 1P/sec E’g/ser’ W3 /sec E/sec - Veters
@y (@ (3 (4) (5) (6) (7 (8)
00 21 : 20 - 2 - 22 526
o g 02 60 al 59 40 = 61 530
o, 215 275 211, 152 - 90 - 556
06 345 560 470 2L £ 48 585
oe 380 725 3 21 4279 - 607
10 430 810 1089 268  £5553. 622
12 . 475 905 1458 287 £ 88 635
1, 525 1000 188l 302 #1280 617
16 605 1130 2410 318 AT 661
12 665 © 1270 304L 336 42372 676
20 730 1395 - 3767 352 #3063 692
22 780 1510 4573 368 £3837 706
2, 870 1650 5477 383 AL721 723
Mar 9 02 770 1640 6361 399 #5563 738
o, 700~ 1470 7033 K02 A6229 T2
06 665 1365 759k 409 A6T776 759
o8 630 1295 8071 L9k 47083 756
- 10 550 1180 8263 600  A£7063 757
12 490 10,0 8103 525 #7053 756
? 1 360 -850 7903 113 A7077 755
: 16 330 690 7767 KO A69LT 751
‘ 18 275 605 7552 409 £673L 750
! 20 195 K70 720 402 A6L00 Th2
i 22 160 - 355 6755 LOO  £5955 739
2, 130 290 6245 396 A5453 735
Mar 10 02 105 235 5688 388 44912 728 :
: o, . 88 193 5105 377 #4351 716
06 55 152 4503 366  A377L 704 .k
o8 47 . 111 3882 66l - £3154 703 t
10 30 77 3231 340 A2551 680 i
12 21 Bl 2602 322 A1958 661,
1, 20 B 1999 30, AB9% 649
14 20 - 4O - 1431 - 258~ A4 861 63h
18 19 39 900 255 £ 390 613 -
20 19 38 428 205 4 18 - 582 - |
22 19 38 560 62 - 68 530
2 __19 38 — A e 526 |
11827 11851 .

Total ~ L




£, ROUTING THROUGH NATURAL RIVER CHANNELS

Flood Routing Methods,

Routing of Ilood waves down natural river channels is fundamentally
the same as routlng them.through reservoirs constructed in these channels,
In general, each river is cons1dered to be divided 1nto sections; or |
reaches, and each reach is treated as a natural reservclr.l HoweVer,
storage in natural reaches depends upon both 1nflow and oubflow and the
solution of the routlng problem.;s more complex than for reservoirs,
Storage in natural river channels also depends upon the slopeand other
hydreulic characteristics of the reachcand upon its phy51ca1 control fea-
tures,

Various znwestlgators have developed a nunber of dlfferentlal
equations and spec;allzed mathematlcal procedures for routing flood
waves through natural river channels Their application is too laborious
for practlcal uss and approxlmate msthods of solutlon have been developed

and are usually employed., Two of these methods, the Coefflclent Hethod

and the wcrklng Vslue Method, are widely used and are described below

AT S

Selection of R;ver Sectlons, or Rsaches

The river channel is divided into sectiéns, or rsachss; to simpiify
computations in whatever roufing method is selssted. rThe storage chsféctere
istics of a river should be carefully considered in the selection of '
routing reaches and the ends of these reaches should be chosen with these
in mind, Magor changes 4in river chaxacterlstlcs as well as channel controls,

are generally indicated by abrupt changes in water surface profiles,
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These abrupt changes should be considered in selecting the limits for
routing reaches, The channel éhould be subdivided into reaches whose ends
are located whenever possible at streamflow stations, so that recorded
hydrographs may be used in determining the chammel storage in such
reaches, The lower end of a routing section should also be located at

any channel control which creates 2 relatively large amount of chammel

storage in the pool-type reach above it, The upper end of this reach should

be located at the upper end of the pool-type channel section, Ii‘i a long
peach of river occurs between two pool-type reaches, it should be subdivid-
ed into shorter veaches, Bach of these should have a length such that

the time of water travel through it, is approximately equivalent tc the
time interval A t, selected for the routing operation, Whenever a

major tributary enters the main stream the lower end of a routing reach
should be located immediately below this jmctioﬁ. This is necessary

to facilitate the routing of the inflow from the major tributary and to

determine its affect on the flood wave moving down the main gtrean,

Coefficient Method

This method is based on the assumption, that the storage under any
instantaneous profile through a reach of river, can be sépqrated into
prism storage and wedge storage and that the relationship between them can
be approximated by means of coefficients, Early development and practical
application of this method were made by Gerald T, McCarthy and chers,
in comnection with studies of the Muskingum Conservancy District Flood'

Control Project made by the Corps of Engineers, United States Army in




1934 and 1935, It is often veferred to, therefore, as the Muslkdngum

Jethod in engineering literature . The principal difficulty in the

application of this method is the detemxjnation of the required coefficients,

one of its advantages is that it may be used, not only for routing hydro-
graphs, but also for rout:mg reduct:.ons a.n natura.l :.Elows, resulting from
operation of storage reservo;.rs.» Sinece it expre.sses outilow as the
summation of the products of rini'lew and routing cqefi‘lcients s it produces
a flood recession of the expoz;éﬁ'_bial form ihat ret-vains the same recession
coefficient as that of fhe ini‘loﬁ hydrograph. -

The Coefficient Method is” based upon the assumpt,ion that storage
within a routing reach ‘ca.n‘ be related 'bo river discharges at each end of
the reach by the following routing equation:

Sag[xT £ (1K) 0F =KOAKK(I =0) o o 000000 (7
In BEquation (7), O a;nc;. I represent simultaneous values of outflow and in-
flow, respectively, for the reach; S represents storage in the reach; and
K and X are constants, K ris the t:avgl time through the reach of the
center of mass of the flood wave hydrggraph. »X is the relative weight
of the inflow upon the storage :m the reach,

a, Prism Storage. The term KO in Equation (7) has been considered

as representing prism storage, Tt represents the volume of water in the
reach that is moving under a flow profile, where the inflow into the reach
is equal to the outflow from the reach.

b, Wedge Storage, The term KX(I—O) in Bquation (7 ) has been con-

sidered as representing wedge storage. Tt is the additional storage,
moving on top of the prism storage, when either the inflow is greater

than the outflow, or the outflow is greater than the inflow, In the

TR
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pirst instance water is going jnto channel, or valley storage, and in
the second it is being released from such storage, In each case, inflow,
outflow, and storage are variables that are changing with respect to
time, To

¢, Storage Curve, A storage curve is a curve showing the relation—

ship between river discharge and channel storage, The most common type

is one obtained by plotting oufflow at the dowmstream end of a reach
against channel, or valley storage, in the reach, Although the amount

of water in channel storage is related to the stage and outflow at the
downstream end of a routing reach, the relat:.onshlp is not a fixed one,
When the stream is rising the storage relation will be greater than that
for a constant stage. When the stream is falling the storage relation
will be less ‘bhah that for a cons;c.ant stage. The difference in storage
is dependent upon the rate of rise, or fall, in the outflow and inflow

of the reach, As a result of this effect, when storage is plotted

against outflow, a loop curve usually results, If inflow is plotted
against storage the loop curve is usually reversed, The Coefficient Method

has been developed to determine the relative ‘effect of both outflow and

inflow up on channel storage and thus permit a single storage curve to be

uged for routing,

d, Determination of Storage Curve by Surveys., The storage curve,

for each selected reach, may be determined by survey methods, This will
require cross sections of the river to be determined from field measure-
ments, or from topographic maps, The areas of these cross sections are

computed for various river elevations at each point and a curve plotied

o S A e i e v
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to show the area—-elevation at each cross section, Determine a similar
curve for each cross sectlon to show the relatlonshlp between hydraullc
radius of the section and various elevations above the river bed, Apply
the Manning Formula, and using valuesvfrom these curves and a marked
water surface profile from field surveys, determiﬁe the values at each
cross section for Menning's roughness factor, ¥, Assume that the‘computed
values of n, corresponding to the surveyed oprofile, are applicable to all
flood wave stages at the respechive cross:sectionsf hgadn apply the
Manning Formula and the compu;ed values of n and compube natural channel
flow profiles for various guantities of flow, The ranéé in flow should
be equal to that anticipated in the flood waves to be investigated, Use
these ilow profiles and the area—elevatlon curves to determine the

volume under the profiles, between each palr of cYoss sectlons, for a

z\

series of flows, Assume this volume to be equal to the average of the areas

of each pair of sectiqns, miltiplied by the length of chagnel between
them, Sum upithe various storage products for gach'routing reach and
plot shtorage as abscissae and the respective flows for the profilgs
considered as ordinates, The resulting curve is the Storage Curve for
each reach, Two factors maksvthé above determinaticn of the storage-
discharge relationship by field surveys, usually a long proéedure.A First,
most stream channels are irregular and numerous éross sections must be

snrveyed, Also, the areas and hydraulic radii of cross sections must

be determined for successive stages corresponding to given discharges,

Second, flow profiles must be compubed throughéﬁt the chamnel length in

ovder to compute the chammel storage required to plot the Storage Gurve,
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This method gives a reasonably high order of accuracy and must be
used where streamflow stations are not available to provide stage and
discharge hydrographs at the ends of routing reaches,

e, Determination of Stg;r’age Curves from Hydrographs An easier

method of compubting the starage curve is the nse of known l'gdr@fzra.nha

of inflow and outflow to obtain the a,verage jnflo‘w and outflow and
determining storage by sol@g Equation (6) for chénges in storage,
Equation (6) shows that i‘o:} each rout.iﬁg reach duri;ig a time interval,

t, the average inflow mimus the average @utf.ldw, is equal to the change

in channel storage, AS, The inflow into saéh ro11t3;ﬁg reach, however,

mist include all tributarj ini‘low and a;L'L local inflow estimated for
ungaged areas, The change in storage, 45, must bé compubed for successive
time intervals beginning at the start of the flood wa;vé passage: at the
upper end of the routing reéch The toté,l storage at any time, duvring

the flood wave passage, can be comput.ed as the sun of these storage
inerenents from the beg:z_nn:.ng of the wave passage, Use the same relatively
low flow to determine the beginning and end of the storage compusabions,
Then the gtorage at the end shouid approﬁma.tély vequal 't.hat at the begimning
of the pem.od, and the ,ga,;n in qtora.ve durlng the rising side of the hydro-
graph should equaJ. the release, or 1oss ) of storage durz.no the hydrograph
recession, The net accumulation of storaﬂe at the end oi‘ the computation
should be equal to zero, This provides a valuable checlk on storage
computations, However, 1if the accmnulateq storages do not check, it is
often due to errors in estimated inflc:)ﬁ to the reach from ungaged areas,

and an adjustment should be made,
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£, Determination of X, The effect of inflow upon storage is

jndicated by X in BEgquabtion (7). -The value of X will normally vary from

0.0 to 0.5, fhen X is equal to zero, the storage is a function of the oub-
flow, This is the case for veservoirs and for rivers with very flat slopes,
For steeper rivers with higher velocities, the value of X increases until
in the extreme case it approaches 8,5 and the flood wave is translated,

or moved, through the reach without any appreciable change in shape, or

in peak rate of flow, To determine the value to use far A for each roui-
ing reach, assume values of X, ranging from 0,0 to 0,5, and for each

value weight the inflow and outflow from known resch hydrographs by the
formila of XI # (1 - X)0s Flot these v'feighted yalues as ordinates and
their corresponding storage increment values, &S, as abscessae for each
routing reach, The value of X, which reduces the loop in the Storage Curve
to the smallest loop, or series of loops, so that it approaches a straicght
line, is the proper value of X to use in routing :[;lood waves through the
reach, Figure 2 shows several storage curves and the effect resulting
from variation in X,

2, Determination of K, The term K in Equation (7) is a very

important term and is very closely related to the travel time of the
reach, The most direct method for determination of K is by comparison of
actual hydrographs at the ends of a reach by dinverse flood routing, In
this method Equatioms(4) and (7) are solveci for K to obbtain the following

equations

ce Ousab 0T AT = 4d0)] |, . ..., .s (8
(I, - 1) £ (1fx)(oz-ol)

e T R IR T R

ndidiid, .




his process has been described in a publicabion of the Bngineer School,
nited States ATIYs Fort Belvoir, Virginia as follows:
1, , 40 »5UCCESS1VE yalues of the mumerabor and
denominator (of FaquationiB) are. accumilated Ffor
floods for which the inflow and oubflow are
Jmown with X as a parvameteT. The accumulated
numerator values are plotted as abscissae and
the accumulated denominator values as ordinates,
The Tesult is a series of curves for various
values of X, The one. approaching more ‘nearly
to a straight line for the entire flood satis_fies
most closely the equation and therefore deter—-
miﬁes the proper X for the reach, The K value
is the reciprocal of the slope of the .curve.
Because the limits of accuracy of the runoff
data usually available, it is preferable to com-
pute K and X for several floods and to adopt
for roubing an average of these values,"
Pable 3 and Figure & illustrate this procedure, using material taken
from the above source, In Table 3, Column 2 represents the inflow into
the reach and includes inflow at the upper éﬁd of the reach, plus esti-
mated local and tributary inflow eﬁterﬁig between the two ends of the
reach, This inflow has been adjusted so thab its total volume is

equal to the total volume of the outflow at the lower end of the reach,

The mmerators a.nd‘_denominators in Bquation (8) were evaluated for each

oo S0 S st L L Ll B L
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period nsing four agsuned values of X,

Pigure 2 shows the acenmulated numevator, or storage values, in

Column (9) of Table 3 plotted against the corresponding accumilated

e

denominator or weighted outflow values as shown in Columns 11, 13, 15,

=
=3

ey

- and 17 of Table 3. The best fit is assumed to be that for which there is
the least variation in the storage curve from a single line passing ‘
through it. On Figure 2, the it appears to be sstisfied best for |
X = 0,2 and K =1 day, the mean line in this instance being taken as |
gtraight throughout the range of discharges.A 1f, to conform to a

eriteria that K =A% = 0,5 day, this reach was subdivided into two equal
reaches, the value of K for each reach would be 0,5 day, assuming a constant
wave movement throughout the two reaches, However, X would not necessarily
retain the value of §.2.

The ratio of reach length to K gives the rate of flood-wave movenent,

This rate can be applied to peaches of shorter or longer length unless there
is a marked difference in storage characteristics between the desired

reach and the reach for which K was derived,

h., Determination of Coefficients, Bquations (4) and (7) may be

combined to yields:
02'-'0112*0211;‘6301. s on.'lo!!;.lotﬁt(g)

Where the coefficients Gy, Cp, and C3, have values in terms X, K

and At as follows:

'\' Gl-‘-At-ZKX‘ on--occnnoccoooooo(lo)

. 2K(1-X) £ at g
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The swa of the three coefficients mst be equal to unity.

i, Coefficient Routing, Routing by the Coefficient Mebhod is

a fairly simple process after the storage curve, and valﬁes for X, K,C,
Cy. and Cqg have been determined as explained above, This method is well
suited to use in a computing machine with an accumulative multiplier,
The computaibions used,. in this method of routing are i1lustrated in
Table 4, First select the time interval, b, and then compubte .the_ values
for X and X from the reach storage curve and from hydrographs for the

veach, Use these values and compute values for coefficients Cj, Co and C3,

Substitgte the values of these cosfficients in Bauation (9) and solve for
0o, Pable 4 illustrates a method for tebulating these computations, Fin-
ally, plot the outflow values in Column 6 of Table A4 against their
corresponding time as shown in Column (1) to give the outflow hydrograph
at the lower end of the reach, This outflow hydrograph then becomes

the inflow hydrograph at the upper end of the next dowmstream reach,

The process is repeated for each of the succeeding downstream reaches.

Working Value Method

The term K, in Equation (7) for the Coefficient Method, was assumed
to have a constant value for all stages, In some rivers and under some
conditions, K varies with the rate of change in outflow, On these rivers
the Storage Cu:ve cannot be averaged by a straight line and a different
routing method must be employed., The Worldng Value Method has been devised

for use with a variable value for K,




TABIE, J,

ROUTTHG BY CORFFICTENT METHOD

t = 0,5 day K =0,5day Xs= 0,3

=1 <AL £2KK . B
25;( m:a:) ?A 1j6 o3 2K(1X) £t =2/3 "3
Op = CyTp # 8213 4 ”'%01

Time mflow  CyTp CaTy 050y
' 1/6 1, 2/3 1, 1/6 0p

(1) (g)o (3) (%) (5)
Feb 26 8,M, 2):0 0933 1.)33 9033
Do, 7.0 1,17 1,33 0.33
2.7 AsM, llal? 1.95 L}!67 001-1-7
Dol 16,5 2,75 7,80 1,18
28 a.m, 2B 11400 11,00 1,96
Pells 29,1 1485 -16,00 2,82
Mar 1 a,m, 28,4 4,73 19,40 3.94
Do, 23.8 3,97 18,93 1,68
2 a,m, 19,4 3.23 15,87 he 59
Do, 1503 2,55 12,93 3.95
3 a,m, 11,2 1,87 10,20 3.2h
PeM, 8.2 I.37 Ta446 2,55
L, 2,1, 60!‘4 laO'? 5915:7 lagq
Doy 5#2 0,87 Lo 27 1,40

rww’fmﬁm- N RIS

2K(1-X) =at
2K(1-X) 4a %

Outflow

(é)

.99
2,83
7,09

11,73
16,96
23,67
28,07
27,58
23,69
19,43
15,31
11,38
8,43
6,50

208,70
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on the assumption that:

The Working Value Method is based up
s © © glg)

D!}ZI;‘(1=X)O......s..,.o.....
represents 2 nypothetical

equal to

Tn this case the "working discharge ," Dy
in storage in a given reach,

steady flow, that would resulb

g ctual unsteady inflow,

that that would be produced by given yalues of &
1, and outflow, Q.. 1 Bquation (13) is solved for 0, and this term is
son (L), that égua,tie‘n may be rewritten as:

substituted in Eauat
X) - 0.50; At = S5 (1-X) £ 0.5D,4% o (14)

0.5ab(1s £ T1) # 5102

1f s(1-X) £ O, 5DAb is calied R, Equation (14) becomes:

Ry £ 0.5(Tp £ T)at -Dlag = fp e v

The term R fm Bauation (15) is called a "working value! and becomes

an index of storage in each reach,

2. Development of R-D Curves, <The routing of a hydrograph ‘b‘g the
Working Value Method requires ‘the ﬁrior determination of the Working

Discharge, D» and the Working Value, R; for each reach. A working
curve, showing the relationship between D and R may be determined from
The working values

ow and outi‘low hvdrovraphs ;{‘or each reach.

D are computed from applicatbion | of Bguation (l3)

the infl
Working values

for
for R are obtained from:

-S(1~X)7‘05DAt-c-.ooono-aaao.
plotting values of D as or

(16)

dinates

A Working Value R=D Curve is obtained by
and the corresponding values of R as abscissae, If the use of actual hydro-
graphs, resulis in a scabtering of the R-D points, draw a smooth curve by

vocedure may

Tn some cases this p

eye to represent the mean of the points.
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cesult in a large yariation in R = D curves developed for different

flood wave events. ppis will indicabe that the initial assumptions for
reach lengths, and for the values of X reéluire pevision. A wrong assump-=
tion for the value of X will result in a large loop OT geries of 100DpS
in the rough B = D Curves, 100 long 2 reach and 100 great a time inter-
val, t, will 21so be reflected in the R = D Gurves and these may also
require revision. Trial computations, wsing different values of X and

4 should be made until the B = D Curves approach straight lines.

Working Value Routing Procedure

Routing by use of the Working Value Method is accomplished by steps
gimilar te those used in the Flood Tndicabion I:-’Ié'bhod for Reservoirse
The method used for papulation of the results of these steps 18 shown in
Table 5.

a, Step il = Dete;;ﬂnj.(lation of K, Select inflow and oubflow nydrographs

for a flood wave passing through each reach considered. By inspection of
these hyd.rographs make an estimate of 2 value for K. 1f K is not readily
apparent by inspection, compute the time of travel of the center of mass:
of the flood wave hydrographs and use this value for K.

step 2 = selection of Tipe Interval, &t gelect a time interval

be P

between the values for t = ¥ and £ = 2KX and use for at. Inspech the flood
wave hydrographs to insure that at least 5 or 6 intervals will ocgur
pefore the peak of ©the hyclrographs are reached.

c., Step 3 = Determination of X, Plot storage curves, wing values

of X ranging srom 0.0 O 0,5, and gelect the value of X to the nearesb
tenth that produces the smallest 1ooP, or loops, in the Storage Curves

Use this value in further routing computations.




¥ 3 |
|
| PABLE 5
3 | ROUTTNG BY WORICTNG VALUE METHOD
tzldazrsxi‘-o.g
¥ 0=D - X (31-D)
: 1K
5 nflow AVeT. Working Col, 3 Working 1 X (1-D) cutflow
Time I I Discharge  JiAnUS Va.,Lue of Minus 1=
(1) (2) (3) - (b) () (6) (7) & (9)
B o P gl 26,0 Lhe0 35 27,5
E 50 19
- 2 55 ;3.8 15,0 112 2,8 11,0
:: £‘ 60 - 16.2
E 4 75 21,8 . v
1 A 85 6549 3.0 19,1 he® (1.1

Byolanation
Column 1 = pime of ix;flow intervals,
Column 2 = Tapulation of inflow hydrograph
Column 3 — Average of two inflows == le‘ 12 at

Colurm 4 = Worlcdng di scharge D equal t,g X1 £ (1—4;,‘)0 for the first peric ad
and qslp@npﬁ £rom R = D curv far SnNCs eading Dez’lﬁd@ for cCOTTes] sond
ing walues af Rn

(-.c
Colum 5 = column 3 minus Column h

3

m

Colanm 6 = Working valne of B taken imw ?x, D curve at beginning ©
(26.0) and *n,)_ = By £ 05 (111 Yyab - D + for succeediz
pe‘rlﬁdt% (Col, 5 plus previons B,

5
i ri
T

E

column 7 = golumm 2 minus Golumi L

T
g - Colv Limes =—=
Colam olwm 7 times g7

colum 9 = The oubflow Xzydroqraph; colum b minus Column 2,
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_ Determination of R and D yalues. Apply Bquation (13)

(15) to compute the corresponding

d, oSte L
g of D and Equation

Working V alue Curve from ©

yalues of B
Wave hydrographs are available at both end

additional flood
make similar compubatbions from them and cO
jous discrepancy

e determine yaluse
Plot the

hese values. if
s of the routing

mpa.re the R = D Curves

e curves,

reach,
occurs between thes

determined. Where a Se€T
revise the yalues of © and X selected to secure reasonably close

agreement petween such curvesSe
craph. Compute the

e, Step 2 = == of
m the inflow hydrograph for each peach, using

£low ’nydmgraph fro
) and the n

jon Bguation (1h) may b

he reach. Te

following

oub
ing Value curve for t

e reviribten in the

Bquation (1L - D Work

gimplify 1ts applicab

forms
-5;;.#..'0‘00.0.._

i]lustra.ted in Table 5

The compuh atl

and in the explanat.ion accompanying it,




F, ROUTING AT A MAJOR STREAM JUNGTION

Major tribuﬁaries often enter the main stream and their inflow affects
the progression of a flood wave down the main stream. Two general cases,
relating to tributary effects, ecéur. The first case is where a tributary
has a steep slope, or its flow is relatively small compared to the
flows in tne'main stream, In this case tributary stages and flows are
relatively unaffected by stages and flows in the main stream, The
second case occurs when the slopes of the tributary and main siream are
relatively flat and the tributary flow is large, as compared to that in
the main stream, In this case the flow in both the tributary and the
main stream mutually affect each other, Methods for handling each of these
cases follow,

Case 1 = Minor‘Eifectvof Main Stream

Tributary stream flow introduces an independent variable in this
case and special routing procedure must be used to solve this problem,
The stages, and therefore the storage, in the routing reach on the
main stream, depend upon the tributary inflow as well as upon the flood
wave in the main stream., The Working Value Method is best suited for
solving this situation, and routing reaches on the main stream should
be selected so that the lower end of 2 reach is located immediately below
the junction of the tributary.

a, 8tep 1 — Development of R = D Curves, Construct working R = D

Curves for the main stream, using various values of tributary flows as
parameters, A typical example of these curves is shown on Figure !L

Table 6 illustrates the method of arranging the routing computations,




TABLE 6

ROUTTHG BY WORKTNG VALUE METHOD-
JUNCTION OF MAJOR TRIBUTARY - CASE 1,
(Trivutary flow condibions independent of main stream)

t=1day, X-0,2 0=D-_%X (1)
I=X
Average

Time Inflow TInflow R D 0 e
1341y

-

Days
(v (2) (3) RO ORERG,
L 1050% - 24,85 1000 988 2063

2 100 2560 1010 988 262

(®)

3 1150% 2675  1os2 1015 2085
L 1200% 2800 1077 1046 300

2 1250% ’ 2956 1110 1075 3995

% Wnown Value

Total
Ontllow
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b, Step 2, Tabulate known values of the main stream inflow

hydrograph in Columm 2 of Table 6, Tabulate similar lmown values of the
hydrograph of the tributary at its mouth in Column 7 of Table 6,

Step 3. Enter the R = D Working Curve on Figure 2 with the
tributary flow of 226 and an assumed working discharge, D, of 1000 for
the main stream, o obtain a working value, R of 2485 for the first day,
Enter this value in Column 4 of Table 6,

d, Step 4., Compute Ry for the second day froms

Ry, = By £ 0.5(I; # I)at - Pat = 2485 - 1075 - 1000 = 2560
Enter this value as the second value in Coluwmn A4,

e, Step 5. BEnter the Working Value curves with the tributary
discharge of 262 for the second day and the working value R of 2560, to
obtain the working discharge, D, of 1010 for the mein stream, Enter
this value as the second item in Columm 5,

£, Step 6. Compute the main stream outflow, O from:

0 =D~ % (1I-D) = 1010 - 0.2(1100 - 1010) = 988
Enter this value asaim main stream m;ti'lcﬁs' on second da'y, in Column 6,
., Step 7, Determine iotal outflow at the downstream end of the
routing reach by adding main stream outflow in Colum 6 and tributary
discharge in Colum 7, 988 £ 262 = 1250 as the outflow on the second
day. Enter this value as the second item in Columm 8,

h, Step 8, Repeat Steps 3 to 7 to obtain values for total outflow
for each of the following days., Enter values for each day as shown in
Table 6,

i, Step 9. Plot the outflow hydrograph from values in Column 8
of Table 6,




‘Case 2 - Major Effect of Main Stream

Flow:in the main stream, and £l¢W'in a major tributary mutually
affect each other when both streams have 2 relatively flat slope, This
also may occur when the flow in the tributary is large in proportion to
the flow in the main stream, Né completely adequate roubing procedure
has been déveloped +o solve this case, However, a trial and error method
has been developed which gives reagonably satisfactory results. This
procedure, hovwever, may require several trials for each routing interval,
befére values of outflow are determined that will satisfy all the require-

ments,

a, Step 1 = Working Curves, Prepare two sets of Working Value
Curves by the methods described above, One set is prepared for the main
stream, using tributary flows as parameters. The second set is prepéred
for tributary flows, using Eain stream flows as parameters, Figure 4
jllustrates these curves and Table 7 illustrates the computations required,

b, Step 2. Determine initial values of D and R for both the main
stream and the tributary, The value of D is computed from:

Dy = 01(1 = X) £ I%
The values of X were previously determined for the example in Table 7 as
0,15 for the tributary and 0.20 for the main stream, Then:

Dy = 226(0,85) # 250(0,15) = 192 # 38 = 230

Dy = 988(0,80) 4 1050(0,20) = 790 # 210 = 1000

These values of Dt'axiDs are entered as the initial values in Columns

(5) and (10) of Table 7, The initial values of R for the initial wvalue
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350

400

150

Tributary ( X = 0,

(3) (1) (5)
606 230

275 651 270
268

325 708 320
2

375 777 360
3h4,

A0

425 862 1,06
390

TAE

15 )

260
262

315

297
298

353
340
336
329

398
370
379

; J

1200

1250

Main Stream ( X

1125

1175

ROUTTING WITH WO AKING VALUR METHOD-
JUNGTTION OF MAJOR TRIBUTARY - Case 2.
(Change of Discharge in Either Stream Affects Discharge in

(10)

1000

1012
1010

1040
1042
1042

1073
1078

1077

1115
11190

Other)

990

988

1012
1015
1015

1041
1048
1046

1079
1075

Total

1250

1450
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are taken i‘mm the R = D curves determined in Step 1 for the known values

of D and 0 for both the tributary and the main stream and are:

N Ry (Dy, = 230,04 = 988) = 606

B (D = 285,05 = 226) = 24,85
c, Step 3, Compute the value of Rp from:
Ry = By # 0.5(If # 1) at =Dy at

Then:

Ry = 606 £ 275 = 230 = 651

Rg = 2485 £ 1075 = 1000 = 2560
Enter these values in Columns 4 and 9 to Table 7 for the second day.
Use these values to obtain trial values for D and O,

d, Step 4. Use the Tributary Working Curve and obtain trial values
for Dy at end of first day, assuming that no change occurs in Og during
the interval,

Dy» (Ry = 651,04 = 988) = 270 from curves,

e, Step 5, Compute a trial value of 0Oy froms

0=D=-_%X(1-D)
R =

0p = 270 - 0,177(300=270) = 265

This value is too high, so it is spparent that the true value of O

will be between the trial value and the value at the beginning of Step 5.
Select an intermediate valueof 260 and determine new trial values of

Dt and Ot.

£, Step 6, Use the main Stream Working Curve and obtain a trial
value of Dg,

Ds(Rs = 2560,% s 260) = 1012 from curves,




Zo s,tﬁgli, Compute a teial velue for Oy from:

0=D - J’;.( I-D)
I=-X
0g = 1012 - 0,25(1100 ~ 1012) = 1012 - 22 = 990
h, Step 8, Make a second approximation of Dy, using R, = 651
~ from Step 3, and Oy = 990 from Step 7, The Tribubary Working Curves
give Dy = 268,
i, Step 9, Compute a new trial value of O, from using D, of 268

from Step &,

0=p- X% (1-D)
' I=X

Op = 268 = 0,177(300 - 268) = 268 = 6 = 262,

J.__Step.10, Ma}ce‘ a second approximation of Ds using R, = 2560
from Step . 3, g.nd O = 262 from Step 9. The Main Stream Working Curves
give i)S = i0io, ' A

k, Step 11, Compute Og i‘i’em 0=D-~ %X(I—D) using D’s; =: 1010
from Step 10, ‘

05 = 1010 — 0,25(1100-1010) = 1010 - 22 = 988,

1. Step 12, Return to the Tributary Working Guﬁes with the
ce:@uted value of Ry = 651 from Step 3 and the second approximation of
Dg = 988 from Step 11, These curves give a value of Di = 268, which is

the same as that determined from the second approximation in Step &,

Therefore, no further trials are necessary as further approximations will

result in no further change in Oy or Og.

m, Step 13, Continue the above trial and error process to determine

Gt and Qg for each of the remaining days in the routing period,
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n, Step 14, Plot the outflow hydrograph for the routing reach,

from the values entered in Colum 12 of Table 7 and determined by the

above procedure,




