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n = .015 for concrete

.022 for corrugated metal

R·- Alp

p • inside wet,ted perimeter

L := U£JJ(.,'7'1I or- ,P/~t:r

ko= outlet losses - 1.0
zti.' n"'~L

kf= friction losses = ~'4/30

_en~r~,Y ~_~~de 1ine

K = sum of loss coefficients

K .. ke + ko + 1<.f

ke= entrance losses gi~en In Table I

t·), t, t:
H = difference In tallwaterelevatlon and upstream

A =cross sectional area of culvert
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Type A - Outlet and Inlet Submerged

Q =A V2, H/~
.Where:

Outlet Control

Solutions for each type of flow are given.

• LA:: ~ ~~, cJtv~ ,Zn' .~ I f ~/?_~~ c~

lalet and Outlet Control In Culvert Analysis t~,~' ~C2.. •

Types of Inlet and outlet control ate shown on figures'S and 9.
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to the total head loss we can write:
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Type I , C -' Culvert f1owlng~fult but not under tat1water cond Itlon

Q • A \j 29 H/K.

where:

H • difference in the d~stream water surface

elevation, estimated by 1/2 (Yc + D), and the

upstream energy grade line

Yc. critical depth at outlet

D • height of culvert

Type D'- o~en channel flow

Use standard step backwater computation (HEC-2)

Special Case for Reduced Capacity at Inlet

For the 'special case where d~bris is assumed on the piers at the

culvert entrance the velocity at the inlet will be different than the

velocity thru the rest of the culvert. It Is therefore necessary to

apply a correction factor to the loss coefficient, K, used in the outlet

control equation, beC(Hf!.e.. ~ 1/ ..fh.e //ull'v,'uCltfll ({),t//J~,t'J-Is o~ 1-:;. 0:L.
I'~ /(.f

j
Ico ) #lud.6-c.. QffJl"~d +0 -the Stf/'tl'le- II~/OC?;; f"e.::t~

The outlet control equation can be written:

. ' H _ K (9.\2 ...!...
. AJ 29

Expressing the equation In terms of the various components that contribute
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following adjustment is recommended.
2. '2. 7-

H • ~(~~ ~ + (\e.G' \e.{) ~~J~
which reduces to:

. H" [~. (~2.(K..'k{)J(~'i ~9
Thus the outlet control equation to be used in the HEC-2 program is:

•
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Inlet control means that the doWnstream water surface elevation

the

_ A'L area at Inlet reduced by assumed debris

Since only one value for area and K can be used In the HEC-2 program,

where:

Culvert capacity depends entirely on Inlet conditions. There are no

outlet control equation then- becomes:
2. 2

he + hf + h
O

• k (..9.\ ...L. + ("-0'-' k,) (Q_\
e "'fJ 29 A,J

.
For the special case where debris Is assumed at the Inlet, the area at

Inlet Control

~d the culvert length have no effect on capacity of the culvert.

'optlons In the HEC-2 model to handle inlet control problems.

•..
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HW ~":~~~Ct.~er depth above _t_~.:..i nv~t (en~.r~.:( .~rade_._l ine)

d • the height of the culvert

Henderson has recommended use of the following equation:

Q ".: c.. t:...o 1"2~ (HW -*C.O)

where C • varies between .8 for rounded inlets and .6 for

square inlets

H • the distance from th-e;ente~.9f the culvert opening

to_~.h~_ e-"e~gy g~~~e .llne

C ~ orifice coefficient from King's Handbook

It should be noted that if the value of HW/d varies between 0.8

The orifice equation can also be use? to compute inlet control:

Q ': c.. A.b ~ 2'3H

'where

In determining upstream water 'surfaces for Inlet control conditions.

depth at the Inlet,

The Bureau of Public Roads h~s published several charts for use

Type A flow can be des~rlbed as~~rltl~.l depth ~ontrol. The

apstre8IR'weter surf.~e ~.n be determined by ~alculating critical

Three of the most useful are reproduced here as figures 10, 11, 12.

these conditions Inlet control will oscillate between critical and

orifice control.

and 1.2 then unstable flow conditions will exist at the Inlet. Under

•'0
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Headwall parallel to embankment (no wingwalls) .~

Square-edged on 3 edges • • • • • • • 0.5

Rounded on 3 edges to radius of 1/12 barrel

dimension ••••••••••••••• • •• O. 2

. • Wingwalls at 300 to 750 to barrel
Square-edged at crown •• • • • • • • • • •• 0.4

Crown edge rounded to radius of 1/12 barrel

dimension • • • • • • • • • • • • • • • • •• 0.2

Wingwalls at 100 to 250 to barrel
Square-edged at crown • • • • • • • • • • •• 0.5

Wln~alls parallel (extension of sides)
Square-edged at crown • • • • • • • • • • •• 0.7

'*Note: "End 'Section conforming to fill slope, It made of either metal or

concrete, are the sections commonly available from manufacturers.

From limited hydraulic tests they are equiv~lent in operation to

a headwall in both inlet and outlet control. Some end sections,

incorporating a closed taper in their design have a superior

bydraulic performance. These latter sections can be designed

_ing the information given for the beveled inlet, p•.5-13.

TABLE 1 - ERnmCE 1.pSS .amFFICIF.NTS

~fficlent .ke to apP1; to ~l~~tY head ~ for d~term1natlo~'of head

loss at entrance to a structure, such as a .cu1vert or conduit, operatillt

.full or partly full with control at the outlet.

V2
.... ' Entrance head loss He • k e -

2g

i
i
1
!

0.2
0·.5

0.5
0.7
0.5

0.2
0.5
0.2
0.7
0.5

0.9

Coefficient k e

. .
• • •

· . .

· . .
· . .

· . .

· . .
· . .

· .· .' .

· .

· .

Projecting from fill, soCket end (groove-end)

Projecting from fill, sq. cut end •••••••••

Headwall or headwall and wingwa1ls
Socket end of pipe (groove~end).

Square-edge. • • • • • • • • • •
Rounded (radius = 1/12D) .:•••

Mitered to conform to fill slope
*End-Section conforming to fill slope

Projecting from fill (no headwall)
Headwall or headwall and wingwa1ls

.Square-edge • • • • • • • • • • • • • •

Mitered to conform to fill .slope • • • • ••

*End-Section conforming to fill slope ••• •

Type of Structure and Design of Entrance

Pipe, Concrete

Pipe, or Pipe-Arch, Corrugated Metal

·Box t Reinforced Concrete
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NOMENCLATURE

cross-sectional area
normal component of acceleration
tangential component of acceleration

hydraulic depth

critical depth

normal depth

energy loss

force

specific force

Froude No.

acceleration due to gravity

total energy head

specifi c energy

total energy loss

pressure head

frictional head loss

head loss

inflow rate

conveyance

roughness height

mass

Manning's coefficient

outflow rate

wetted perimeter of channel

pressure

discharge

discharge per unit width

hydraulic radius



r

T

t

At

v

v

x

y

-y

y

z

8

y

e

p

'f

Reynolds No.

radius

storage volume

energy gradient

channel bed slope

change in storage volume

top width

time

incremental time

velocity

discharge velocity

shear velocity

channel length

incremental channel length

depth of section

depth from water surface to centroid of area

depth of flow

normal depth

section factor for critical flow

elevation head

energy coefficient

momentum coefficient

unit weight of water

channel slope, in degrees

Kinematic viscosity

mass density

shear stress

shear velocity

)
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P = 52.2361
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Y = 1.3tiee
P = 52. l:t~ij~

T = 54. BBi30
D = e, 13E,3i3
IG =289.32B5
P = 54.4721
RH = e. '3S4E,
AR = se.4146

'r'·= 1.50e~3

A = 71311 5tj~30

T = 56. a3ijij
D = 1.4196
ZG = 537. g8~'3
P =56.7382
RH = 1.4319
RR =99.5821

'r' = 2.~l3eo

; = 1BS.ee06
T = 58. i31313~?:

Ii = 1.8E·21
ZG = :r35.612i

PH = 1.:3322
PR= 161.7i.51

Y = 2: 5~a~:1

q = 137. 5t~00

RH = 2.2475
A? = 235.9192

I~ = 2.7 i
ZG = 1_- 568.02
P = 63.42
~~H = 2.65
HR = 321.65

D= 2.71

P = 63.42
RH = 2.65
AR = 321.65

P = 66.73
PH = 3.1'1}

AR =415.74

D= 3.34

RP. =3.34

Lb = 2.·924.24

R~~ = 643.59

!i - -:;. :==~
~I - '.', .--.'

~F.: = 778.25

n = 4.53

FH = 5.34
AR = 1.. 465.78

;: - =: ,:: i
.l.' - '~I '.'!

PH = 5.9;:;
q;' = 1, '3ti::. 2~,
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HYDRAULICS: RELATIONSHIP BETWEEN DEPTH OF FLOW AND
SPECIFIC ENERGY FOR RECTANGULAR SECTION

E9uations:

7/2 9'2
where 1=dischorqe per unif width.He =d+Z<j =dt- 2j'd2

({&5 2d=- =-fI.. where dc=critica/ depth
C Vff. 3 emin.

fc =crifico/ dischorqe per
unit width

Hemi/}.=minimum ener9Y contenr
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4.5.5 Significance of Critical Flow in Design. Critical, sUb
critical and supercritical flow affect design in the following manner:

(a) Critical flow. Uniform flow at or near critical depth is un
stable. This results from the fact that the unique relationship between
energy head and depth of flow which must exist in critical flow is readily
disturbed by minor changes in energy. Examine the curve for q = 40 c. f •s.
on drawing ES-35. The critical depth is 3.68 feet and the corresponding
energy head is 5.52. If the energy head is increased to 5.60, the depth
may be 3.2 or 4.2. Those who have seen 1L."1iform flow at or near critical
depth haye observed the unstable, wavy surface that is caused by appreci
able changes in depth resulting from minor changes in energy. In channel
design these conditions must be recognized. Variations in channel rough- C
ness, cross section, slope, or minor deposits of sediment or debris may
cause fluctuations in depth of flow that are significant to channel opera-
tion. In many cases it is desirable to base design computations on two or
more values of n in order to establish the probable range of operating con-
ditions • Because of the unstable flow, channels carrying uniform flow at
or near critical depth should not be used unless the situation allows no
alternative.

The critical flow principle is the basis for the design of control
sections at which a definite stage-discharge relation is desired or
reqUired.

(b) Subcritical flow. Two general characteristics of subcritical
flow are important. First, at all stages in the subcr!tical range, except
those in the immediate vicinity of the critical, the velocity head is small
in comparison vith the depth of flow. Study of the curves of constant dis
charge, drawing ES-35, will make this point clear. Second, the velocities
are less than wave velocity for the depths involved and a backwater curve
will result from retardation of velocity. Thus, in the subcritical range
we are concerned with cases in which the depth of flow is of greater im
portance than kinetic energy as represented by velocity head. In practice,
this means that changes in channel cross section, slope, roughness, and
alignment may be made without the danger of developing seriously disturbed
flow conditions so long as the design assures that flow in the supercriti
cal range will not be created for some discharges in the operational range.
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However, in many cases the latitude in design which may be possible as a
result of dealing with subcritical flow will be offset by limited head
requiring that friction losses be held to a minimum.

(c) Supercritical flow. The design of structures to carry super
critical flow requires consideration of some of the most complex problems
in hydraulics. In supercritical flow the velocity head may range from a
value approximately equal to depth of flow to many times the depth of flow.
Note from the curves on drawing ES-35 that the velocity head increases
very rapidly with decreases in depth throughout the supercritical range.
Supercritical velocities exceed the velocities at which gravity waves may
be propagated upstream. Any obstruction of flow will result in a standing
wave, and there will be no effect upon flow upstream from the obstruction.
The fact that kinetic energy predominates in supercritical flow and cannot
be dissipated through the development of a water surface curve extending
upstream is of primary importance in des ign.

Channels involving changes of direction, contraction or expansion of
cross section, or the joining of two flows at a confluence at which either
or both of the flows may be supercritical require careful consideration.
Changes indirection or channel contractions develop disturbances at the
walls of the channel which take the form of standing waves reflected diag
onally from wall to wall downstream from the disturbance points. The
height of these standing waves may be several times the depth of flow im
mediately upstream from the origin of the disturbance. Confluences at
which either flow or both flows may be supercritical also develop disturb
ances resulting in standing waves. In expanding channels the discharge
may be incapable of following the channel walls because of the high veloc
ities involved. This results in nonuniform depth and the development of
a hydraulic jump which is unstable as to both location and height.

A number of the factors that must be determined as a basis for design
of these high velocity structures cannot be evaluated through theoretical
analyses only. General experimental results as well as experimentation
with individual structures are required. Basic reqUirements for projects
and structures should first be determined and tentative designs to meet
these reqUirements selected. The tentative designs should then be per
fected through model tests.

Water surface profiles applying to cases of supercritical flow in
straight channels of uniform width can normally be determined with suffi
cient accuracy for design by standard methods of analysis. Most structures
must have outlet velocities in the subcritical range to prevent erosion
damage. The creation of the hydraulic jump by the use of stilling basins
is an efficient means of dissipating the excessive energy in supercritical
flow. Design criteria, based on thorough model investigation, are available
for some types of stilling basins. An example is the SAF stilling basin.
Under unusual conditions or when exacting requirements must be met, stilling
basin designs should also be perfected by model tests.
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OPEN-eHANNEL HYDRAULICS

Unifonn Flow -- Part I

A. Definitions

Unifonn Flow has the following main features:

(1) the depth, water area, velocity, and discharge at
every section of the channel reach are constant; and

(2) the energy line, water surface, and channel l:x>ttam are
all parallel (that is Sf = Sw = So = S)

J3aSicall y
9Y- 0 and 9Y =0ax - dt

(unifonn) (steady)

B.

Nonoal Depth - depth that exists during unifonn flow.

Chezy Equation

General EqUation for Unifonn Flow:

V == ~ SW (eq.l)

where

v - mean velocity (length/time)
R - hydraulic radius (length)
S - energy slope (length/length)
x& w are exPOnents
C - factor of flow resistance that varies as (v, R, n, J,l, etc)

Chezy Fonnula (1769) describes the x & w = 1/2 or V = c.yF.S"'

and Chezy IS C can be detennined to vary according to many different
rcethods.



c. Manning Formula

1. 49 2/3 1/2
v=-- R 8 Englishn

units

- 1 2/3 1/2
or v = - R 8 Metricn

Units

where

v - mean velocity (length/time)
R - hydraulic radius (length)
8 - slope of energy line (length/length)
n - coefficient of roughness or Marming I S n

(eq. 2)

canparing Chezy Formula vs Manning Formula, we can obtain

1.49
C = n

D. Nonnal Depth Determination

R 1/10 (eq. 3)

Looking at a trapezodial channel

I
~'-_---:__...J2.
'- b --.I

where b = 20 ft, z = 2 and 80 = 0.0016

then R = ~ = Y (b + zy)

b + 2y -/r-l -+i2-..:-7r7

n = 0.025
Q = 400 cfs (

R = Y (20 + 2y)

20 + 2yfS'

= y (10 + y)

10 + yfSl
and v = 2 = 400

A Y (20 + 2y)

d v - 1.49 R 2/3 8 1/2an - -n-

1.49
0.025

then 400
y(20 + 2y)

or 7680 + l720y

=
[

y(lO+;) 12
/

3

10 + yRJ
= [y (10 + y)] 2.5

1/2
(0.0016)

Tl"'iG\L and error give Yn = 3.36 ft

and An = 89.8 ft2 and vn~4.46 ft/sec.



ie
E. Nonnal Slope Determination

The nonnal slope equation would become(;: Q T1 ):J..
5 = . ~,

'11 /. 4- 9' A" J<" (eq. 4)

where ~ ani ~ are a function of yn' b, and z for a trapezoidal channel.

F. COnveyance

conveyance (K) is a measure of the carrying capacity of a charmel

section or Q = KSY or K = Q/SY

For Chezy' s Equation:

K = Q/ -{S"' = CAR 1/2

For Manning I S Equation

(eq. 5)

K=Q/~

G. Section Factor

= 1/49 AR2/3
n

(eq. 6)

A factor used in canputation of unifonn flow is expressed as

nK
L49 = nQ

1.49 i S j
(eq. 7)

It can be used in calculation of the nonnal depth, Yn' when the

conditions of n (roughness), flow (Q), and S (slope) are known. There

is only one Yn that will satisfy the equation for section factor.

(EXample of Design Chart Method)

H. Unifonn Flow in Composite Channels

Mustdetennine an equivalent roughness when channel section is rrade up
of different roughness or when section is not regular.
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Example of Simplified Slope - Area Method:

Use channel data from II Des i gn of Sma 11 Dams II Fig. 8-18,8-19, & 8-21

(

Average area = 208 + 209.1 + 224.6 + 206.9 = 212.2 ft 2

4

Average slope = 16.35 - 13.73
121 + 90 + 119

= 2.62 ft = .0079
330 ft

log Q = 0.366 + 1.33 log A + 0.05 log S - 0.056 (log $)2

log Q = 0.366 + 3.095 - 0.105 - 0.248

= 3.108

Q = 1,280 cfs

The avg. Q by slope - area = 1380 cfs (Fig. 8-21)

.-.--

(

-"-'



Example of Simplified Slope-Area Method:

Use channel data from "Design of Small Dams"

Fig. B-23 &Table B-8

Elevation

30

35

40

45

50

Area

95 ft2

400

753

1160

1610

Q

360

2,420

5,600

9,960

15,400

2
log Q = 0.366 + 1.33 log A + 0.05 log .00395 - 0.056 (log .00395)

=-0.0776 + 1.33 log A
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DESIGN OF SMALL DAMS

Figure B-23. TO'ilwa,er ra,ing curve for Elk Creek Dam. 288-0-2560.

TABLE B-8.-Computations for tailwater rating curve
ELK CREEK DAM

Data: 11=0.030 8.=mean bed slope=0.00395
C=1.486=49.53 8.'.'\=0.0628

11

Elevation _ .._i_p_l_r_I.-:::..I_c_I~;~!_Q_
26.2...... 0 0 I 0 I' 0 1......

1

...... .1. ... ..I ......30 . .. . . . . 95 .30.0 1.88 1.523i 49.53 7.170; O.Oo:.!Si 4.503.';..... . .. 400 7.;.11 5.321 3.().I7! 49.53 GO.400i .06:.!81 :1.70040.... . . .. 7331 87.61 8.GO. 4.1981 49.53 156.0001 .06281 9.80045 1160, 99.2! 11.70! 5.1.'i41 49.531 ~'!l6.(l()()i .06:.!sl IS.GOO50........ 16101 111.71 14.401 5.9191 49..';.11 472.0001 .flti2~1 :?!l.tiOll

; ./.

by the one-half power of the mean bed slope tocompute the discharge at each elevation. Thetaihvater rating curve derived from the com-putations is sho\vn in figure B-23.
(b) Wate1' Surface Profile l'rfetlzod.-Instudies where more e."{aet tailwater curves arerequired, water surface profiles may be developed for a range of discharges. The computations in such studies are more involved ayrequire a series of cross sections downstre\ ..from the damsite.

Several methods [1, 2, 8, 9J have been developed for computing water surface profiles;however, this discussion will be limited toBureau of Reclamation Method A. Thismethod is adaptable to irregular channels hav-ing various roughness segments and large varCreek Dam ,it" iations in cross-section geometry. It is limited..5'~'pe- ~CZ- to the assumption that flow paths betweencross sections are equal in length for all roughness segments. Other methods [8, 9] must beused for variable travel distances.
In Method A, a number of cross sections areselecred at intervals below the damsite. Theselection of the cross-section locations is probably the most important factor in preparing agood study. The sections should be located sothe average area, hydraulic radius, and n values of any two sections will be representativeof the reach length between them. Channelsthat are alternately wide and narrow shouldhave sections located in the narrow and widepoints so the average condition can be defined.Special attention should also be given to loca~l'-.. 'ing- a section at each point that indicates ~definite change in grade or a control such as a 'natural constriction or bridge. The croSS sec-
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CHANNEL NAME --- EXAMPLE FOR DEMONSTRATION

DISCHARGE, CFS = 1000 HANNING'S n = .028 BASE ELEVATION, FEET = 100

B..3

SECTION WS Y A V VH HI R SF SFAVG
1.00 105.00 5.00 275.00 3.64 0.23 105.226 3.84 0.000777 0.000000

DX HF HE H2
0.00 0.000 0.000 105.226

2.00 106.00 5.00 225.00 4.44 0.34 106.337 3.65 0.001241 0.001009 1000.00 1.009 0.056 106.291
2.00 105.97 4.97 222.96 4.49 0.34 106.309 3.63 0.001273 0.001025 1000.00 1.025 0.057 106.308
2.00 105.96 4.96 222.8B 4.49 0.34 106.30B 3.63 0.001274 0.001026 1000.00 1.026 0.057 106.308

3.00 106.96 4.96 24B.23 4.03 0.28 107.242 4.14 0.000862 0.001068 500.00 0.534 0.031 106.873
3.00 106.62 4.62 230.85 4.33 0.32 106.937 3.90 0.001081 0.001177 500.00 0.589 0.033 106.930
3.00 106.61 4.61 230.52 4.34 0.32 106.932 3.89 0.001085 0.001190 500.00 0.590 0.033 106.932

----------------~------------------------------------- ----------------------------------------------------------.-
4.00 107.61 4.61 184.42 5.42 0.50 108.113 3.75 0.001784 0.001435 1000.00 1.435 0.082 108.449
4.00 107.83 4.83 193.18 S.18 0.46 108.287 3.89 0.001547 0.001316 1000.00 1.316 0.078 108.326
4.00 107.86 4.86 194.25 5.15 0.45 108.309 3.91 0.001521 0.001303 1000.00 1.303 0.077 108.312
4.00 107.86 4.S6 194.34 5.15 0.45 108.311 3.91 0.001518 0.001302 1000.00 1.302 0.077 108.311

------------------------------------------------------------------------------------------------------------------



~J
"'/s..
:::l

\---J
~
'V

--r:-s
'5

..J.L.
v

cd
v-.':::}---.

~
~

Y--
ill
Y

o

o-
P-

cY
o

\,
!,
I

'!'

\
\

\
\
\
\
\,

'-.9
o

\
\
i
\

,
I
I
1

\
\

\
\
\

\
~I

N
o

-- 1-

0:
J)!

\ '

;

l; ~

I1 v
I I
I
!

\
1

I-I
II

11
I

I
i
I
\

I.
!

8
o
o

(

(

1- -

r
I



--rr-'----------~--++---- e

.....
~Q) ~ ~~

0 ~ ~
"'\

~ tI.
.~ II

"
~

If) ']
CQ I' ~~ ~I.~

~ "" ~

'N ~.
.\..."'S:

@) ..~

~....l\

\'1 "- -I
~. ,,.,. ,

II " •...

-1

~. ~t

1
_.~ .....~

.~.

~

f ~ -~

~
~ ~~

• " ~,I- I "\

~..
;

.~ ~

I ~ ~
\)



(
15";;1.00

1:J.170

,__, JiEC.-~__,~~~~Q~LtS .. . __, ~,._6 i_"""
Cross- S<!"Cr-/O/1S

10

k!-/- cn-"",--k,,;{.
...<'0-------1 5';1'0

;7. 11--.-- ----,-----c.-'k-Q.-'I1J1t"/
lod 150 17tJ ~

_,.,_=_.O--"-8_---'J,..~I. 041_o(~_r1_::-·(}_8~

10

_,-3-8J _
··.···-,·;c£..

• ',:;:'Il'~ ·:)r ~

:.'C ;
;"'::OlIc:E"-; ~

• I ••~~~~'/

"./'

i

tC, ,
I

i
•

10 .300

10 J~/5'O

:to) !OO

/0 ICO 15"0 H:(»).30 ;).60

/'/= ·..;.I.~~----I~-+-l~of;;-_-._O..:::8~_-..._I~ , o~ > ~
300

.08



i

t
I
~

I ,

, I

'p/?"",/oJ;',s ,~., .fyoD~ /-5?:' 2ft>

n =. 104

:;2.;1.0 ~D ~ ~ 0
4:::,08

~~~ zit:' 300
iwoe:h·$c~r.yes ~ k
~~.sr /:S /BtJ ~:J$

s<!"t"tJ",~ ,,$ 4-..:5'7.:J C./-S

JI~~ .. 1:::t~~~~~.J..S' y"--·-.S?-m-~-~-$_-.:L-(_8_7-..<---r~

I
I
I

I
a1:s~7Idr:Je. ~rn -h~/d :2 01- ~ qT t!"Q.rd i
w//I ,6f!!,. v.s~d I
.svbcr','-!-/t--q/ ;l'~:I'e I
sl'a,..-6 ~n:);rl ;~.l70W)/ d$""~r.9 e 1
d-p r'6'r',j' ~/~ /$ /03- EzL 1

",w'0 ~:SC#c?'YL*.5 ~ .k. rv~ I
.j;-",S If- /.s ~o c.fs !
s~~o,.,d,:S S"tlt/ <::~.s I
'/7 0 .fOr' kli- d"vt',...ti~d~ (Lt28) i
"~., fol"'" r~;t/'t" Q?t!'r'.J~.,,;f! (Ril8) ·

Hn )' -fOr" C~#"t:/ I
Co'.?~,...,czf,;n'1 tt:"t'~'/' I

e.-z"p4'n.s'A;;n ~~~ I
s~e"'7I7n .rJ) hi/;,.,b6'r" j

7 SC'-!,s c.f- rood /~;'.1~ er~S - .s~c -6 f1;? 1
/3-0 /05 tC~~,..d. d /t!'~-I- .I#n~ II'
170 /s ('oc,PI', 01- r~y/r .J04-€

<::)'"'(:1,5$.- $e-r.,Jd;n t!"O(:Jn::~1;~e?"~$ (c:.-~J J'r4'"~o4) I
$<x-6'o~ .I:D AV,qJ,.,J" I
t5kA ~ .J $<:!"c6'4n n:!"b?Q/d's ~. .$<!?-/~ q$ h.sz!- .$t!'c~(:w

LOB. ~hgM I·

R08 n

c~rlnc"1 I ) .. . !
~~nd w.t:e:/t4' &>.J. .~~r s~c 6;'~ J',.ft?C/Dr' .til
rq/:.se kHDM ~ $tt:czL/fJi? #.,2 d_4-:I'r tr?.4~. I
.5J:!ChO.17 #J
pVMk,.. 01- "~" ~ht-~.s eTcr,,s,s Crt:J$S -S<!"C~.I"Q-'?

',17 = ~/O _
~' "" I" - 0 / z(. ~, /..--;'J". . '!'"pt;'..$ /7::TY"On? ~O_ .f .., "~.I"? ..,. Co'

n '= ~08

TI
r2.
r3
cil

4
..s-
f
I
2.
.3

6' ./Ie I
~

3
4
.f

7 XI I
2
3
4-

8)1 G;f l~/o

10 XI /
:?)3J 4-

5"
b
7
8
?

1/11 /
:2.
.3
4
.r
~

7
8
'1

q-r J
;2.

3

J:J-

i II
!
t
i

I
I

(-



/3

3-8

I I

I I

~S/~;r-5~ :Iron-? £~/d ~ d- ~ qr ~Q"""'~;1'
W.l~/.6t::. ~"$l"'d
S't/~~r~~"'/'Q /
~r~ ~;rl ~"'?'W'.I? ~...vd·
5-/qr6~ e/e.v-; /$ /£"- :;Cr
/s- /~~<:;q ~l'"..$ k.s t-~;? r rr"'S'M"'-..s: r ..:rv*?-,e::;7;-/

.J/a;7~ ]
/,/~/,k e;7...4 /~,pw f
6~4~
t:";-;~ rVrl

x;--~-~d-:::;j?~=~~------ ..-----"
.:: I 8 $t::'ls oJ- ('"oar'./' d:.t;_~ .:-ro.s-s - sc-&'{".~r/ ;( ,~
3 ;2:::U) /$. coa,...<~ a-? kJ t- .c.-{/.;"/.f":!.. j

4- "'6""'" _.../ / ' ..... -- / ...!.......... /.s COt7r-cr", o-r /'~;;/ r ot7n"<::'

F 4-<:JO LCJ8 knq "'..:.;{

6 .Foa Ro~ ~.rlY.tf;t/ .~
7 +:FO ~~,;'M""'/ ,t.~~z"-;.,?
/ /CJ O?/~ :r;,,,.. c::;:I-7ec~/--:."C:.- qY'~a- o".uzt:,.o'.?

I-Jt; Cr"o..ss - s~c. ~,10;;? c::oo~~4~z!-~.s

e/7~ +;;-'$ r rvn
-i/~/~ ("'Qr'~ .j;,,... se/o"",d /'4"r/

Ef?

X3
t$1?
£.;-
T/
T2.
/3
;TI

/4
'8)/6

/7
/B
/9
;z.o
;;'j

; ~ -V", ..

\~::~~:~~:>~ --
v"'

\f)

~
.~

';..
~

V)

(

!

;\
~

. c , _ ---I -



•
('

('

('

('

('

/e 'j

NEW MEXICO STATE UNIVERSITY COMPUTER CENTER
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«
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(

(
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~ NAME: 9-. sohl LOCATION: PHONE: DATE: '1-~
~ PROGRAM, /Ice -:2.. 5,zN7U I¢ PrrzM&.$ I ( :z. PAGE / OF_/L-_
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ME TR Ie HVINS Q WSEL FO

O.C! 0.':' o. D .oor '1.0

0.0 G.O 0.1) o. .n G.) ~ \I i)
0.300 0.0 0.0 0.0 0.0 0.0

0.0 G.') 0.0 0.0 0.'1 0.('\
12.COO 150.0:)0 5. 000 11>0. 000 12.0)) 17,1.0'·'
0.0 0.1 0.'.1 O.C' J. 'J J.:'

510.000 5()).()1)0 5'10.0(1) 1. 1~o C.410 ",!.f'\

220. r.OO 0.0',0 260.000 O.DBO )OG.OJO O.fl
0.1 n.o o.n 0.0 c. ) '. "

400.COO 51,').0.)0 450. 0 10 0.1) O.C' '). )
'J.G 0.~ 0.0 0.0 '). ) P. 'J

12.COO 150.000 16.000 7.20.000 H.vOa 2~;O.0:)J

20.fl')0 3I)O.Q')(l a.fl (l.a .). J 'J •.:'
0.0 0.0 O.fl 0.0 0.0 0.0

STRT

o. ao.
IDIR

SAMPLE PRCBlEM 1
FIRST RUN
SAMPLE CREEK 200 CFS

ICtiECK INO NltIV

O. 2. O.

QJ 2.000 200.000 500.001l 0.0
NC 0.080 0.060 0."41 0.100

Xl Yet,." 1.000 1.000 15').000 170.ono
GR 20.000 0.0 15.000 51).000
GP 15.00C 200.000 20.00.) 25il.Ja3

X1wi/PI! 2. 000 0.0 J .r' 0.0
NH 4.000 0.100 lS0.000 O.OBO
QT 2.000 180.000 450.000 0.0

XIUl/,',,! 3. 000 6.000 220.000 2bO.OOO
X1 10.000 ).0 0.1) 0.0
Gil 20.0QO 0.0 16.000 50.000
GR 12.000 2bO.000 11>.000 275.001)
EJ !l.0 1).0 0.1) 0.0

*.**********.***.********.************+++*********
HEC2 RELEASE DATED NOV lb UPDATED FEB 1911
ERPnp CORR - 01
MOOIFICATICN - 50,51,52

.*•••••• ** ••••**.**••••••••*•• **•••*********.****.
I~~r

Tl
T?
l3

JI

'-'

'-...- .,

'-'

'-' '

'-'
"

v ~

""" ,.:~-:,~,.;,,-., .. ·~:t"T'I· ."

/---... ~
.---....",



/4t /,,--......,

e e

• PROF 1

~ CCHV= (1.100 CEHV= 1).30G
*SEC NO 1 .000

SECNO DEPTH CWSEl CRI loiS WSELK EG HV HL ')LeS S BANK ELEV
Q cLOn QCH QROB ALOa ACH "'ROH VOL HOI LEFT/RIGHT

'-' TIME VLOB VCH VROB XNL XNCH XNR WTN ELMIN 5S T;\

SLOPE XLnl3L XLCH XlOBR ITRIAL IDe IceNT CORAR TOI'WlO (NOST

...... - 1.00 8.00 13.1')-) 0.') 13.00 13.07 0.')7 0.0 rI.1) 12.00

200. 5. 194. 1. 11. 90. 5. O. O• 12.1)0

0.1) 0.2 B 2.15 o.zs 0.·)60 0.040 0.1)90 ,J.") 5.00 116.61
C.OO:)5?0 O. O. o. 0 0 0 0.0 63.33 180.00

'",

*SECNO ? .000
2.00 1.88 13.28 0.0 0 • .0 13.35 0.06 0.28 0.00 12.'.0

'"-,, 2(1) • 4. 195. 1 • 15. 91. 4. 1. 1. 12.40
0.07 0.25 2.02 0.25 0.080 0.040 0.080 0.040 5 .',0 132. 3~

0.000511 500. 500. 500. 1 0 0 0.0 64.1,0 196. 7~

'" " 1't90 NH CARC USED
.SEC.NO 3.000 ~ e>f kf,J eJlt't'f/A't! ""1'I'1f,

'...... 31,95 OVERBANK AREA ASSUMEO NON-EFFECTIVE,ELLEA= ~16.00 ELREA= 12.00

3 .'l~ 5.55 13.55 0.0 O. () 13.61 1).')(, (1.20 0.1)1) 16. '1()

180. o. 118. 2. O. 93. 4. 2. I. 12.00
1.11, 0.0 1.92 0.39 0.080 0.01,0 0.080 0.'140 8.00 229. 22

0.000649 400. 450. 500. 1 0 0 0.0 36.56 265.76

- ..

'-'

'"

'-' - ,

"-' ~

"-'

"-'

1-:



****************.*********************************HEC2 RELEASE DATED NOV 76 UPDATED FEB 1977
E~POR CORR - 01
MOOIFICATICN - 50 51,52

~****•••*••*****.*.*!************.****.****.*•• **.

Tl SA"'PLE PRCBLEM 2
T2 SECCND RUN
13 SAMPLE CREEK 500 CFS

Jl ICHECK INQ N[NV IOIR STRT METRIC HV I r-.;S Q \-ISEL FQ
'--

O. 3. O. O. 0.0 0.0 0.0 O. 15.0(\0 0.0

J2 NPROF I FL (T PPFVS XSECV XSECH FN ALLDC 18\<0 CHNI M !TRACE
'-- 1 5. (\(1 C 0.0 0.0 0.0 0.0 a.G 0.0 0.0 0.0 n.o

(..

"-' .,..
~''''

"

"- ~')

"
'- ..•

""
"""

~

"""

,,,,---., ---..,. ~



\.,...

\.,...

/e '. •
... .,~ __ , -.---.,.,~_.__..J__...._'..J> J_.• ,_ ••.

ASSUMED NON-EFFECTIVE.ELLEA= 16.00 ELREA= 12.00

15.60 o./) 0.0 15.10 O.le 0.29 0.1)0 16.1)0
432. lB. ' O. 164. 24. 7. 3. 12. ,"I/)

2.63 0.75 0.080 0.040 0.080 0.1)40 B.OO 221.53
450. 500. a 0 0 0.0 51.94 273.47

• PROF 2

CtHY= C.100 CEHY=
.SECNO 1.000

SECNI1 DEPTH
Q CLOO
TIME \/LOO
SLOPE XLCnL

1.00 10.00
500. 94.
0.0 0.62

0.000660 o.
\,...;

.SECNO 2.000
2.00 9.92

\,.... 50'). 89.
O.rl6 0.51

0.001)563 5CO.
\.,... ,.

~ ~ 1490 NH CARD USED
.SECNO 3.000

'--- ., 3495 OYERB~NK AREA

3.00 7.60
450. o.
0.11 0.0

Jl 0.000712 400.
).

"
'-'

;'

.1)

'- .,

\...... 'J

H

"
C·'

'J

"(., .,

"
"
"

~'",.
"
"t:::,,,
( ..

\,.;

\,.;

'v

0.300

CWSEL
QCH
IICH
XLCH

15.')0
318.
2.91

O.

15.32
384.
2.72
500.

CRIWS WSELK EG HV HL OLOSS BANK ElEY
QROn ALOa 4CH AROO VOL TI\A LEFT/RIGHT
VROIl Xi'lL XNCH XNR WTN ELMIN SSTA
XLOBR ITRlAL IDC ICONT COR.\R TCPWID ENDST

0.0 15.00 15.10 n. 1 C 0.0 /).0 12.00
28. 150. 130. 45. O. O. 12.00

').62 0.080 0.040 0.01\0 0.0 5.,)0 50.1)/)
o. 0 0 0 0.0 150.00 200.00

0.0 0.0 15.41 I). t:l9 1).3:1 0. OJ 12.40
27. 151. 141. 47- 4. 2. 12.40

0.57 0.080 0.040 0.0110 0.040 5.40 51.B2
500. 1 0 0 0.0 161.33 219.15

, !

I 1/

~ . :-

~



",":,,,,"If.' F -------_._---
I\.

•••••• (•••••••• *•• ** ••••••••• **••• ** ••••••••••••*.
HEU "ELF.AS[ Oo\lD NOV 76 llPf)oHF.D I HI 1<)77
EPROR CflflR - I') 1
'100 I FI CAl I ['I - 511 ,5 L,52••••••••••••••••••••••••••••••••••••••••••••••••••

~$.J5 I f :2..

t\f'Tf:- ASIF.RISK (l<) AT l.EfT Or- rHPSS-SF.CTlON NUMIIER ItdJ!rATE.S 'l::<'<;.\Gf. It, S'.JW1ARY OF tHRCl',S lISf

SAMPLE CR~rK 2GC CfS
SUMMAPY PPI~Tf)UT TAHLE IS~

Sf:cr;o XlUI F.lTRf1 fLlC ['LMIN rJ CliSE I Cfll ~i S ( t; 11,,(: S Vr:!"4 ,\0 ct. .1[1.,

1. ("1(' 1 0.0 0.3 O.~ 5.00 2r'0. ')0 13 .1)') 0.0 I 'i. r ( ~. I) ~ • 1 ~") I I I • (,7 ~ ? ~ j

1 • 001 o.n ooa aoo 5. J;) 510.01 15. "I) ) 0 ') I 5. 1" b. ()", i' .'Jl ~ .-~ IJ. \ ,""" 1 "f'•• "

2 • ('II) f) 500. ('10 0.'1 C.O 5.4,) 2~O •.10 13.2.1 f).0 L3. 35 '.l.U ~ • J.:' 1 1.). 14 ~ .~ 7• :);,
2.000 '3 OJ. 00 0.1 '""." 5.4') 1)0.)) l~ 0"3:> ~.~ 1 5. 41 '5. (,] ? 7? .~ ; '.. )~) 2l "'. '-,/t

~ .C()O (,50.00 0.0 :l.n 8.00 lila. )0 n. 5~; ').0 I.i.~,l (,. 4'~ 1 • q ,_~ 'II.', t I ) • "",
3 • fI')O 450.00 0.'1 ') • ,1 il.1(l (f)0.'1 1'5.6'1 ".1 11). 7': I. 72 ? i l j I 1'. I ~, I " J • ,c,

_....._------_......... -"- . . ~ .•' ~ -"-~. '- ~." -' - '--"--"-' ...._........_-- .. "-" .-------._- -"--" .
_ _ " __1______•••

S~MPLE CPLf:K ?n~ CFS

SUM~o\RY PAIN10UT lA~LE 150

Si'CNf'I Q CI~SEL 01 F IolSP fllFHSX OIf:K"S

1 • 0 ')0 7.00.00 l] .1)0 0.0 0.0 C.O
1."'1') r; t:O, no 1 ~i. 00 2.':'1 1.0 0.(1

2.000 ZOO.OO nozo n.n ().2lJ I). ,')
? o"M) 'j(10.0~ 15. 12 2.1] '). :12 J 0:1

3.010 180. Of) ,IJoS5 0.0 n.26 0."
3. r ')0 '.50.00 15.60 2.05 0.28 0.0

SU~Mo\RY OF ERRCRS

~.

'J

TOPHIU

b3.3~

15'.""
64.'.:)

li.Jl.n

J(l • ~j 'I
~l 9<}(.

...-....,

"

XLr.H

\). i)
0.:1

51'·'). no
5n;>.,1i)

450.'le
4500 1 0

------..,
*
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P
D'

.2584

.2653

.2723

.2794

.2865

.3692
.3770
.3848
.3927

.2935

.3011

.3084

.3155

.3233

.1935

.1996

. 20M

.2121

.2185

.2249

.2314

.2350

.244;
.2515

.3308

.3354

.3460

.3537

.31\15

0.16-14
.1700
.1758
.1816
.1875

4.2i21
4.4056
4.5486
4.7033
4.8725

5.0603
5.2726
5.5183
S.8118
f.. 178';

2.H6-I
2.5182
2.5912
2. r>li56
2.7414

6.6692
7.4063
8. 821i3

3.7021
3. SOtll
3.91H
4.0276
4.146S

2.8188
2.8977
2.9783
3.0607
3.1450

3.2314
3.3200
3.4112
3.S0SO
3. flOI9

h.,

D

.5177

.5392

.5632

.5900

.6204

.!l.;55

.6966

.7459

.806S

.8841

.9SSS

.3371

.3459

.3552

.3648

.3749

.4485

.4638

.4803

.4982

.3855

.3967

.408.;

.4210

.4343

0.2974
.3048
.3125
.3204
.328fi

1. 1410

1. 3958
I. 9700

DESIGN OF SMALL DAMS

.97

.98

.99
1.00

-1------
I
•I,
•
?
I
I
I_1 --.._--~

or

To get P in pounds. when d and D

.0266

.0287

.0309

.5568

.5921

.6284

.1121

.1161

. l~OZ

.31

.32

.33

TABLE B-Z.- Fdocity head and discharge at critical depths and static pressures in circular conduits partly full

I

·1
I
I

I
d i h;, Q, P ,: d h., Q, p II' d
Ii I Ii J)~' D' D D DtI D' II D ,,_-_1 --_-'-__. ,__~ :: : '~----

i I I 2 3 i: 2 \1 I I 2 3 4
!--:------,--:----,--_._-_:_-----'1---1-----'------

I fi i !

I, o:~~ o:~~; 0::: O:~::I o:~~ o:~~~ o:~~ o:~~~~ II O::~ I
,.03 .0101 .0055 .0001 .36 .1326 .7433 .0381!i .69 '
,.04 .0134 .0098 .0002., .37 .1368 .7836 .0407 i/ .70

/1,;';' .~;, ii;;;;;'; .~~ Iii: 1 .~;
"E:ili::::: II ·~:E .:= 'I :~~

. 11 .0376 .0731 .0021 il .H . 1676 1. 0929 .0616 I ."
i .12 .0411 .0868 .0026 Ii .45 . 1723 1. 1410 .0650 :,1

1

' .78

"

. 13 .0446 . 1016 .0032,.46 . 1769 I. 1899 .0684 .•9

.14 .0482 .1176 .0035 ij .47 .1817 1.2399' .0720 11 .80

I .15 .0517 .1347 .0045 II .48 .1865 1.2908 .0757 II .81

I:::::::: il.~ .ili: :E:~~: liE

I::::II:: ::: I,ll ~:
,.22 .0773 .2857 .0115 II .56 .2224 1.6735 .1042 .88

I:E ::~ :m~ :~:~ il:E :~:~ ~:~: :m~ Ii 'Ii :~
I:~ :: :~~~ :~:~ :",::",:: :~~~ ~::;~~ ::;~ II ::;

.28 .1002 .45il .0207 .61 .2572 2.0409 .1326:1.94

.29 .1042 .4893 .0226 iI .62 .2635 2.105. .1376 Iii .9.5

.30 .IOS1 .522S .025S" .63 .2699 2.17lfi .1428 " .96

n P
" .64 .2;6., 2. 2356 . 1481 !1
1! "

.65 .~33 2.3067 . 1534 \I

.60 .2'J02 2.3760 . 15S9 Ii
:1
Ii

D- Diameter of pipe.
d - Deptn of /low.

h •• - \'e!ocity head for a critical deptn of d.

Q. - Discharge when the critical depth is d.
p- Pressure on cross section o{ water prism in cubic units of water.

are in feet. multipl)' by 62.5.
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Tables B-3 and B-5 give areas and hydraulic
radii for partially full conduits and coefficients
\\'hich can be applied in the solution of the

D"
:\Ianning equation. If A=k.; "'"4 - and r=k,D.

:\fanning's equation can be \vritten :
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TABLE B-3.-Uniform flow in circular section8 flowing partly full

I
.4 Qn Qn

II
d .4

I
Qn

I
Qnd , ,

D D' D DfI.,I/. d!Il,I/' 15 D' 15 D!/"!" d!JiIiii

I I I
1 2 3 4 5 1 2 3 4 I 5

0.01 0.0013 0.0066 0.00007 15.04 0.51 0.4027

I
0.2531 0.239 1.442

.02 .0037 .0132 .00031 10.57 .52 .4127 .2562 .247 1.415

.03 .0069 .0197 .00074 8.56 .53 .4227 .2592 .255 1.388

.04 .0105 .0262 .00138 7.38 .54 .4327 .2621 .263 1.362

.05 .0147 0325 .00222 6.55 .55 .4426 .2649 .271 1.336

.06 .0192 .0389 .00328 5.95 .56 .4526 .2676 .279 I. 311

.07 .0242 .0-151 .00455 5.47 .57 .4625 .2703 .287 1.286

.08 .0294 .0513 .00604 5.09 .58 .4724 .2728 .295 1.262

.09 .0350 .0575 .00775 4.76 .59 .4822 .2753 .303 1.238

.10 .0409 .0635 .00967 4.49 .60 .4920 .2776 .311 1.215

.11 .0470 .0695 .01181 4.25 .61 .5018 .2799 .319 1.192

.12 .0534 .0755 .01417 4.04 .62 .5115 .2821 I .327 1.170

.13 .0600 .0813 .01674 3.86 .63 .5212 .2842 I .335 1.148

.14 .0668 .0871 .01952 3.69 .64 .5308 .2862 .343 1.126

.15 .0739 .0929 .0225 3.M .65 .5404 .2882 .350 1.105

: 16 .0811 .0985 .0257 3.41 .66 .M99 .2900 .358 1.084
.17 .0885 .1042 .0291 3.28 .67 .5594 .2917 .3M 1.064
.18 .0961 .1097 .0327 3.17 .68 .5687 .2933 .373 1.044
.19 .1039 .1152 .0365 3.06 .69 .5780 .2948 .380 1.024
.20 .1lI8 .1206 .0406 2.96 .70 .5872 .2962 .388 1.004

.21 .1199 .1259 .0448 2.87 . il .5964 .2975 .395 0.985

.22 .1281 .1312 .0492 2.i9 .72 .60M .2987 .402 .965

.23 .1365 .1364 .0537 2. 71 .73 .6143 .2998 .409 .947

.24 .1449 .1416 .0585 2.63 .74 .6231 .3008 .416 .928

.25 .1535 .1466 •063.f 2.56 .75 .6310 .3017 .422 .010

.26 .1623 .1516 .0686 2.49 .76 .6405 .3024 .429 .891

.27 .1711 .1566 .0739 2. 42 .77 .6489 .3031 435 .873

.28 .1800 .1614 .0793 2.36 .78 .6573 .3036 .441 .856

.29 .1890 .1662 .0849 2.30 .79 .6655 .3039 .447 .838

.30 .1982 .1709 .0907 2.25 .80 .6736 .3042 .453 .821

.31 .2074 .1756 .0966 2.20 .81 .6815 .3043 .458 .804

.32 .2167 .1802 .1027 2.14 .82 .6893 .3043 .463 .787

.33 .2260 .1847 .1089 2.09 .83 .6969 .3041 .468 .770

.34 .2355 .1891 .1153 2.05 .84 .7043 .3038 .473 .753

.35 .2450 .1935 .1218 2.00 .85 .7115 .3033 .477 .736

.36 .2546 .1978 .1284 1.958 .86 .7186 .3026 .481 .720

.37 .2642 .2020 .1351 1.915 .87 .7254 .3018 .485 .703

.38 .2739 .2062 . H2O I. 875 .88 .7320 .3007 .488 .687

.39 .2836 .2102 . 1490 1.835 .89 . .7384 .2995 .491 .670

.40 .2934 .2142 .1561 1. i97 .90 .7445 .2980 .494 .654.

.41 I
.3032 .2182 .1633 I. 760 .91 .7504 .2963 .496 .637

.42 I .3130 .2220 .1705 I. 724 .92 .7560 .2944 .497 .621

.43 I .3229 .2258 .17i9 1.689 I .93 .7612 .2921 .498 .604

.44 I .3328 .2295 .1854 I. f,s5 .94 .7662 .2895 .498

I
.588

.45

I

.3428

I
.2331 .1929 1.622

I
.95 .7707 .2865 .498 .571

I

.46 .3527 .2366 .201 I. 590 ! .96 .7749

I
.2829

I
.496 I .553

.H .3627

I
.2401 I .208 1.559

!
.9i .7785 . 27~7 .494 I .535

.48 ! .3;2; .2435 I .216 I. 530 .98 I .7817 .2735 .489 ! .517

I
I

.49 i .3827 I .2468 I .224 1.500 i . !J09 .7841 I .2666 i .483 i .496

.50 i .3n7 i .2.500 i .232 1. HI I I. 01) i .7854 I .2500 i .463 .463
I , I i

I I I I I I I

-1-·
I I

~
r.

-J'-l"

':::::1
,:'<;5

;:!;

,:1)

'.,

d- D~ptb 01 flow.
D- Diameter olllipe.
A-Area 01 flow.
,-Hydraulic radius.

Q- DischarKe ill second-leet by ManninK's formula.
n- ManninK's coetncient.
,-Slope of tbe chann~1 bottom and 01 the water surface.
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B. FLOW IN NArURAL CHANNELS
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' . .,

B-5. General.-This portion of the appendix
presents briefly the hydraulic theory and anal
yses of natural stream channel flow as related
to the design of small dams. ,These analyses
are all directed toward the goal of establishing
rating curves (stage-discharge relation) at
some desired location within the stream chan
nel. One of the more important uses of the rat
ing curve is in connection with establishing
tailwater conditions in the design of stilling
basins.

The hydraulic conditions discussed herein
involve only the conditions of steady and non
uniform flow. A steady flow condition is said
to prevail when the dischargeis the same at all
sections along the· channel and· remains con
stant with respect to time. The flow is defined
as nonuniform when the grade of the water
surface is different from that of the channel
bottom, which implies accelerating or deceler
ating flow. Both conditions generally pre
vail in natural channels. The flows may be
confined to the main channel portion of the
stream, but generally overbank or flood plain
discharge will occur at design discharges.

Suggested procedures are given for the col
lection of an adequate set of field data to define
each of the components in Manning's formula
or Bernoulli's theorem which are used in the
hydraulic computations. The accuracy of the
results is very much dependent on gathering
the field data representative of the prevailing
hydraulic conditions and analyzing them
through reasonable assumptions and interpre
tations. An accuracy of 0.5 foot is ordinarily
a reasonable limit for the computation of water
surfaces for low flows. The degree of accu
racy expected for higher discharges involving
overbank dow is about 1.0 foot. The loss in
accuracy for overbank flow conditions is due to
more difficult definition of overbank n values
and flow distances between sections.

B-6. Collection of Data.- (a) Streamflow Rec
ords.-Records of streamflow taken from es
tablished U.S. Geological Survey (USGS) gag
ing ~tations furnish \'aluable information for
the required hydraulic analysis. A check of
the USGS water supply papers and the water

resources data published annually for each
State will show the available streamflow data
for each station. Detailed descriptions of gag
ing stations can be studied in Water Supply
Paper 888 [10}.

Damsites are occasionally located near gag
ing stations. The rating curve of a station
can be transposed to a cross section at or near
the damsite if the hydraulic conditions of the
reach between the damsite and the station are
relatively uniform. A reasonable distance be
tween the damsite and the .gaging station for

.• transposing the curve probably should not ex-
. ceed 1,000 feet. Extreme changes in grade of

the streambed, cross-sectional dimensions, and
n values destroy the uniformity of the channel
reach and consequently reduce the accuracy of
the transposed rating curve.

(b) Topographic Maps and Aerial Photo
gmphs.-A topographic map and aerial photo
graphs, if available, also provide useful infor
mation for rating curve development or water
surface profile computation. For rough
studies, the hydraulic properties of the stream at
the damsite can be determined for a cross sec
tion as plotted from the topographic map. An
example is included in section B-8 showing how
this is done. The topographic map is also use
ful in studies involving water surface profile
computations, where it can be used to locate a
series of cross sections below. the damsite.
Flow distances between such cross sections can
be measured from the map.

Aerial photographs can be used to assist in
selecting the location of the cross sections.
Further, the n coefficients can be evaluated by
observing the areal coverage of vegetation and
the meandering pattern of the stream.

(c) Field S1l1·veys.-The field work required
to define the hydraulic dimensions of a single
cross section is relatively simple and generally
inexpensive. Essentially, the procedure in
volves setting up a level or transit in direct line
with the cross section and taking intermittent
soundings and distance measurements acrO::lS
the ~ection. Concurrently, levels can be run
along the stream thalweg (lowest points ~ll the
streambed) or water surface (inter:nittent
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1952, Department of the Army, Corps of
Engineers, Office of the Chief of Engineers.

4."Flow of 'Vater in Drainage Channels,"
Ramser, C. E., Technical Bulletin :\0. 129,
November 1929, U.S. Department of Agri
culture, Washington, D.C.

5. "Flow of Water in Irrigation and Sim
ilar Canals," Scobey, F. C., Bureau of Agri
cultural Engineering, U.S. Department of
Agriculture, Washington, D.C., February
1939.

6. "Design Criteria for Interrelated High
way and Agricultural Drainage and Erosion
Control," Tentative ASAE Recommendation,
Agricultural Engineers Yearbook, 1958,
American Society of Agricultural Engineers.

7. "Roughness Characteristics of ~atural

Channels," Water Supply Paper 1849, U.S.
Department of the Interior, Geological Sur
vey,1967.

B-7. Slope-Area Method 01 Computing Stream
flow.-The slope.,areamethod is utilized primar
ily to determine the discharge of a stream froIII
specific field data. However, if the discharge\.
is known, the method can be used to compute
the value of n. Field procedures required to
obtain needed data for the slope-area method
include:

1. Selecting a representative reach of river
channel: (a) The length of the reach
should be at least 75 times the mean depth.
in the channel.
(b) The fall in the reach should be equal

to or greater than the velocity head or at
least 0.50 foot.

2. Defining channel cross sections:
(a) A minimum of three cross sections
is recommended.

3. Measuring the water surface slopes from
observed high water marks:
(a) Average the elevations on both banks
at each cross section.

4. Selecting a suitable roughness factor. 11..

\Vith these data, the discharge can be deter
mined by l\Ianning's formula,
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shots may be taken at watt'r'$ edge along both
banks) to define a slope fl'r :.~se in Manning's
formula; a distance of 20\.) to 300 feet down
stream and upstream from :he cross section
will usually be sufficient. E~evations to the
nearest tenth of a foot :n'~ satisfactory for
cross-sectional data; howe\"t'~·. :t may be neces
sary to establish water $lH':':1ce elevations to
the nearest hundredth of a t~',-'\t on streams hav
ing relatively flat gradient~. Horizontal dis
tances measured to the neart'$-: foot are usually
adequate for the other i.·:"oss-sectional co
ordinate.

If water surface profile~ :'..:"t! to be computed
for a more precise detern:::::nion of a rating
curve, a series of cross $c:'.:::ons downstream
from the dam will be nl'l,:~d. The sections
should be spaced so that thl'~ '\\"ill be a drop of
no more than 2 feet in w:1.:~-·:- surface between
cross sections and a total ,::"'"'~ of 8 to 10 feet
in the study reach.

High water marks may ~~ :Ased to define the
water surface slope. Fk:,-:' observations of
these marks should be m:L:~ immediatelyfol
lowing the occurrence of a:::,- :10WS of sufficient
magnitude to leave disl"t.':--:::ble high. water
marks. An example of t::~:!' use in a slope
area computation is show!: : -:: the next section.

(d) Determination of n ~-Glues.-The selec
tion of n values for use in :::~ ~!anning formula
requires considerable j th.:';::lent. Table B-6
gives "aluesof n for aver:~;-::= channels of vari
ousconditions. Table B-7 ;oresents a proce
dure for computing amt'~'..-:: n value by sys
tematically considering tr..-:- :actors which are
im·olved.

The following publica:::-::5 will serve as
~uides in the proper select: ..-:-. JI n values:

1. "Hydraulic and :~x.:-.avation Tables,"
Bureau of Reclamatil'::. eleventh edition.
1957, U.S. Governn:~"-: Printing Office,
'Va:'lhington, D.C.

2. "Handbook of HYl::-.-.:.lics," King, H; W.
and Brater, E. F .. fir":> -:-dition, 1963, Mc
Graw-HilI, ::"Iew York. ~ -~-.

:3. "Hydrolog-ic and -. ::'~·-draulic Analyses,
Computation of Backw.: ":"':" Curves in River
Channels," Part CXI'·.: .~. 9, Engineering
:\Ianual, Civil ""ork.,;. :- onstruction, )Iay

....--.
!.,
j

. ;

.-....~. ..,

---------- -----~-_.
~---_.- -------- ---
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Figure 8-17. Energy of open-channel flow. 288-D-2827.

where the subscript i refers to the conveyance
or area of the individual subsections and T to
the area or conveyance ·of the entire cross
section.

The energy loss due to contraction or expan-
sion of the channel in the reach is assumed to
be equal to the difference in velocity heads at
the two sections (~h,,). times a coefficient, k.
The value of k has been set at zero for con
tracting reaches and 0.5 for expanding reaches
by the U.S. Geological Survey [12]. The value
of J.h,- is computed as the upstream velocity
head minus the downstream velocity head;
therefore, the friction slope to be used in the

where V is the mean velocity in the section and
a is the velocity-head coefficient. The value
of a is assumed to be 1.0 if the section is not
subdivided. The value of a in subdivided
channels is computed as

using the friction slope and the geometric mean
of the cross-section conveyances, or

The velocity head (h v ) at each section is com
puted as

(54)K 1.4X6 2/3d=--ar
n

where:
Q=total discharge in cubic feet per second,
n=a roughness coefficient,
a=the cross-sectional area of the channel in

square feet,
r=hydraulic radius in feet, and
8=energy gradient.

This procedure involves combining such fac
tors as the area, hydraulic radius, and n to com
pute the conveyance capacity, Ktj, for each
section, defined by the equation:

From equations (53) and (54), it can be
seen that

Q .• K., Sl/:: (55)
The Manning equation was developed for

conditions of uniform flow, but it has been as
sumed that the equation is also valid for non
uniform reaches that are characteristic of
na,tural channels, if the energy gradient is
modified to reflect only the losses due to boun
dary friction. Figure B-17 is a definition
sketch of a two-section slope-area reach, from
which the energy equation can be written:

Z::+d::+ht'::=ZI+dl+hvl+h,+k(~h,,) (56)
where:

Z channel bottom elevation,
d=depth of water,

• aV2
hv=veloclty head = 2g ,

h,=energy loss due to boundary friction,
ahv=upstream velocity head minus the

downstream velocity head, and
k (~h,,) =energy loss due to acceleration or

deceleration in a contracting or
expanding reach.

Adding Z+d gives the water surface elevation,
h, and equa.tion (56) may be written:

h::+h..::=h1+ht'1+h,+k(ah,.) (57)
The friction slope may now be solved:

where ~h is the difference in water surface
elevation at the two sections and L is the length
of the reach.

The reach discharge can now be computed
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Using the data from the USGS publication
[12] (see figures B-18, B-19, and B-20), the fol
lowing procedure is used to compute the dis
charge. The conveyance (K,,), the velocity
head coefficient for each cross section (a) ,
and the weighted conveyance (K".) of each
subreach are computed and tabulated on the
form shown in figure B-21. It should be noted
that the subscripting is in reverse order of that
used in the definition sketch and discharge for
mulas. Next, use the two-section formula
given above to compute directly the discharge
for each two-section subreach. The computed
values will most likely differ for each subreach.
Then, using the appropriate discharge as the
"assumed" value on the form, complete for
each subreach the computation of the various
heads, 'slope, and "computed" discharge. The
"computed" discharge must agree exactly with
the "assumed" if all computations have been
made correctly.

Using the multiple section equation, the final
value of discharge can then be computed for
the total reach. After this value is dey'~

mined, it is used to compute the subsection ~.
charges for subdivided sections, the corre
sponding velocities, and the mean velocities for
all sections. Enter the computations in the
two columns at the right of the computation
form (fig. B-2!). Gross errors can be often
recognized if velocities are greatly different
from those anticipated based on inspection of
the channel after the flood.

A check should be made for critical or super
critical flow conditions at each section. This
matter will be discussed in further detail in
section B-9.

If the discharge is known, an analysis sim
ilar to the above can be used to arrive at the
appropriate n value to assign to the channel
sections. A trial and error solution will be
necessary.

8-8. Development of Rating Curves.-(a) Ap
proximate Method.-The field data required
for development of a rating curve are similar
to those used in a slope-area analysis. A
determination must be made of the hydraulic
properties for the section under consideratV
Data required include channel cross-sed"
geometry, channel bottom or water StirfaL~

(65)

.
K 2,dl [ (,1 )2

Y =-:--127) -an =:-1
1

(1-1.: .. - (n-Il)+
• I -9 ...

an_l( .\.4.1)2 (k(n_l) _ (..-21-1.:.. _ (n-Il)+
, • n-l

(
..1\ )2

a'n-2l -.\- (/;'n-21 - ,n-31-l.:ln-ll- (n-2)+····+
a ".-2

where:

~ M ,

and

.1h+ (~h"/2) ( h' h' ..) (6'»
S L' w cn .1 • IS pQloutive -

Two sections:
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l\1anning equation is computed algebraically as

.1h+~hr
s= L (whcn i1h. is negative) (63)

The U.S. Geological Survey publication [12]
contains discharge equations for slope-area
computations developed from the above basic
equations. The general equation and the
equation for a two-section reach are presented
here.

where:

Q=Total discharge in cubic feet per second,
and

A=Total cross-sectional area in square feet.
Multiple sections (n=number of sections) :

~';~-
i.:.: .

-:~.-'.'1~·r·;·i'-',.'.-~ ..

L.,
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TABLE B-6.-Coefficient of roughness, a\'erage channels

TABLE B-7.-A method of computing mean n \-alue for a channel

(Used by U.S. Soil Conservation Service)

Channel condition

Smoothest natural earth channels, free from growth, with straight alinement.
Smooth natural earth channels, free from growth,little curvature.
Average, well·constructed, moderate·sized earth channels in good condition.
Small earth channels in good condition. or lar/l:e earth channels with some growth on banks or srattered

cobbles in bed.
Earth channels with considerable growth. ~atural streams with good alinement, fairly constant section.

Large floodway channels, well maintained.
Earth channels considerably covered with small growth. Cleared but not continuously maintained dood

ways.
)'Iountain streams in clean loose cobbles. Rivers with variable section and some \'egetation growing in

banks. Earth channels with thick aquatic growths.
Rivers with fairly straight alinement and cross section, badly obstructed by small trees, very little under

brush or aquatic growth.
Rivers with irregular alinemcnt and cross section, moderately obstructed by small trees and underbr~lsh.

Rivers with fairly regular alinement and cross section. hea\'i!y obstructed by small trees and underbrush.
Rh'crs with irregula.r alinement and cross section, co\'ered with growth of virgin timber and oecll;:ional

dense patches of bushes and small trees, some logs and dead fallen trees.
Rivers with very irregUlar alinement and cross section, many roots, trees, bushes, larjte logs, and other drift

on bottom, trees continually falling into channel due to bank caving.

Assume basic n
Select modifying n for roughness or degree of irregularity
Select modifying n for variation in size and shape of cross section
Select modif~'ing n for obstructions such as debris deposits, stumps, exposed roots, and fallen logs

5. Select modifying n for vegetation
6. Select modifying n for meandering
7. Add items 1 through 6

Aids in Selecting t'arious n l'alues

1. Recommended basic n values
Channels in earth • •••• __ 0.010 Channels in fine graveL. __ • •• __ ••• 0.014
Channels in rock • __ • 0.015 Channels in coarse Il;raveL - • __ 0.028

2. Recommended modifying n value for degree of irregUlarity
Smooth • • o. 000 )loderate.~ • - - O. 010
:\linor • • __ O. 005 Severe • ~__ • - _- O. 020

3. Recommended modifying n value for changes in size and sha.pe of cross section
Gradual 0.000 Frequent_~~ ~ •• _ 0.010 to 0.015

OccasionaL • • • ____ O. 005

4. Recommended modifying n value for obstructions such as debris, roots, etc.
Xegligible effecL 0.000 Appreciable effecL. _. • 0.030
~linor effect. • 0.010 Severe elfect. 0.060

5. Recommended modifyinll; n values for vegetation
Low effecL -- 0.005 to 0.010 Hi",h effecL 0.025 to 0.050
)IediulU ,·ffect. 0.010 to 0.025 "l'ry hill;h l'ffecL • • ~ H.1l50 to ll.lUO

fl. Herommendl'd rnodifyin~ n vahw for channel nH'ander

L.=8traight lenltth of reach L...= :\Il'ander lNljtth of reach
L""iL!t It

1.0-1.2 n.ooo
1.2-1.;') 0.1.5 tim!-,; II,

>1.;') 0.30 tinll''' II,

wlll'r(' II, = ill'lIl" 1-+- 2 .... 3, ~ +.5

•).030

0.035

f). 060-0.075

Steps

1.
2.
3.
4.

0.040-0.050

0.100

t',due oln

:).016-0.017
11.020
!l.0225
·).025

0.150-0.200

0.125
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Figure 8-18. Sample slope-area computation, plan view of reach. 288-0-2828.
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slope, and assignment of n value (s) to the
affected area.

When economics or time will not permit de
tailed field measurements to be taken, the curve
must be developed from whatever pertinent
data are available. A topographic map might
be used for determining the cross section and
possibly the channel bed profile. Other sources
of information, such as photographs, may pro
vide data from which a selection of an n value
can be made.

Figures B-22 and B-23 and table B-8 illus
trate the preparation of a rating curve from a
topographic map. The procedures shown are
also applicable if the cross section is estab
lished from a field survey·. First, the center
line of the dam was located on the topographic
map available for the area, as shown in (A)
of figure B-22. The cross section in (B) was

580
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then developed by scaling the distances be
tween contours on the map. The low point in
the streambed was determined by interpolation
between contours. The mean bed slope of the
stream was obtained from map-scaled mea-.
surements of distances between contours cross
ing the stream channeL A value of n of 0.030
was selected on the basis of various descrip
tions and field observations that considerable
growth of vegetation was present in a stream
of relatively straight alinement. The computa
tions were then performed as shown in
table B-8 on page 582.

The conveyance capacity method illustrated
under the slope-area discussion has been .util
ized in the computations. From the geo~etr~

properties of the section and an It of 0.030, th'b
conveyance capacity, K", is computed for var
ious elevations. These values are multiplied

Figure 8-20. Sample slope.area computation, high.water profile. 288-0-2830.
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SECTION PROPERTIES

File _

Mus. No. _

UNITED STATES DEPARTMENT OF THE INTERIOR
GEOLOGICAL SURVEY

WATU I'l1ESOUI'lCU OIV••ION

Slope·area measurement of _ _..2!]t;!..s.~_CC~<:'k._ Otfqr__C.PL1!1~Il:._.b@.1I.z.. .. _

__ .f/:f.L'~td:'.1(g.!!~<2..uJ_..~.ite.. .. .. for flood of __ E~Q..J!..I~L~f~ - - --- - -_

Reach between sections •.•••...•.•....••........~.::~ ~.-:-.~.........•~::.~..... Gage height•................:::::::::7............................... f t

Length of reach (L). It j,gJ r.Q ./1..'1..... Oischarge~ J~.:;..?9. cfs

Fall in reach (t1h). It 9.:.?7. 9.:.?.f. ./.:.9..7..... Drainage area. . ..!./.:?. sa mi

Summary of factors influenCing measurong condItions (f1oodmarks. surge. scour. foil. channel configuratIon. angle of flow.
selection of n. etc.,: .. _

1.486 K=1.486 ar ls K,%2
2 3

Section n a r rls 4 Q y
n n

/ 31a. 1 ..~7 .01-5 31.0 )Z08 3.01 2./~ 1+ 5S'0 I , 1 /'(JO 1.380 .~.,,+

I , I
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I I ,
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, , I

Weighted conyeyance4(Kw). '1 2/11. 'l~O 2-3/~ 9 0 .. I~.~~/~... ~'.'~...... FORMULAS..........~................. .......... ~... ~ ....
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4= 1':( Kya 2 ) .;- K~otaVAfotalCOMPUTATION OF DISCHARGE
5 6 7 Computed Q 3 q= Q (K!Ktotal)

Reach Assumed Q h y t1h y hf S =hf;L sis =Kw slf
4 Kw = VKUpstr. x KOwnstt.Upstr.

1-2 1,,730 • ~:J{,
-(UN9 0.9rl 0. ""'784> 0."887 1,3:JeJOwnstr. 5

V,%g.~~S- h y = 4
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2-3 • '-"IS'" .O~5' .5"8Z d hy = Upstr. hy - Ownstr. hy/, 'J.20 Dwnstr. .00~t'7 .080'; ~7.z0 !

·!i'80 7
Upstr. When t1 hy is positive.

3-4 0?t60
. 7/0 -.HZ .1Z8 .0" 7BO .OaB:J ~4UJ

hf =t1h + Isdhy
Dwnstt. ,
.85,2 When dhy is negative.
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December 1960
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Figure 8-21. Sample slope·oreo computation. discharge. 288-0-2831.
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TABLE B-8.-:..Computations for tailwater rating curve
ELK CREEK DAM

Data: n=0.030 8.=mean bed slope=O.00395
C=1.486:=49.53 8.·~ =0.0628

n

by the one-half power of the mean bed slope to
compute the discharge at each elevation. The
tailwater rating curve derived from the com
putations is shown in figure B-23.

(b) Wate1' Surface Profile Method.-In
studies where more exact tailwater curves are
required, water surface profiles may be devel
oped for a range of discharges. The computa
tions in such studies are more involved and
require a series of cross sections downstream
from the damsite. (

Several methods [1, 2, 8, 9J have been de
veloped fol' computing water surface profiles;
however, this discussion will be limited to
Bureau of Reclamation Method A. This
method is adaptable to irregular channels hav
ing various roughness segments and large var
iations in cross-section geometry. It is limited
to the assumption that flow paths between
cross sections are equal in length for all rough
ness segments. Other methods [8, 9] must be
used for variable travel distances.

In Method A, a number of cross sections are
selec~d at intervals below the damsite. The
selection of the cross-section locations is prob
ably the most important factor in preparing a
good study. The sections should be located so
the average area, hydraulic radius, and n val
ues of any two sections will be representative
of the reach length between them. Channels
that are alternately wide and narrow should
have sections located in the narrow and wide
points so the average condition can be defined.
Special attention should also be given to locat- .
ing- a section at each point that indicates :\..
definite change in grade or a control such as <L
natural constriction or bridge. The cross :{ec-
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Figure 8-22. Plan and crass section of Elk Creek Dam sit"
288-0-2832.

Figure 8-23. Tailwoter raling curve for Elk Creek Oom. 288-0-2560.
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It should be noted that this equation gives the
same result as equation (60).

Method A deviates slightly at this point from
the slope-area computation in that a coefficient
of 0.1 is used to determine the eddy losses in
contracting reaches. A coefficient of 0.5 is
also used here to compute losses in expanding
reaches.

The following example shows the procedure
required to establish a rating curve by
Method A:

(1) Seven cross sections designated by
numbers 1 through 7 were selected
from figure B-24, and their geometric
properties were determined by field
survey.

(2) Area and hydraulic radius curves were
developed for each cross section, sim
ilar to the one shown in figure B-25.
It should be noted that a separate
curve is drawn for each subsection.

(3) A set of conveyance curves was de
veloped for each section similar to the
one shown in figure B-26.

(4) A rating curve for the lowermost cross
section, section 1 (fig. B-27), was de
termined by the approximate method
described in section B-8 (a) of this
appendix.

(5) Water surface profiles were computed
for several discharges to define the
required tailwater rating curve. The
cqmputations shown in table B-9 are
for Q=11,100' cubic feet per second.

(6) Section 1 is the starting point of the
profile computation. The statting
elevation 5714.0 in column 2 was taken
from the rating curve in fig-ure B-27.
The area values in column 3 were
read from the area curve for section
1 (not shown). The distance oetween
sections 1 and 2 was entered in column
-1 and the [(" values wel'e read from

equation Vs=Qs/a.• where as is the area of the
segment. The velocity head results from the
following equation:

(G9)

(Go)

(67)

(68)

Hydraulic Computations

Q=total discharge
sf-slope of the friction gradi

ent
K,,=total conveyance

and Qx and K,I., corresponding elements for
partial discharge and
conveyance capacity of
the subdivision under
consideration.

Dividing one equation by the other

where:

and solving for Q.:

tions should be surveyed and segmented ac
cording to roughness (It) characteristics. A
minimum of five cross sections should be
selected, with no more than 2 feet of fall
between the sections.

Reference is again made to figure B-17 and
the basic hydraulic equations presented in sec
tion B-7. Equation (55) can be rearranged
to give

in ,...·hich K" is the total conveyance capacity of
the main channel and overbank areas. Now

the discharge in each subdivision of the cross
section can be determined as follows:

..
The friction head, h" is determined by aver

aging the computed friction slopes at sections
1 and 2 and multiplying by the length as below:

h,r= I{~fl :s,r~) (iO)

The velocity head. h,., is derived by a weig-ht
ing process using- the partial discharg-es oc
CUlTing in e,lch subcli\'ision of the cross section.
Yelocities in each seg-ment are computed by the

fa
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(12) A trial water surface elevation was
then placed in column 2 for section 2
and steps 6 and 7 were repeated based
on the data for section 2.

(13) A mean friction slope was computed
for the reach by averaging the friction
slopes computed for sections 1 and 2.

(14) The friction head loss, hr, between sec
tions 1 and 2 was then arriwct at by
multiplying the mean friction :-;Iope by
the distance L. _

(15) Steps 8, 9, and 10 were then repea\
for section 2 data.

(16) The algebraic difference in \'elocity
head was then entered in column 1:3.

Figure 8-24. Cross sections used to estoblish 0 rating curve by Method A. 288-0-2833,

the conveyance capacity curve for sec
tion 1 (not shown) at elevation 5714.0.

(7) Next, the Sf value was computed for
section 1 using equation (66).

(8). Q. values were computed for each sub
section of section 1 using equation
(69) .

(9) The velocity in each subsection was
computed using V=Q/A, and the val
ues V~Q were computed and placed in
column 11 and totaled.

(10) The h,. value was next derived for sec
tion 1 u~ing- equation (71).

(11) The elevation 5714.0 was repeated in
column 17.
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Figure 8-25. Area and hydraulic radius curves-Section 3-Red Fax River. 288-0-2834.
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The upstream velocity' head is sub
tracted from the downstream value.

(17) The eddy loss is assumed to be 0.1 and
0.5 of the absolute value of the differ
ence in velocity heads for contract
ing and expanding reaches, respective
ly. Thus, if the 4h,. is -1.0 foot, the
eddy loss is 0.5 foot and if the :lh,. is
+1.0 foot, the eddy loss is 0.1 foot.
The eddy loss value was placed in
column 14;

(18) The total loss is equal to the friction
head loss plus the eddy loss. The:lH
value is the algebraic sum of the total
head loss and the change in velocity
head.

(19) The \Vatel' surface elevation in column
17 is the sum of the water sutface ele
vation at section 1 and the :lH. If the

computed water surface elevation in
column 17 agrees with the assumed ele
vation within a tenth of a foot. the
computation is completed and compu
tations are begun for the next up
stream section.

When a sufficient number of profiles have
been computed, a rating curve can be developed
from the computed water surface elevations at
any given section. This method is more reli
able than the approximate method pre\"iously
described, because if the first section does not
typify the average stream channel hydraulics
the variations are recognized as the profiles
are continued upstream. This may be proven
by chang-ing the starting elevation at the first
section and computing a new profile. It will
be found that a considerable chang-e in the
starting- elevation at section 1 will make much



Figure B-26. Conveyance (K.J curves-Section 3-Red Fox River. 288-"-0-"2835.
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can be used to determine the criticalveloeity
and, when the velocity at the computed eleva
tion exceeds critical, it may be assumed that a
control exists; Other methodR may be used for
checking critical flow but they are not dis
cussed because all are based on ditferent way;-;
of analyzing equation (7)

Whenever a computed velocity appears very
high, a check should be made to see if the veloc
ityexceeds critical velocity. This is true if the
elevation has been arrived at by the approx
imate method or by an energy balance. Equa
tion (14) of this appendix,

586

less difference in the computed elevation for
section 7.

8-9. Critical Flow,-The hydraulic analysis of
flow in open channels becomes more complex
when critical conditions can occur at some
point along the river reach under considera
tion. The conditions of c.ritical flow can be
commonly observed at a "control" section in
the channel. Such controls occur at locations
where there is a material change in the cross
section causing a constriction of the flow.
These constrictions may be natural, or artificial
such as bridges. Another cause may be a sig
nificant change in bottom grade. Vortices, ed
dies, cross currents, and large standing waves
are some of the characteristics indicating crit
ical flow conditions. A field reconnaissance of
the hydraulic reach under investigation should
include the location of any critical sections.

1-1~
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When the depth of flow is greater than crit
ical depth throughout the reach under study
and a control point is not evident at some rela
tively close distance downstream from the
reach, the computed water surface profiles are
acceptable. If a control point is located down
s.tream from the reach, the reach should be ex
tended to the control, and profile computations
s.tarted at that point. When the control point
is encountered within the study reach, the crit
ical depth elevation· is determined and the
profile computation is started again at the crit
ical discharge elevation. Gene.rally, in most
streams, supercritical flow conditions will oc
cur only in the immediate vicinity of a control
section.

The above discussion involves the analysis
of critical flow as applied to water surface pro
tile computations. It may be required to de
velop a critical rating curve for a control sec-

tion which is located at or near a damsite. In
this event the critical velocities are computed
by equation (14) and multiplied by the area to
determine the discharge. This is done for sev
eral elevations and a curve of critical flow stage
versus discharge plotted.

It is advisable to consider only the main
channel portion of subdivided cross sections be
cause tl)e overbank areas will tend to lower
the mean cross-section velocity and not depict
the velocities attained in the channel itself.

B-10. Computer Applications.-The necessary
trial-and-error solution of the energy balance
equation involving iterative processes is ideally
suited to. digital computer applications. The
Bureau of Reclamation has made use of several
computer programs for computing- water sur
face profiles; however, all are based upon an
energy balance procedure and differ only in
degree of sophistication.
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A SIMPLIFIED SLOPE-AREA METHOD FOR ESTIMATING
FLOOD DISCHARGES IN NATURAL CHANNELS

By H. C. RIGGS. Reston, Va.

Abltract.-Discharge ot a stream may be computed from
the slope of the water surface. the cross-sectional area. and
an estimate of channel roughness. This. the slope-area method.
is ,\"idely used to compute flood peak discharges from high
water marks. Reliability ot a computed discharge depends
largely on the roughness coefficient. which must be estimated.
This paper shows that results of comparable accuracy can be
obtained from area and slope alone in natural channels: a
roughness coefficient is not needed because roughness aud
slope are relnted. The estimating equation and su~gestions for
application ot the simplified method are included.

The slope-area method iR' widely used to compute
peak discharge after the passage ofa flood. A reach of
uniform channel is selected on which the flood profile

. on both banks can be defined fromhigh~water marks.
({: Surveys of these high-water marks and of channel
/.cross sections and estimates of the roughness coefficient
\_in the )fanning E.'quation are r<,quired. The method is

described by Benson and Dalrymple (1968) and by
.Dalrymple and Benson (1967).

.Although judgment is required in se'lecting the
stream reach and in interpreting the profiles from high
water marks, t.he major Rubjecth;it.y is in selection of
the roughness coefficient n in the Manning equatlon

Q = 1.49 AR:/381/:

n
where Q is discharge in cubic feet per second, A is
cross-sectional area in Rquare feet, R iR t.he hydraulic
radius in feet (cross-sectional arE.'a divid(,{) by the wet
ted perimeter), and S is the slope of t.he ener~y ~radi

ent. Guides to selection of n an', given in many texts.
The J.,'1tide by Barnes (1!>67) for E.'stimllting th~ rou~h

ness coetIicient. in natul':ll channC'ls includes color photo
graphs of str<,am reach('s for which. the coefficients Jta,'e
been computed from channel sun-eys and known peak
discharges.

Study of t.he photo~raphR and the C'.omputNI (veri
fied) values of n in Barn<'s' (l!l67) I"C'port will show
some apparC'nt inconsist<,ncics: fot· C'xamplc, l)('twN~n

, Cadu', Cr<'t'k and Boundary C(·C'C'k. TheRe incon!"istcn-
(_ ~ies arc thought to arise f~'orn two :-:om"ces. First. the

""

ronghnesR coefficient of a natural channel is due to bed
roughnE.'ss. bank irr<'guillrity, effect of wgetation( if
nny), dE:'pt.h of wat('r, channel slope, and perhaps other
factors. No objective way of evaluating and combining
thesE.' factors into on<' coefficient is available. Second, a
,-et'ified value of a ronghness coefficient is affected by
the inaccuraci<,s in each of the other "ariables in the
:\fannin~C'quation. Inaccuracies may arise because of a
poorl)' defined water-surface profile or nonrepresenta
tive cross sections. A poorly defined profile may be
caused by poor high-water marks, bank irregularity at
the high-,,-ater line, or a changing cross-sectional area
and l;hape throughont the rE.'ach. In rough cross sections
the detail to which the cross section is surveyed will
affect the computed area and thus the computed rough
ness coefficient.
. Se,-eral investigators have related t-heverified rough

ness coefficients to channel bed roughness ahd to the
vertical velocity distribution. See Boyer (1954), Graf
(1966), and Li~erinos (1970). However, such relations
ha'-e limited use because bE.'d roughness is only part of
the total roughness in most channels, and the vertical
"elocity distribution generally is not lmown at sites
where a slope-area In<,asurement is made.

Thus the roughness coefficient still must be selected
by judgment based on guidelines and e:xperience.
Whether this is a diRadvantage or not d<,pends on the
accuracy of rE.'Rult::;. lIO'v accurate are slope-area meas
urements '? This has been a subject of discussion for
many yNtrs. Opinion!'; range from claims of high nc
CUr:ll'y to the comment of n. prominent (unnamed) hy
draulic engineer who wa.~ quoted by Henry Beckman
(written commun., 1925) as saying that, whenever
resultR ohtained by the slopE.'-area method came nearer
than 2;'; per('C'nt to the correct result, it was due either
to accident or to l\ second choice of factors to use in the
formula after the first choice had g-one amiss. Fifty
J'('ars luter. wide dilfercnc<'s of opinion as to the ac
CUT'acy of the lIH'thod still <,xist.

Those with exp<'riencc in slopt'-ar<'l\ measnrements
can f"(·cOJ.,.'1l1ZC reaches whe("e good results can be e:x·
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pected. nut how good is good ~ An answer to this is
now possible. Estimates of the roughness coefficient
were recorded on field notes of some surveys of channel
reaches for which the coefficient was computed from
known pe~lk discharge. Estimated roughness coeffi
cients by each individual and the computed ("erifled)
coefficients are shown in table 1. All reaches listed in
table 1 are ones in which the flow was contained in a
single channel.

Table 1 shows n. surprisingly small difference among
estimates by individual observers for most of the
streams. That table also indicates that estimates of
roughness coefficient tend to be better on some types of
renches than on others. Estimates were poor on Salt
Roca, Cache-Lower Lake, Cachuma-S:mta'Ynez, Syca
mOl'e-:\IcDowell, and Hominy-Candler. One might
conclude from this table that experienced observers
can make acceptable subjective estimates of the rough
ness coefficients in channels typified hy that of ,Yo Fk.
Bitterroot-Conner but that better guidelines :ire needed
for unusual channels. Nearly all the estimates in table 1
were made by observers with extensive experience in
this type of work. L('ss expl'ri('nced observers would do
less w('U on the average. Thus, a less subjective method
is needed.

Some measurable channel characteristic related to
the roughness coefficient might permit an objective se
lection of the latter. Channel (or water-surface) slope
is one such characteristic. It has been known for years

TABLE I.-Estimated and verified values of the channel rough
nC88 cocDtcicnt n

. [The first 20 streams are Included In Barne~' (1967) report: the rest
are from uDpubllshed verlllcatloDs]

Ci'~;C,., .(':.,1

that the rOIl~hness coefficient is related to sl~i)e
natural chanrwls buL in practice, the two have bet
cOllsid('re<! in<!cpcIHlent. Thc degree of relation).. ~~w.ec
roughness coefficient. n, and the square root- tl
watcr-s\lt'facc slope is shown in figure 1 usL/da'
f!'Olll Dames! (1V67) I'Cpolt. A relation of this t:n
\IIi~ht be use(l to modify an estimated n according
slope; 01' OIll' lIlight conclude that. the two \'ariables a
Sf) hi~hl.v l'('latl'll that only one of the t\VO is needed
computing- discharge. The latter is the basis for tJ
simplified method described in the next section.

THE SIMPLIFIED METHOD

The existence of a relution between channel roug
n~'S and water-surface slope in natural channels su
gests that discharge might be computed without USil
a l'Oughlll'sS coefficient anll without defining the r~l

tion of roughness coefficient to slope. Assuming th

•

(--

Stream reach Estimated n
Veri·
fled
n

Clark Fork-St. Rel:ls. ~(ont _
Clark ~'ork above ~lIllsoula. ~lont_Salt-Roea. Xf'br _
Blnckfoot-ovando. ~lont _
Coeur d Alene-Prichard. Idaho __
Rio Chama-Chamita. ~. ~lex __
Clean..ater-Kamlah. Idaho
W. Fk. mtrerroot-Connpr. ~lont_
Yaklma-Umrnnum. Wash _
Wenatchee-Plnln. Wash _
Moyle-Eastport. Idnho _
Spoknnf!-Sl'Okane. Wash, _
~1. Fk. 1"lnthpllfl~Eltsex. ~lont _
Catherlne--Unlon. Ort'1:' _
Chlwnwa-t'lnln. Walth _
Grandt' Ron,le-f,nGrand... Orpl:' __
S. Fk. Clenrwater-Granl:e..llIe;

Idnho.
Cachl'-Low..r f.n1t4'. r.allC _
Boundllr~·-Porthl1l. Idaho _
Rock-Dnrb~·. :\lont _

0.035
.0:15
.045
.035
.035
.035
.Oa5
.040
.032
.03.
.030
.03~

.0311

.042

.03R

.03R

.050

.OR2

.Omi

.0.0

0.030
.035
.045

~ii38
.025
.035
.035

~035
.03r.
.035
.040
.045

~ii40
.045

.07-1

.07;'

.OH5

0.035
.035

.035

.035

~ii30
.035
.03r.
.038
.0olO

~ii4ii
.048

0.035

~035
.030

~ii4ii

~03g

0.028
.030
.030
.031
.032
.032
.033
.036
.036
.037
.038
.038
.OH
.043
.Ool3
.Ool3
.051

.0:'3

.073

.07~

f

....

Snlmon-Wh\t4'hird. 1.lnho .tll .04 .04
Sulfur Fork Ih·d-AdAms. Tpnn __ .0:; .Oll
Cnchumf\-:;;;nnrn lnl'7.. Cnllt .045 .O~5
Sycnmor4'-:\lcDnwcll. Arl7. .032
Snit-Lincoln. :-;..hr .035 .042
nijou-Wlcclns. 1'010 .02:;
n",·k..rs-~'or"nnrown. W. "n .11:::> _
)flIl.. rs-Er.. lnc. ~lnss .0:\7 .1)42
:-:....crslnk-I1... I'·trro'·. :-:. y .0:::>
1I0mln~·-Cnlldl .. r. ~. C .04:;

• Varies depend!n/:' OD lntf'rpr..tntlon of datn.

.040

.OriO
-.07
.020

·.03
·.O~a

.H:t:t

.037

.0:1:")

.t)fin

0.01 L __..L .L-__-L__--:-.l::-:-__-'- _
0.02 0.04

ROUGHNESS COEFFICIENT

!l'IGl:Rt: l.-U,·lalioll of rOlll:hlll'~::; cOt'lfident to squl'-- root
water-~lIrf:l('e~Iope. (



..v.

28.3

o
2.830 6

(,J
III
Ul

a:
III
n.
Ul
III
a:
l;j
~

(,J"

eD
:J

283 (,J

z

Byeq 2

:19.300
31.100

1.620
8.510
9.660
1.110

114.000
3.460

26.200
22.!100

8.:1110
43.300
14.S0f}

1.410
6.170
".720

1:~.SOO
3.6:11l
3.1~0

1.5S0
114.000

10.1011
1.120
1.42f}

21.700
8.830
2.G30
7.470

11.000
8.140

Using
n

--:iiiiii
5.:1:>0

10.100
a.l00

5G.100
27.000

1.240
7.300
9.400
1.130

93.400
:U80

31.200
24.700

!l.400
"2.200
15.400

I.inO
6.650
5.100

1:1.4110
2.r.l0
2.(\40
1.6110

101.000
7.~20

D1scharl:e

Known

G8.900
31.500

1.860
8.200

11.:100
1.0GO

99.000
:1.880

27.700
22.700

8.0:10
39.GOO
H,;;OO

1.740
:i.FlIlO
4.1120

12.r.00
:1.1140
2.,,:10
1.liOO

101.000
10.120

IIG
:!.:lOO

29.20ll
1.!lHII
:l.100
5.;00

10.100
6.800

O.O:H
.03li
.045
.0~5
.036
.O:~O

.0:15

.0:~7

.032

.0:14

.032

.O:~G

.o:m

.042

.O:IR

.f}:m

.048

.078

.07

.07

.04

.07

.Oli

.0:;2

.O:IN
0·'')
:O~r.
.040
.0:1:1
.045

)Ieon.
n.
of

estl·
mated

n
values

Stream reach

TABLE 2.-Evaluation of "fJpe-area method and ,implijfed
method

[See table 1 tor reach locatlons and estlmated ,. values)

Clark Fork _
Clark Fork _
Salt _

Blackfoot ----_Coeur d'Alene _
IUo Chama _
Clearwater _
W. lo'k. BItterroot _Yakima _
WrnRtchee ----
MO~'ie _
NI~kRne _
;\1. lo·k. Flathead _
eMh"rlne _
Cblwllwa _
Grund.. Itnnde _
N. Io·k. Clearwater • _Cnrh.. _

Honnclary _!tork _

Nalmon _
~n\(Hr Fork ned _("nchumn _
S~·cllmore .,. _Nalt _
IUjou _
nrrk..... .,. _
;\1\1l(>r~ _
Ne.......,.lnk _
tlomlny _

('stilllates of n for each reach, the known discharge, the
(lischarg(' eomputed by the conventional slope-area
Ill('thod using the menn tt, and the discharge computed
by the simplified method (el} 2). Results are plotted in
figlll;e 2. These plots indicate little difference in relia-

KNOWN DISCHARGE. IN CUBIC METRES PER SECOND
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the slope will replace nand that the hydl'aulic raclitls,
.Y R, is close).}" rC'latcd to cross-f.;{'ctional arc-a, A, the )[nn-

.--::\ ning equation is reduced to the model(e· Q=aA.bSe

if_S is redl:'fined as water-surface slope,
Using arE':as and slopes fl'om Barnes' (196i) report,

the following equation was deriv('d (Riggs, 19i4:) :

log Q = 0.53 + 1.295 log' A + 0.316 log S (1)

where Q is in cubic metresPE':l' second. A is in square
metres, and S is dimensionless. The standard error is
about 20 percent.

Subsequent study of the data indic.'\ted that the rela
t.ion with slo~ is not log' linear. Accordingly the data
were reanalyzed in English units with the following
result which is the basis for the simplified method:

log Q ,;. O.:{66+ 1.33 log A +0.05 10gB
-O.Q56 (log 8)2 (2)

where Q is in cubic feet per seconel, ~t is in sqnare feet.
and Sis <limensionl('ss. The sta.ndard ('rrot· is abont the
Sc'l.mc ~s befQi;~ii1S latter ('(I"ation fits the data bet-
ter throughont the rnnbre. Comparison of results from
equat.ion 2 with thOfic that would have bl:'enoht~1.itl(xl

by the conventional slope-area method is possible fOI'
stream reaches (table 1) for which the survey-party
members select('d n valn('s prior to verification. These
reaches are listed in table 2 along with the mean of the

(;.,f,;:(jt

r:"

100.00010.000L-ll -----~1:7""-------:;~~
500 10.000 100.000 1.000

1.000 KNOWN DISCHARGE. IN CUBIC FEET PER SECOND

FIGURE 2.-Comparlson at kno\\'n peak discharges with those cotnll\ltl'd by t\\·o mE'thooll (data trom table 2).
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bility of the two methods. )[ost. of th~ch:mn('l reaches
used in this test. w('re fa\"orable for usc of the ::;lopc
area method, and the hydrologists who made most of
the surveys had oroad experience in selecting 11.

The applicability of the simplified method was fur
ther t('sted on 4:4 slope-area vcrifkations not nsed in its
derimtion. Data from th('se verifications an(l the dis
charge computed by the simplified method are shown
in table 3. Some of tlH'se \'erifications are of pOOl'
quality becansC' of unfa\"orable channel charactet'istics,
poor high-water marks, channel modification by man,
or backwat('r. Ho\vever, the peak discharges should be
reliable because they are based on discharge measure
ments or short rating extensions. Comparisons of
known discharge with discharge compnted by equation
2 are shown in figm'(' 3. These computed discharges are
less reliable than those in figure 2 bectl.Use the reaches

lISt'(1 w('n.' 1I0t as ~oo<!. IIow('\·er. no bias is indicated.
Th(' (lata Oil which tabh' :\ alHI fignre 3 are ba~did
not. inclu(le ('stilllat('<! valtl<'s of n; thus thediscl\ /~s

cannot lw compnt('d hy the conventional slope
method for cOlllparimn with those by the sitnplified
I1H'thOII. IImYl'wr. thl' wrifkd n is indefinite for some
stream reaelll's in tabll' 3. and it could not. be computed
at. all for oth(,("5. This indicates that. had n been esti
nmt('(l at ('ach of these streams, the discharge computed
h;\' the slope-area method also would have been con
siderably in error.

A FURTHER SIMPLIFICATION

In developing the simplified method it wns found
that. for nearly full channels of II cert-ain type, dis
charge may be computed relia.bly from mean cross
sectional area alone. The rela.tion, shown in figure 4, is

TABLE 3.-Applkation of tile simplified mctllolf, to Ilata not USCIZ in ita clerit'<£tion

Stream Date Slope Verified Discharl:e
Area

" Known Byeq :!

Red Willow. ~ebr __________------------_____ 8-25-50 297 0.00067 0.015 1.7nO 855
Rio Grande, N. Mel: ------------------------- 5-12-52 1.057 .00091 .015 6.380 5.230
Rio Grande. N. Mel: ------------------------- 6-17-52 1,036 .00113 -------- 6.100 5.530
Bijoll, Colo --------------------------------- 8-22-52 1,097 .00343 .02-0.03 7,900 8.830
PecOR, N. }Iex 6-24-51 258 .00032 0'''- 457 518------------------------------- ••<>
S. Fk. Cheyenne, Wyo ----------------------- 5-23-52 1,279 .00185 .026 7,900 8,780

Elkhorn. Nebr ------------------------------ 6-26-56 1,240 .00043 .016 6.960 4.760
Lance, Wyo --------------------------------- 6-27-52 1,010 .002 .027 5,400 _.6.590
Little Colorado, Ariz ------------------------- 7-27-40 2,681 .0028 .015 20.100 (-~Little Colorado, Ariz ------------------------- 7-27-40 2.037 .00725 .05-0.055 20.100
Trinity. Tex --------------------------------- 5-06-50 15,547 .00055 .065-0.07 25.000± ·oo~,OO

Wlssahickon. Pa ---------------------------- 2-26-62 577 .00158 ( ?) 2,460 2.880

CuUasaja. ~.C ------------------------------- 6-16-4ll 1.702 .00133 .07 8.450 lUOO
Deckers. W. Va ----------------------------- 4-13-48 391 .OOri73 .03;j 3.100 2.630
French Broad, N.C -------------------------- 8-28-49 2.312 .00079 .047 10.100 14.000
Croton. N.Y -------------------------------- 3-31-51 726 .0103 .063 4.670 7.090
Cane. N.C ----------------------------------- 3-28-48 339 .0010 ( ?) 1.360 1.190
Hominy, N.C -------------------------------- 6-16-49 1,21!) .00179 .060 6;800 8.140

John Day, Oreg ----------------------------- 5-23-48 2.896 .00188 .03:.! 23.000 26.200
Millers. :\.Y --------------------------------- 3-22-48 912 .00438 .037 5.700 7.470
ltIlUs, N.C ----------------------------------- 6-16-49 954 .00145 ( ?) 5.300 5.440
Neversink.

N.Y ______________________________
3-22-48 1,366 .00279 .035 10,100 11.000

Antelope, ~ebr 6-17-54 85.4 .00278 ( ?) 445 .,-------------------------------- .11

Captinn. Ohio ------------------------------- 2-27-62 796 .00047 ( ?) 3,630 2.740
Antelope, Nehr ------------------------------ 5-23-54 18.4 .0021 .029 45 33
Antelope trihutary, Nebr --------------------- 5-01-54 G.3 .0072 .063 10.8 12
Tenaya, Calit ------------------------------- 5-17-50 170 .005 .034 8S6 833
Tenaya. Calit ------------------------------- 5-U·...50 184 .00202 .033 920 687
ltlerced. Calif ------------------------------- 5-17-50 380 .0097 .067 1.0no 2.9ilO
llerced, Call! ------------------------------- 5-11-50 464 .004;13 .ono 1.090 3.070

llerl'(,<!. Callt ------------------------------- 5-20-iiO 6!l4 .Q1o.l .088 3.!liiO 6.600
l\lIlfllr. Tl'nn -------------------------------- 5-12-19 l,nOO .00007 .0iiO 10.100 "10.100
TWl'h"('pnle. W. Va --------------------------- 2-14-48 2.4!l6 .()()O.t5 .05+ 9,3iiO 12.300
l\:1II Gnhri('l. Calit --------------------------- 1-04-(\4 11~ .00100 .032 211 ~$.~

Alder. Ariz --------------------------------- 2-11-"~1 36.2 .0181 .067 117 152
Piru. Calit 7-2-1-62 66.6 .0042 .031 281 ",,-----------------------------------

__ I

Cachuma. Calit ------------------------------ 2-11-62 171 .0136 ( ?) 776 1.120

SYl'nmorl'. Ariz ------------------------------ 2-11-G.1 240 .0064 .020 2.300 1.4~O

Snlmon. :-;.Y -------------------------------- 44l~-a~ 141 .olOO .05-0.0G6 G76 814
Salmon. :-;.Y -------------------------------- -t~S-:i:! 136 moo .0;-~.066 6~3 7i'fl
~almon. Illaho ------------------------------- 1'...03-18 9.371 .OOH8 .040 10l.000 1H.OOO
Powder. Wyo -------------------------------- r.'::!·h»:l 2.110 .00tOj -------- ~~.OO() -'l.9()o

fSalt. :"elJr ---------------------------------- ii-41!)-iiO 3.7O-t .0OOii ( ?) 29.~OO

~-
jOO

Paradls<". Wallh ----------------------------- 2-:!8-48 ·H.8 .000!l .030 0004 GO

':\In(n chllnnt'1.
"O,"ertlow 110 percent) not Included.
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bns('dlal'gd,Y on channels ill th" Pacific Northwest and
applies to full chlU1Jlt'ls. Part·full cliseharg<,sin th<,s{'
clulJUle)s will be less than tIU' discharges shown by the
relation.

Stud)' of the photog'ra.phs of r-tl'('all1s in Barn('s'
(1!>61) !'<"pol'tshouIcl l('a(1 to tlu' ahility to l'('Co~ni7.t'

such stl'Nllll ('.hanl1('ls. Fi~llr<, ·i pJ'Ovilll's no l'ecollnais
sanee too) fot, cstilllatin~ Ilischar~1.' of l1('ar bankfull
channels of this t)'l>e; it is not th(' simplifi('() method.

APPLICATION OF THE SIMPLIFIED METHOD
Criteria

TII(' !'('aeh l'houl( I ))(' :'(('!t'd('(I :U'('OI'( lill~ to th(' l':l II\('

criterilt 11:';('([ (01' II ('on \·('"tiona) ~IClp('-:u'l'a IIIcasl\1'(,'

ment "xr('pt that a unifOlm cross-sectional area.
thl'oll:,!hont is pl'efel'llbh' to a. contracting reach. Iclt'ally,
th<, r('ndl~hou Itl h(\ .{oOI' ;) eha nncI widths 10ntiJl ol'der
.tJ.w.Uh('.._\\"at~r:.lil.!.rfac(' :-;lop<' cnn 1)(' tllcasured ac.cU1'llte
h', Th(' mclhol[ has 1I('('n v('rified onl\' for n('arh' fnll

-t-::.\tuml ch:ulII(,)s without subr-tllntial o~'erbank flo~,' and
without ba('kwutN' CI'Olll con:-:trictiou:> or .t flooding
tl'ibut:tl'y, Tlm~ it is l'('commclllll'd only for such dum
nels at this time,

Thl'l'(' ('I'itl'I'b :U'l' 1I0t as 1"I'srri('tin~ as tlll'Y may
:-;('('111. Xt'I'('~sit~, oCtl'n (OI'('('S the use of the b(,:;t ll\"ail
ah1<' I'('at'll. whil'h llla~" ha\'(' IttHl('~il'abl(' eharad<'ri"tics
hoth fol' till' "implifi(·t1 JlwthOlI :uul for thl' eon\'('lItionnl
SIOp('-al'l':t 11\('[ hotl, Thus :l I'(':\(:h whidl <lOt.'s not meet
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FIGURE 4.-Relation of discharge to channel cross-sectional area for full channels typified by
those in Pacific Northwest.
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the criterin is used when there is no better way to esti
mate the flood peak. Table 3 nnd figure 3 indicate the
accuracy attainable by the simplified method from
poor or unusual channel reaches.

Procedure
1. To determine peak discharge of a flood from high

water marks:

(a) Define slope of water surface from high-water
marks as n straight line throughout the
reach.

(b) Measure three cross sections so located that
their average defines the average cross-sec
tional area in the reach.

(c) Apply equation.
2. To determine clischal'g-c correspol\lling- to a ~pe·

cHic stag-(l, either al'bitrarily selected or from a
few hig-h-water marks:

(a) Dl·finc wuter-surfacl' slopl' as bed slope or slope
of water surface at cxistin~ strl'alll stag-c.

(b) Projl'ct defined water-surface slope through
specified stage.

(c) Sm'\'ry thr('e cross sections and a\'erag-(' the
arens.

(d) .\pplyequation.

Advantages (

1. Xo sllbj(·c.tive ('stimat-Q of a roughness coeffil;~ent

requiJ'('(I; both cross-sectional area. and slope cr
be measured.

2. A water-surface profile based on high-water marl
throughout the reach is desirablr, but well-defim
water-surface elevations at the ends of the rea(
may be adequate.

3. Computntion of discharge is simple; and one a
swer is obtained. There is little room for subje
th'e judgments either by the originator or by tl
reviewer.

4. Two or more mensnrements at different stages
t he ~al\le reach will gi n~ consistent an~wers.

ii. The IIlrtho(l· can he applied where only one hig
W:ttl'l' IIHu'k j:o; found.

6. TIll' llIt'tho<1 appl'ars to g-iw results comparable
acclll'acy to thost' from the slope-area method f
natuml streams.
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Example of Simplified Slope - Area Method: (--,

Use channel data from "Design of Small Dams" Fig. B-18, B-19, & B-21

Average area = 208 + 209.1 + 224.6 + 206.9 = 212.2 ft2
4

Average slope = 16.35 - 13.73
121 + 90 + 119

= 2.62 ft = .0079
330 ft

log Q = 0.366 + 1.33 log A + 0.05 log S - 0 056 (logs)2

log Q = 0.366 + 3.095 - 0.105 - 0.248

= 3.108

Q = 1,280 cfs

The avg. Q by slope - area = 1380 cfs (Fig. B-21)
(

II



Example of Simplified Slope-Area Method:

Use channel data from II Des i gn of Sma 11 Dams II

Fig. B-23 &Table B-8

Elevation Area

30 95 ft2

35 400

40 753

45 1160

50 1610

Q

360

2,420

5,600

9,960

15,400

log Q = 0.366 + 1.33 log A + 0.05 log .00395 - 0.056 (log .00395)2

= -0.0776 + 1.33 log A
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DESIGN OF SMALL D,. ....5

TABLE B-8.-Computations for tailwater rating curve
ELK CREEK DAM

Data: '11=0.030 a.=mean bed slope=0.00395
C=1.486=49.53 $.'~=O.0628

'11

ElevatIon _4 p_I_T_I~I_c_I~·~I~
26.2...... 0 0 0 I 0 I.... II ....... j .... I.....
30 95 50./1 1.88 1.5231 49.53 7.170, 0.0f128! 450
35. .. .... 400 7.';.\ 5.32.13.~71 411.531 60.4001 .06281 .3.79040....... . 7531 87.6 8.60 4.198 49.53 156.0001 .06281 9.800
45... 1160 99.21 11.70 5.1.';4! 49.53 296.000; .06281 18.600
50.... . ... 16101 111.71 14.401 5.919 40.·>31 412.0001 .06:!llj :!!l.600

1098

by the one-half power of the mean bed slope to
compute the discharge at each elevation. The
tailwater rating curve derived from the com-
putations is sho'wn in figure B-23.

(b) Wate?· Surface Profile Metlzod.-In
studies where more exact tailwater curves are
required, water surface profiles may be devel
oped for a range of discharges. The computa
tions in such studies are more involved :r
require a series of cross sections downstr~;
from the damsite.

Several methods [1, 2, 8, 9] have been de~
veloped for computing water surface profiles:
however, this discussion will be limited to
Bureau of Reclamation Method A. This
method is adaptable to irregular channels hav-
ing various roughness segments and large var

Creek Dom sit.. iations in cross-section geometry. It is limited
S'h.,pe -~ to the assumption that flow paths between

cross sections are equal in length for all rough
ness segments. Other methods [8, 9] must be
used for variable travel distances.

In Method A, a number of cross sections are
selec~d at intervals below the damsite. The
selection of the cross-section locations is prob
ably the most important factor in preparing a
good study. The sections should be located so
the average area, hydraulic radius, and It val
ues of any two sections will be representative
of the reach length between them. Channels
that are alternately wide and narro'w should
have sections located in the narrow and wide
points so the average condition can be define'
Special attention should also be given to locat·
ing a section at each point that indicates a
definite change in grade or a control such as a
natural constriction or bridge. The cross ;o;ec-

6 7
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FIG. 1.-Unstabl. Critical Flow at Normal Depth
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THEORY AND PHYSICAL CHARACTERISTICS OF CRITICAL FLOW
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i

General.-Critical flow is the transition point between subcritical and super.
critical flow. Subcritical and supercritical flows have radically different charac.
teristics. particularly with respect to wave pattern and disturbance propagation
properties (3). More appreciation for the difference between subcritical flow
and supercritical flow is realized when one studies the hydraulic and aerodynamic
analogy between: (I) Subcritical flow and subsonic flow; (2) supercritical flow
and supersonic flow; and (3) critical flow and sonic flow.

z
lL
~

~

SPECIFIC ENERGY· H.

FIG. 2.-Specific Energy Curve Showing Unstable Critical Flow

In open channel flow. critical flow normally occurs only at certain points
where transition from subcritical to supercritical or vice versa occurs. The
transition from subcritical flow to supercritical is normally smooth such as in
the case of flow over a broad crested weir. However. the transition from
supercritical flow to subcritical flow is normally abrupt, taking place through
a hydraulic jump, sometimes in a sudden well defined form and sometimes
in a weak form through a series of undular waves.

Flow sustained for a long distance at or near critical depth has a very wavy
pallernto it as shown on Fig. 1. Here in fact the flow is alternating from
supercritical to subcritical in the form of a series of waves. The waves are
relatively long and stable. in position because of channel boundary irregularities

CRITICAL FLOW IN RIVERS WITH FLOOD PLAINS

JOURNAL OF THE
HYDRAULICS DIVISION

583

By Sylvester Petryk I and Edgar U. Grant,l Associate Members, ASCE

Reasonably accurate evaluation of critical flow is required in a large variety
of hydraulic projects including evaluation of flood control altcrpatives, prediction
of channel erosion and deposition patterns, and determining correct operating
conditions for hydraulic structures. ~

Critical flow is quantitatively defined by the "critical depth of flow," or
simply "critical depth" that is measured with respect to the channel thalweg.
It is conventionally taken as the depth that results in the minimum specific
energy of flow. Experience has shown that this definition is satisfactory for
canals and rivers with relatively steep banks. However, for rivers with flood
plains, the specific energy curve can take on odd shapes where more than
one minimum may occur.

This paper examines the problems encountered in evaluating the conventional
critical depth. Example computations show that a composite channel can have
at least two minimums in its specific, energy curve. A study of physical flow
characteristics in rivers with flood plains shows that this definition of critical
depth is both inaccurate and lacks mathematical definition.

A new method of computing critical depth is proposed. Composite sections
are used to compute the Froude number in each subsection. Critical depth
is defined as the depth where the discharge weighted Froude number is equal

to 1.00.
The corresponding computational procedure is presented in a form that is

easily adaptable to existing backwater computer programs. Example computations
are carried out for a river with its two flood plains. The numerical results
of the proposed method are co~paredwith the two existing conventional methods.

Note.-Discussion open until October 1,1978. To extend the closing date one month.
a wriuen request must be filed with the Editor of Technical Publications, ASCE. This
paper is part of the copyrighted Journal of the Hydraulics Division, Proceedings of the
American Society of Civil Engineers, Vol. 104, No. HYS, May. 1978. Manuscript was
submiued for review for possible publication on July IS, 1977.

I Sr. lIydr. Engr., Lalonde. Girouard, Letendre and Assocs.. Montreal. Quebec. Canada.
2 Design Engr.• City of Tallahassee, Fla.
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RITICAl FLOW IN SIMPLE CHANNEL

lElATION OF CRITICAL DEPTH TO SLOPE OF ENERGY GRADE LINE
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Equating Eq. 3 to Eq. 4 one obtains for the critical slope:
g n%

q
. r-:-: ...--=vgY .

Y

S. = 2 1/3 ••••••••••••••••••••••••••••••• (5)(1.485) Y

Eq. 5 shows that the critical slope is very sensitive to roughness factor n
and weakly dependent on flow depth Y. It shows that the wide channels may
flow critical or supercritical' in the center of the channel and subcritical towards
the banks where: (I) The depth is lower; and (2) the roughness is higher. Likewise,
to study the variation of Froude number as a function of depth, roughness,
abd slope the Manning equation is divided by vgy or

q

Y 1,485y ' / 6 S ' /2
F. = -vgy = nvg (6)

From a Froude number point of view the right-hand side of Eq. 6 says that
the Froude number is higher in the center of a wide channel because its depth
is higher and its vegetation roughness is lower than near the banks.

The conclusions agree with what is normally observed in nature, particularly
during flood flow. Fig. 3 shows a typical example. The higher Froude number
of the flow in the center of the channel causes large waves in the center of
the channel as the flow tends to approach critical.

in which q = discharge per unit width in cubic feet per second; Y = depth
of flow in feet; n = Manning's n value; and S. = slope of the energy gradeline.

The critical flow condition is:

CRrnCAl FLOW IN COMPOSITE CHANNEL SECTIONS

,~.J86 MAY 1978 ../.,/5

flows near critical depth over long distances in rock excavated channels because
the wave action tends to dislodge rocks, and thus increases the erosion action
beyond normal. •

It will now be shown how, for a given discharge per unit width, the critical
depth varies as a function of roughness and slope of the energy grade line.

Consider a wide channel flowing under gradually varying flow conditions
at a critical flow section. The Manning formula conventionally gives the energy
loss per unit length in the form:

q 1.485 %/3 1/2
-=--Y S
Y n •

Composite channel analysis is normally used where a total flow cross section
can be broken down into different subsections, each having a different mean
velocity. Flood flow through rivers with flood plains is typically evaluated by
composite sections. .

Normaily the river channel is treated as one subsection, and the two flood
plains are subdivided into two or more subsections. This analysis is often

. 585CRITICAL FLOW(5

~ A
=1 . o ••••A g_ (2b)

T

Q

varying size. In fluvial channels the wave pattern changes because of channel
lUtldary changes with time. This wave pattern should not be confused with
ldular waves that mayor may not have a hydrostatic pressure distribution,
ld that cause large fluctuations in discharge with time and position.
The reason for the unstable flow pattern at critical depth is shown in Figs.
and 2. Small disturbances in the channel cause the flow to oscillate between
mditions YI and Y%. The total energy of the flow with respect to the bottom
. the channel remains relatively constant while the depth oscillates between
ie subcritical YI value and the supercritical Y% value. The oscillating flow
creases friction losses and form losses as illustrated by Leopold, et aI. (4).
I other words, the overall friction factor is higher for flows near critical depth
Ian for flows completely subcritical or completely supercriticaI. This is particu
r1y true in natural streams. As a result, critical flow in nature normally does
)t occur over long distances. It normally occurs at spedfie drops in the channel,
ld it is only in unusually steep mountain streams that one observes streams
owing near critical or supercritical over long channel distances.

A "simple channel" here refers to an open channel flow condition where
Ie velocity is reasonably uniform over the cross section and the energy coefficient
close to unity. This contrasts with a typical alluvial river and its flood plain

'here the flow is best analyzed in a "composite channel" form. Here definable
langes in velocity occur in subsections of the channel.
In a simple channel, the specific energy of flow is:

Q%
r, = Y + --I ••••..•••....•...••..••••.•.•..• (I)

2gA

1 which Y = water depth; Q = discharge: G = gravitational constant; and
= cross-sectionIarea of flow. It should be emphasized that the energy coefficient

: assumed to be 1.00 in Eq. I.
As shown in Fig. 2, it is well accepted that the critical condition occurs

1 which H, is a minimum or dHs / dY = O. The critical condition, found by
ifferentiating Eq. I with respect to Y, is:

J 2 T=---;- = I (2a)
gA

1 which T = top width of the channel. Alternatively, it is conventional to
llpress the critical condition in Froude number form which is:

It is often important to understand what slope of energy grade line is required
o produce critical flow depths. For example, it is good design practice to avoid



PROPOSED METHOD

The proposed method of computing critical depth in a river and its flood
plain is based on the fonowing considerations:

~", " ~.,,'" ,--~ ,
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conveniently treated in computer form, such as offered in excenent computer from the minimum value in H:, as detailed b E' h 2 " HYS
programs developed by the Corps of Engineers' Hydrologic Engineering' Center . Each of the preceding computational proc;du IC ert (). I • . .
(6) and the Soil Conservation Service (5). ,hl~~ evaluated critical depths. Also. more th res ca; resu t In unreahstlcalIy

Eq. 6 shows that the Froude number in the channel will be much higherCrttJc~l; physical1y this is practically i~possibl ~n one epth c~n be defin~d as
than in the flood plain for two main reasons: (I) The mean depth is higher and dIfficult from a computational point ot vi: In nature, and hIghly undeslfable
in the channel; and (2) the flood plain roughness is normally higher. Therefore, w.
critical flow will almost always occur in the channel before the flood plain.

From a critical flow point of view, the preceding examination illustrates that
subsections of a charinel tend to behave independently of each other, just as
they are often considered independent for flow resistance analysis.

PROBLEMS WITH EXISTING COMPUTATIONAL PROCEDURES

Existing computational methods determine critical depths by one of two
analytical procedures. The first procedure treats the channel and flood plain
together as a simple channel section, and Eqs. I, 2a or 2b a.re applied. As

ot Q1H: = Y +--1 (7)
2gA

in which a = energy coefficient; it is computed from the conveyance in each
subsection, as described in detail by Chow (I). The critical depth is calculated
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1. The composite channel method is used to subdivide the discharge and
velocity in the major channel and its subsections. This implies that the slope
of tbe energy gradeline is the same in the major channel as in the overbank
sections. This also implies that changes in the channel sections are not abrupt
in plan or profile, or both.

2. The Froude number in the major channel is independent of the Froude
number in the overbank sections. Each value is ,dependent on the total discharge,
conveyance value of each section, and slope of the energy grade line.

3. For a fixed energy grade-line slope, the flow becomes critical at each
subsection at different elevations; Normal1y, the flow in the river channel becomes
critical at the lowest elevation while the overbank sections are subcritical. As
the water level rises the Froude number increases in all subsections, the flow
becomes supercritical in the river channel while the flow in overbank sections
remains subcritical until it too reaches the critical condition. In other words,
there is a critical elevation for each subsection.

4. The existing known open channel backwater and flood routing procedures
work with only one overalI critical depth, defined for the river and its overbank
sections. Therefore, it is necessary to find one overall depth which can be
defmed as critical for computational purposes. In fact, at this critical depth,
some of the subsections will be flOWing subcritical and some of the subsections
will be flowing supercriticaI. Until detailed experimental data becomes available,
the tol1owing discharge weighted Froude number model is proposed.

QFr =Q.Frl + QZ Fr1 + QJFr ) + (8)

in which Q = tOlal discharge; Fr =overall channel cross section Froude number;
Q, = discharge in the ith subsection; and F" = Froude number in the ith
subsection.

The overal1 Froude number is found from Eq. 8 to be:
N

L Q, F"
F =...;'_-1 _

r Q

And the critical elevation occurs when F
r
= I, or

N

L Q,Frl

J = I-I ••••••••••••• " ••
Q..

I!m",,'-t
n~ ~::

~~~';"h'.,., ... :. :;,.,."!jW~;:':~

~. ..-,. ~

FIG. 3.-Flow Initablllty In Cantral Part of Channel

examined in Ref. 5, large errors can occur in the evaluated critical depth because
the velocity in the flood plain is assumed to be the same as in the channel.
From Eqs. 2a and 2b, it· is seen that multiple critical depths can occur for
one given discharge. At a relatively low depth the, flow may be defined as
critical because the area of flow A is small in relation the top width T. At
another relatively high depth, the flow may also be defined as critical where
the top, width T is very large, and thus the area of flow can also be very
large.

The second procedure uses composite channel sections with the specific energy
equation
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The total critical discharge at a given elevation is found from Eq. II to be

gllZ(f KI)2
I-I

Q.. = I-N K 2 T I /2
~ I I

4J AJ/2I-I I

If the Manning formula in the English system is used to express conveyance
K

"
Eq. 14 reduces to

4.01 I I I I I I J
, 4 e 0 10 "
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FIG. 7.-Comparlson of Computation Methods for Critical Flow (1 It '" 0.305
1 cta .. 0.0283 m'ls)
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FIG. e.-Specific Energy Curves
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By combining Eqs. 12 and 13 the critical slope is found to be

HY5

N I-N

Q. = 2: Q, or Q. = 2: K,S~/2
I-I I_I

in which K I = conveyance in the ith subsection at given ele' ~ion; and S.

= overall critical slope of the energy gradeline where the wei~ Ited Froude

number is equal to !.OO.

in which Q. = the critical discharge at a given depth.

The total critical discharge is:

By equating Eqs. 10 and II, one obtains

Q,

N N

S~12 2: K , = 2: Q,FrI
I-I '-1

in which the Froude number in each subsection is

'ii;;'



FIG. 8.-Comparllon of Computed Froude Numbers In Channlll (1 efs := 0.0283 m'/s)
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SUMMARY AND CONCLUSION

The two existing conventional methods of computing critical depths are based
on the minimum specific energy method. For typical rivers with adjoining flood
plains, two major problems may result. The first one is that more than one
minimum can occur in the specific energy.curves. Example computations show
that the difference between the two minimums may result in critical depths
which differ by 25% to 40%. The second problem is that existing computational
methods can produce excessively high critical depths in which the Froude number
in each subsection of the channel is substantially less than 1.00.

A new method for computing critical flow conditions is proposed. It defines
critical flow as the condition in which the discharge weighted Froude number
is equal to 1.00. That is, at the critical water surface elevation, some of the

.'592 MAY 1978 HY5

142 m'Is) two minimums in the specific energy curve occur. For example,
at, 4,000 cfs (113 m' / s), the two critical depths are 4.6 ft (1.40 m) and 6.5
ft (1.98 m). The lalter is over 40% deeper than the first one.
. Fig. 6 shows the specific energy curves plolted according to Eq. 7 with a

, evaluated according to composite cross section method. Here the velocity
distribution is reasonably accurately represented. However, if critical flow is
based on the minimum in the specific energy curves, one again obtains two
critical depths S.S ft (1.68 m) and 7.0 ft (2.14 m), or a difference of about
25% in the critical depth of flow at a discharge of 5,000 cfs (142 riI'l s). The
corresponding differences in the critical slopes are more than two times the
preceding eerodn critical depth.

Fig. 7 presents the critical depths according to the proposed method, and
compares the results with the two existing conventional methods. The computa
tional advantage of the proposed method is that only one critical depth can
be evaluated for a given discharge.

At the computed critical flow. conditions, Figs. 8 and 9 present the Froude
numbers in the channel and the overbank sections for the three methods of
analysis. For .the two conventional methods, with overbank flow, the Froude
numbers in the main channel and overbank sections were always less than
one. For the proposed method, the Froude numbers in the main channel were
greater than one while the Froude numbers in overbank were less than I.

These results show that the existing conventional computational methods can
result in excessively high critical depths. The proposed method results in lower
and more reasonable computed critical depths. Here some of the flow is normally
supercritical in the channel and some of the flow is subcritical in the overbank
sections.

Detailed experimental work would be very valuable to confirm the proposed
method or derive a better critical flow model.

Future research may enable hydraulicians to use the composite section method
directly in backwater and flood routing computations. In such a model, supercriti
cal flow could exist in the main channel while subcritical flow would exist
in the overbank sections. No single critical depth would occur for the whole
cross section, but each subsection would have its own critical depth, as water
flow computations proceed along the river.
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Fig. 5 shows the specific energy curves for five discharges when the specific
energy is based on the simple channel method where the velocity in the flood
plain is assumed the same as in the river channel, clearly a poor model in
this case. For the discharges between 4,000 cfs and 5,000 cfs (113 m' /s and

SAMPLE CALCULATION

Fig. 4 shows a sample cross section that· will be used to illustrate the
computations. It is simple to analyze, and representative of some of the sections
found on Back Creek, Virginia.

HY5

\. ,
,;'."

:'\'11--'



subsections are flowing at supercritical flow and some of sections are flowing
at subcritical now.

Equations are developed for the proposed method which can easily be applied
to existing computer backwater programs. For composite section channels, the
proposed results are much easier to apply than the minimum specific energy
method. At the same time, the previously mentioned problems with existing
conventional methods are eliminated.

Example computations are carried out for a typical river and flood plain.
They illustrate the proposed computational procedure, and compare the results
obtained by the three methods of analysis.

top width of channel section, or subsection, at given water surface
elevation;
depth of flow; and
energy coefficient.
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ApPENDIX n.-NOTATION

The following symbols are used In this paper:

A
F,
g

H.
H'.

;
K
P
Q =

Q.
q =
S =

S.

total cross-sectional area of flow;
Froude number of flow;
gravitational constant (32.2 ft/sec2

);

specific energy of flow based on simple channel section method;
specific energy of flow based on composite section method;
subscript, refers to ith channel subsection of total cross section;
conveyance of channel subsection at given water surface elevation;
welled perimeter of flow;
total discharge;
critical discharge for given water surface elevation;
discharge per unit of width;
slope of energy grade line;
critical slope of energy grade line;
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Chapter 1

INTRODUCTI ON

1. PROGRAM DEVELOPMENT

The HEC-2 computer program was developed in the Hydrologic Engineering
Center by Bill S. Eichert. The version documented herein, dated Novem
ber 1976, is intended to replace all earlier versions. The basic com
putational capabilities for calculating water surface profiles and the
data input requirements remain essentially unchanged. However, capabil
ities have been added for a) encroachment analysis (methods 5 and 6),
b) summarizing output with pre-defined or user-defined summary tables,
c) creating a permanent record of study results on an l archiva1" tape
and d) calculating friction loss with one of five alternative approaches.
The version also has reduced storage requirements and increased poten- ('~

tial for usage on interactive computer terminals.

2. OVERVIEW OF PROGRAM CAPABILITIES

The program is intended for calculating water surface profiles for steady
gradually varied flow in natural or man-made channels. 60th subcritica1
and supercritical flow profiles can be calculated. The effects of vari~

ous obstructions such as bridges, culverts, weirs, and structures in the
flood plain may be considered in the computations. The computational
procedure is based on the solution of the one-dimensional energy equation
with energy loss due to friction evaluated with Manning's equation. The
computational procedure is generally known as the Standard Step Method.
The program is also designed for application in flood plain management
and flood insurance studies to evaluate floodway encroachments and to
designate flood hazard zones. Also, capabilities are available for
assessing the effects of channel improvements and levees on water surface
profiles. Input and output units may be either English or Metric.

3. SUPPLEMENTARY PROGRAMS

A data edit program (EOIT-2) which checks the data cards for vari
ous input errors is available. EDIT-2 is described in Appendix VIII.

AFortran graphics program (Hydraulics Graphics Package) which produces
HEC-2 cross section and profile plots in interactive or.batch modes is (
also available. Documentation for the Hydraulics Graphlcs Package may ,
be obtained from the Hydrologic Engineering Center.

1
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4. COMPUTER EQUIPMENT REQUIREMENTS

~e HEC-2 computer program was written for use on the CDC 6600, but
may be used with little or no change on most medium to large computers
such as the IBM 370 and UNIVAC 1108. The following table shows approx
imate memory requirements and compilation and execution times for vari
ous computers.

TABLE 1
COMPUTER MEMORY AND TIME REQUIREMENTS

CompileComputer
Memory Requirement

Words (Decimal)

Time Requirements

Standard Tests*
Execution

CDC 7600
CDC 6600

,(,.IVAC 1108
.WM 370/168
, riONeYW~LL CS6058

HARRIS S120

32000
32000
32000

1/
4600921
9600lP

3.9 sec
24.1 sec
35.0 sec

121.4 sec
59.6 sec

6 min 42.0 sec

3.7 sec
22.3 sec
35.0 sec
27.0 sec
85.7 sec
74.0 sec

*Standard Tests are contained in Exhibit 1 of the HEC-2 Water Surface
Profiles, Programmers Manual, November 1976 .

.!JOS/VS2; 248 Kbytes vi rtua1 memory

y 3 bytes/word

2



Chapter 2

THEORETrcAL BASIS FOR PROFILE CALCULATION

10 GENERAL

This section describes methodology used in HEC-2 for the calcula-
tion of water surface profiles. Topics discussed include equations used
for basic profile ca1cu1ation,cross section subdivision for determining
conveyance and velocity distribution, friction loss evaluation, iterative
procedure for solving the basic equations and critical depth determination.
Computational methodology for calculating flow through bridges is presented
in Appendix IV. Methodology used by HEC-2 to determine and evaluate flood
plain encroachments is contained in Appendix II.

2. EQUATIONS FOR BASIC PROFILE CALCULATION

The following two equations are solved by an iterative procedure
(the standard step method) to calculate an unknown water surface eleva
tion at a cross section:

2 2
WS2 +

0.2V2 = WS1 +
0.1 V1 + h (1) /''"/-

2g 2g e ~.\

2 2

he = L Sf + C
0.2V2 0.1 V1 (2)

2g 2g

where:

WS1, WS2 = water surface elevations at ends of reach
(see Figure 1)

V1' V2 = mean velocities (total discharge f total flow area)
at ends of reach

0.1 ' 0.2 = velocity coefficients for flow at ends of reach

g = acceleration of gravity

he = energy head loss

L = discharge-weighted reach length

Sf = representative friction slope for reach
(

\

C = expansion or contraction loss coefficient

3
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Figure 1. Representation of Terms in Energy Equation

The discharge-weighted reach length, L, is calculated as:

L =
LlobQlob + LchQch + LrobOrob

Qlob + Qch + °rob

(3)

where:
reach lengths specified for flow in the left
overbank, main channel and right overbank,
respectively

arithmetic average of flows at the ends of the
reach for the left overbank, main channel, and
right overbank, respectively

Determination of a representative friction slope, Sf' is discussed
in Section 4. Selection of appropriate magnitudes for expansion and
contraction coefficients is discussed in Chapter 2, Section 5 and Appendix

IV.
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3. CROSS SECTION SUBDIVISION

The determination of total conveyance and the velocity coefficient
for a cross section requires that flow be subdivided into units for which
the velocity is uniformly distributed. The approach used in HEC-2 is
to subdivide flow in the overbank areas using the input cross section stations
(X-coordinates) as the basis for subdivision. Conveyance is calculated
within each subdivision by the equation (based on English units):

k =

where:

1.486 a r 2/3
n

(4)

k = conveyance for subdivision

n = Manning's 'n' for subdivision

a = flow area for subdivision

r = hydraulic radius for subdivision (area divided by wetted
perimeter)

Flow in the main channel is not subdivided in normal applications. The
total conveyance for the cross section is obtai'ned, by sl:Hllt1,iRg, the incremental
conveyances.

The velocity coefficient, a, is obtained with the following
equation:

a = (5)

where:

= total flow area of cross section

flow areas of left overbank, main channel and
right overbank, respectively

= total conveyance of cross section

= conveyances of left overbank, main channel and
right overbank, respectively

5
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4. FRICTION LOSS EVALUATION

i ~ Friction loss is evaluated in HEC-2 as the product of Sf' and
,." where Sf is the representative friction slope for a reach and L
is defined with equation (3). Alternative expressions for Sf avail

able in HEC-2 are as follows:

Average Conveyance Equation

(6)

Average Friction Slope Equation

(7)

Geometric Mean Friction Slope Equation

{8r--'---

Harmonic Mean Friction Slope Equation

2 5 . Sf

Sf =
f1 2

S + Sff l 2

( 9 )-- -------

Equation (6), which has been used in HEC-2 since 1971, is the ldefau1t 1

equation used by the program; that iS,it is used automatically unless

use of a different equation is requested by input. The program also
contains an option by which one of the above equations is automatically

selected on a <reach by reach basis depending on flow regime and profile

type (e.g., 51, M1, etc.). Further discussion of the alternative methods

for evaluating friction loss is contained in Chapter 4, Optional Capabil

ities.
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5. COMPUTATION PROCEDURE

The unknown water surface elevation at a cross section is determined
by an iterative solution of equations (1) and (2). The computational
procedure is as follows:

1.

2.

3.

4.

5.

Assume a water surface elevation at the upstream cross
section (or downstream cross section if a supercritica1
profile is being calculated).

Based on the assumed water surface elevation, determine
the corresponding total conveyance and velocity head.

With values from step 2, compute Sf and solve equation (2)
for he.

With values from steps 2 and 3, solve equation (1) for WS2•

Compare the computed value of WS2 with the values assumed
in step 1; repeat steps 1 througn 5 until the values agree
to within .01 feet (or .01 meters).

Criteria used to assume water surface elevations in the iterative
procedure varies from tri alto tri a1. Generally the fh·s.t trfal is
based on projecting the previous cross section's water surface elevation
on the average of the friction slopes from the previous two cross sections.
The second trial is an arithmetic average of the computed and assumed
elevations from the first trial. The third and subsequent trials are
generally based on a "secant" method of projecting the rate of change
of the difference between computed and assumed elevations for the previous
two trials to zero. The change from one trial to the next is constrained
to a maximum of ±50% of the assumed depth from the previous trial.

Once a 'balanced' water surface elevation has been obtained for a
cross section, checks are made to ascertain that the elevation is on
the 'right' side of the critical water surface elevation (e.g., above
the critical elevation if a subcritical profile is being calculated).
If the balanced elevation is on the 'wrong' side of the critical water
surface elevation, critical depth is assumed for the cross section and
a message to that effect is printed by the program. The program user
should be aware of critical depth assumptions and determine the reasons
for their occurrence, because in many cases they result from reach
lengths being too long or from misrepresentation of the effective flow
areas of cross sections.

7



For a subcritical profile, a prel iminary check for proper flow

~egime involves the following equation:

(e ({) test = (10)

where:(I: )test = velocity head that would exist if critical
conditions existed at the, balanced water
surface elevation and ~ = 1.

= total flow area

= water surface width

v2 ( V
2

)
If the calculated velocity head, n~, is less than 94% of ~ test

the balanced water surface elevation will be accepted for the cross

section. If the calculated velocity head is greater than 94% of the

test value, the critical water surface elevation will be determined
(by a procedure discussed in section 6) so that a direct comparison of

balanced elevation versus critical elevation can be made.

For a supercritical profile, critical depth is automatically
calculated for every cross section, which enables a direct comparison

(-.etween balanced and critical elevations.

, '0. CRITICAL DEPTH DETERMINATION

Critical depth for a cross section will be determined if any of

the following conditions are satisfied:

(1) The supercritical flow reqime has been specified.

(2) Calculation of critical depth has been requested with the
program's critical depth option.

(3) This is the first cross section and critical depth starting
conditions have been specified.

(4) The critical depth check for a subcritical profile indicates
that critical depth needs to be determined to verify the flow
re~ime associated with the balanced elevation~

The total energy head for a cross section is defined by:

'e

2
H = WS + ~~g

8
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where:

H

WS

= total energy head

= water surface elevation

The critical water surface elevation is the elevation for which the
total energy head is a minimum. The critical elevation is determined
with an iterative procedure whereby values of WS are assumed and corre
sponding values of H are determined with equation (11) until a minimum
value for H is reached.

To speed the iteration process, a parabolic interpolattmr procedure'
is followed. The procedure basically involves determining values of H
for three values of WS that are spaced at equal ~WS intervals. The WS
corresponding to the minimum value for H defined by a parabola passing
through the three points (on the H vp.rsus WS plane) is used as the basis
for the next assumption of a value for WS.

It is presumed that critical depth has been obtained when there is
less than a 2.5% change in depth from one iteration to the next and ?
provided the energy head has either decreased or has not increased by (~
more than .01 feet. The tOT~ratrC'e' (jf 2".~ may b'E!' e~eG B.y JWQ.Q.f.'am. input.

7. PROGRAM LIMITATIONS

The following assumptions are implicit in th.eanalytical expressions
used in the program:

(1)

(2)

(3)

(4)

Flow is steady

Flow is gradually varied

Flow is one dimensional (i .e.·, velocity components in direc
tions other than the direction of flow are not accounted for)

River channels have 'small I slopes, say less than 1:10

Flow is assumed to be steady because time-dependent terms are not included
in the ener~y equation (1). Flow is assumed to be gradually varied because
equation (1) is based on the premise that a hydrostatic pressure distribu
tion exists at each cross section. Flow is assumed to be one-dimensional
because equation (4) is based on the premise that the total energy head
is the same for all points in a cross section. Small channel slopes are
assumed because the pressure head which is a component of WS in equation
(1) is represented by the water depth measured vertically. (~
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The program does not have the capability to deal with movable
aundaries (i.e., sediment transport) and requires that energy losses
,. definable with the terms contained in equation (2) or by using criteria
described in Appendix IV for bridge, culvert or weir flow.

(.
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Chapter 3

BASIC DATA REQUIREMENTS

1. GENERAL

A major portion of the programming in HEC-2 is devoted to providing
a large variety of input and data manipulation options. The program
objective is Quite simple -- compute water surface elevations at all
locations of interest for Qiven flow values. The data needed to perform
these computations include: flow regime, starting elevation, discharge,
loss coefficients, cross section geometrY, and reach lengths. The
options available for providing and manipulating inout are discussed
in the following sections.

2.. FLOW REGIME

Profile computations begin at a cross section with known or assumed
starting conditions and proceed uostream for subcritical flow or downstream
for supercritica1 flow. The direction of flow is specified on the Jl card
(first job card) by setting variable rOIR equal to one for supercritical
flow or zero (or blank) for subcritical flow. Subcritical profiles com~uted
by the orogram (IOIR =0) are constrained to critical depth or above, and
supercritical profiles (IOrR = 1) are constrained to critical depth or be
low. The program will not allow profile computations to cross critical
depth except for certain bridge analysis problems. Incases where flow
passes from one flow regime to another as shown in Fiqure 2 below, it is
necessary to compute the profile twice, alternately assuming subcritical (-~

and supercritical flow. Results of a subcritical profile, (shown as 0 in
Figure -2) computed for the example stream would plot at critical deoth
(above the actual water surface profil e) in the steep reach of stream.
Results from a supercritical profile computation (shown as x in Figure 2)

MILD SLOPE
STEEP
SLOPE MILD SLOPE

--tC--__

- -x-__
--- -x- --

Figure 2. Profiles Calculated for Subcritica1 and Supercritical Flows
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would plot at critical depth (below the actual water surface profile)
for both mild reaches of the stream. The final plotted profile should
incorporate computed results from both computations and an analysis of
+hehydrauli c jump. HEC-2 does not contain the capabil; ty to determi ne

Ii .p~osition of the hydraulic jump or energy losses associated with the

3. STARTING ELEVATION

The water surface elevation for the beginning cross section may be
specified in one of three ways: (1) as critical depth, (2) as a known
elevation, (3) by the slope area method. By setting the variable STRT
on the Jl card equal to minus one, critical depth will be computed and
used as the starting water surface elevation. This method is appropriate
at locations where critical or near critical conditions are known to
exist for the range of discharges being computed, e.g., a waterfall, weir
or a section of rapids. When a rating curve is available, the appropriate
starting elevation can be specified by variable l~SEL on the Jl card.

For beginning by the slope area method. STRT is set equal to the
estimated slope of the energy grade line (must be a positive value) and
WSEL is used as the initial estimate of the water surface elevation. The
flows computed for the fixed slope are compared with the starting flow
and the depth is adjusted until the computed flow is wi thi n one percent
of the starting flow .. The water surface elevation thus determined is
used as the starting water surface elevation for subsequent water surface
profi 1e computations.

4. DISCHARGE

..-.e_ Di scha rge may be speci fied and al tered in several ways. Va ri ab1e Q
on the first job card (J1 card) to specify the starting discharge for
single profile runs. When it is desired to change the discharge for a
single profile run, the variable QNEW on the X2 card can be used to
permanently change the discharge at any cross section.

An alternate procedure utilizes the QT cards (discharge table) and may
be used to specify from one to nineteen discharge values for single or
multiple profile runs. QT cards may be used to specify starting discharges
and to permanently change discharges at any cross section in a data set.
Variable INQ on the J1 card directs the program to the field of the QT
card that contains the discharge for that profile. When a value of FQ is
entered. all discnarges on the X2cards and discharges in the specified
INQ of the QT cards are multiplied by the value.

5. ENERGY LOSS COEFFICIENTS

Several types of loss coefficients are utilized by the program to
evaluate head losses: (1) Manningls Inl values for friction loss, (2) con
traction and expansion coefficients to evaluate transition (shock) losses,
and (3) bridge loss coefficients to evaluate losses related to weir
shape, pier configuration, and pressure flow.

e
\.
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Because Manning's coefficient of roughness Inl depends on such ((_~

factors as type and amount of vegetation, channel configuration and
stage; several options are available to vary 'n l

• When three Inl values
are sufficient to describe the channel and overbank roughness, the first
three fields of the NC card ('n' value change) are used. Any of the 'n'
values may be permanently changed at any cross section by using another
NC card. Often three values are not enough to adequately describe the
lateral roughness variation in the cross section in which case the NH
card ('n l value - horizontal) is used. The number of In' values used
to describe the roughness is entered as variable NUMNH in the first
field ~nd the 'n l values a~d corresponding cross section stations are
entered in subsequent fields. These Inl values will be used for all
subsequent cross sections unless changed by another NH card. Normally
the NH card 'n' values should be redefined for each cross section with
new geometry.

Data indicating the variation of Manningls In' with river stage
may be used in the program. Manningls In' and the corresponding stage
elevation (beginning with the lowest elevation) are entered on the NV
card (In' value - vertical), beginning in the second and third fields,
respectively. Variable NUMNV in field one is the number of 'n l values
input on the NV cards. This In' value option applies only to the channel
area.

If for subsequent jobs of the same run it is desired to modify the
'n l values specified on the NC, NH, and NV cards by a factor, variable '_
FN on the J2 card may be used. The desired factor is entered as variable (
FN for each job. If the value of Ftr is n'egati've, the- factor is multiplied
by the channel In' values on the NC card but the overbank In' values are
not changed.

Reference 1 shows Manning's In' values for avera,ge channe1~. A more
extensive compilation of In' values for streams and f100d plains is
listed in reference 2. References 3 and 4 use pictures of selected streams
as a .gui de to 'n' value determi nati on.

Contraction or expansion of flow due to changes in the channel cross
section is a common cause of energy losse~ within a reach. Whenever this
occurs, the loss may be computed by specifying the contraction and expan
sion coefficients as variables CCHV and CEHV, respectively, on the NC card.
The coefficients are multiplied by the absolute difference in velocity
heads between the cross sections to give the energy loss caused by the
transition. Where the change in river cross section is small, coefficients
CCHV and CEHV are typically on the order of 0.1 and 0.3, respectively.
When the change in effective cross section area is abrupt such as at bridges,
CCHV and CEHV may be as high as 0.6 and 1.0, respectively. These values
may be changed at any cross section by inserting a new NC card. These new
values will be used until changed again by another NCcard. For additional
information concerning transition losses and for information on bridge
loss coefficients see Appendix IV.

13
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Boundary geometry for tbe analysis of flow in natural streams is

specified in terms of ground surface profiles (cross sections) and the

-~asured distances between them (reach lengths). Cross sections are

/ ,:ated at intervals along a stream to characterize the flow carrying

\ ~bilityof the stream and its adjacent flood plains. They should

e!rend across the entire flood plain and should be perpendicular to
the anticipated flow lines (approximately perpendicular to contour
lines). Occasionally it is necessary to layout cross sections in a
curved or dog-leg alignment to meet this requirement. Every effort
should be made to obtain cross sections that accurately represent
the stream and flood plain geometry. However, ineffective flow areas

of the flood plain such as stream inlets, small ponds or indents in
the valley floor shou1 d generally not be included in the cross section
geometry.

Cross sections are required at representative locations throughout

a stream reach and at locations where changes occur in discharge, slope,

shape, or roughness; at locations where levees begin or end and at bridqes

or control structures such as weirs. Where abrupt changes occur, several
cross sections should be used to describe the change regardless of the

distance. Cross section spacing is also a function of stream size, slope,

and the uni formi ty of cross section shape. In general, 1arge uni form
rivers of flat slope normally require the fewest number of cross sections

per mile. The purpose of the study also affects spacing of cross sections.

For instance, navigation studies on large relatively flat streams may

reQuire closely spaced (e.q.t five hundred feet) cross sections to
analyze the effect of local conditions on low flow depths, whereas cross

sections for sedimentation studies to determine deposition in reservoirs

/ ly be spaced at intervals of up to five or ten miles.

(It The choice of friction loss equation may also influence the spacing

of cross sections. For instance, cross section spacing may be maximized

when calculating an Ml profile with the average friction slope equation
or when the harmonic mean friction slope equation is used to compute
M2 profi 1es.

Each cross section in an HEC-2 data set is i denti fied and des.cri bed

by Xl and GR cards. Variable SECNO on the Xl card is the cross section

identification number which may correspond to stationing along the channel,
mile points, or any fictitious numbering system, since ,t is only used

to identify output and is not used in the computations. Each data point

in the CrosS section is given a station number corresponding to the

horizontal distance from a zero point on the left. The elevation and a
correspondi ng station number of each data point are input as vari abl es

EL(I) and STA{I) on GR cards, Up to one hundred data points may be used

to described cross section geometry for mostorogram aoplications. ~!hen

the encroachment options are utilized, no more tnan ninety-five data points

should be used, since they generate additional datapoint5 automat'i-ca1ly

to define the encroachment lim1ts. The channel improvement option also

should be used-with fewer than one hundred data points since it will
generate data points (four or more depending on the geometry~.

14



Cross section data is traditionally orjented looking downstream
since the program considers the left side of the stream to have the
lowest station numbers and the right side to have the highest. The
left and right stations separating the channel from the overbank areas
are specified as variables STCHl and STCHR on the Xl card. End points
of a cross section that are too low (below the computed water surface
elevation) will automatically be extended vertically and a note indicat
ing the extension amount will be printed.

Numerous program options are available to allow the user to easily
add or modify cross section data. For example, when the user wishes
to repeat a surveyed cross section, a single Xl card may be input to
identify the cross section and to provide reach length information.
Xl card variables, PXSECR and PXSECE, allow the user to modify the
horizontal and vertical dimensions of the repeated cross section data.
Other program options to modify cross section data to model improved
channel sections, encroachments and ineffective flow areas are described
in detail in the following chapter.

7. REACH LENGTHS

The measured distances between cross sections are referred to as
reach lengths •. The reach lengths for the left overbank, right overbank
and channel used in computations are specified on the Xl card by variables ..
XLOBL,. XLOBR, and XLCH.. respectively. Channel reach lengths are typically(
measured along the thalweg. Overbank "'e'a'ett lengths· soou,}d be measur.ed~

along the anticipated path of the center of mass of the overbank flow.
Often these three values will be equal. There a.re however, conditions where
they will differ, such as at river bends, or where the channel meanders
considerably and the overbanks are straight. Where the distances between
cross sections for channel and overbanks are different, a discharge-weighted
reach length is determined based on the discharges in the main channel
and left and right overbank segments of the reach (see Equation 3, page
4) •

15



(e Chapter 4

OPTIONAL CAPABILITIES

1. GENERAL

(e'
I

HEC-2 has numerous optional capabilities that allow the program
user to determine flood plains, f1oodways, and flood hazard zones; to
evaluate energy losses at obstructions such as weirs, culverts, and
bridges; and to analyze improvements to drainage systems. Detailed
descriptions of options associated with encroachments, determination
of flood hazard zones, and bridges are contained in Appendices II, III,
and IV, resoecti ve1y. Other proqram opti ons i nc1 ude the caoabi 11 ty to
select from alternative friction loss equations; calculate critical
depth; solve directly for Manningls Inl; automatically insert program
generated cross sections; specify ineffective flow areas; analyze trib
utary streams; and perform multiole profile analysis in a sinqle execu
tion of the program. These options are described in detail in the
following sections.

2. MULTIPLE PROFILE ANALYSIS

HEC-2 can in a single run compute uP to fourteen profiles using
the same cross sectional data. Variables NPROF on the J2 card controls
the reading of data cards. For a multiple profile run, the NPROF for
the first profile is set equal to one or left blank to read in cross
section data cards. For all remaining profiles NPROF equal s the profi le
number, i.e., 2, 3,4, ••.. , and only T1, T2, T3, J1 and J2 are required
(cards NC through EJ are omitted). If NPROF is set equal to fifteen
for the last profile of a multiple profile run, a summary printout will
be generated which provides a concise summary of results for all profiles
for each cross section. If a summary printout is required for a sinQle
profile run, NPROF should be set equal to minus one.

3. CRITICAL DEPTH

Several options re1 ated to the computation of cri ti ca1 depth are
available in HEC-2. Critical depth may be requested for each cross section
of a sub-critical run by coding a value of -1 for variable ALLDC of the
J2 card. As described previously in section 6 of Chapter 2, the normal
tolerance used to terminate critical depth trial calculations is 2.5 per
cent of the depth. Other tolerances may be specified by coding a minus
percent value for variable ALLDC For instance, if a user desires---
critical depth to be computed at each cross section with a tolerance of
1.5 percent, a value of -1.5 should be entered for ALLOC.

As indicated in section 5 of Chapter 2, critical depth is calculated
automati cally for cross sections of suber; ti cal profiles whenever the
calculated velocity head exceeds a test velocity head. The tolerance
normally used is also 2.5 percent of the depth. The user can specify
an alternative tolerance to be used for the automatic calculation of
critical depth by indicating a positive value for ALLDC.
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4. EFFECTIVE FLOW OPTIONS

A series of program capabilities are available to restrict flow to
the effective flow areas of cross sections. Amana these capabilities
a~e options to simulate sediment deposition. to confine flows to leveed
channels, to block out road fills and brid~e decks, and to analyze flood
plain encroachments. These program options are illustrated in Figure 3
below.

'=1~~~?7 LEGEND:

6 Channel Bank Stations

o GR Data Points

STATION

INEFFECTIVE" AREAS:

I I FLOW BELOW BANK ELEVATIONS

YiiftmJ FLOOD PLAIN ENCROACHMENT

IS8888a SEDIMENT DEPOSITION

_tl BRtDGE DECK
(

Figure 3. Types of Effective Flow Options

Sediment deposition m~y be specified by variable ELSED on the X3
card. The specified elevation (ELSED) is extended horizontallv across
the cross section and the area below this elevation is not considered
by the program to carry flow.

Cross sections with low overbank areas or levees, require special
consideration in computing water surface profiles because of possible
overflow into areas outside the main channel. Normally the computations
are based on the'assumotion that all area below the water surface elevation
is effective in passing the discharge. However, if the water surface eleva
tion at a oarticular cross section is less than the top of levee elevations,
and if the' water cannot enter or leave the overbanks upstream of that cross
section, then the flow areas in these overbanks should not be used in the
computations. Variable fEARA on the X3 card and the bank stations coded in
fields three and four on the Xl card are used for this condition. By setting
IEARA equal to ten the program will consider only flow confined by the levees,
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unless the water surface elevation is above the top of one or both of the
levees, in which case flow area or areas outside the levee(s} will be in
cluded. If this option is employed and the water surface elevation is
close to the top of a levee, it may not be possible to balance the assumed
and computed water surface elevations due to the changinq assumptions of
flow area when just above and below the levee top. ~Ihen this condition
occurs a note will be printed that states that the assumed and computed
water surface elevations for the cross section cannot be balanced. Awater
surface elevation equal to the elevation which came closest to bal~ncing

will be adopted. It is then up to the program user to determine the ap
propriateness of the assumed water surface elevation and start the computa...
tion over again at that cross section if required.

It is important for the user to study carefully the flow pattern of
the river where levees exist. If, for example, a levee were open at both
ends and flow passed behind the levee without overtopping it, IEARA equals
zero or blank should be used. Also, assumptions regarding effective flow
areas may change with changes in flow magnitude. Where cross section eleva
tions outside the levee are considerably lower than the channel bottom, it
may be necessary to set IEARA equal to ten to confine the flow to the chan
nel. For further information on this option see Appendix IV, paragraph 8,
Effective Area Option. The effective flow capabilities of the bridge and
encroachment routines are described in the following paragraphs and in
Appendices IV and II, respectively.

5. BRIDGE LOSSES

Energy losses caused by structures such as bridges and culverts are
computed in two parts. First, the losses due to expansion and contraction
of the cross section on the upstream and downstream sides of the structure
are computed in the standard step calculations. Secondly, the loss through
the structure itself is computed by either the normal bridge or the special
bridge methods.

The normal bridge method handles the cross section at the bridge just
as it would any river cross section with the exception that the area of the
bridge below the water surface is subtracted from the total area and the
wetted perimeter is increased where the water surface elevation exceeds the
low chord. The normal bridge method is particularly applicable for bridges
without piers, bridges under high submergence, and for low flow through
circular and arch culverts. Whenever flow crosses critical depth in a
structure, the special bridge method should be used. The normal bridge
method is automatically used by the computer, even though data was prepared
for the special bridge method, for bridges without piers and under low flow
control.

The special bri dge method can be used for any bri dge, but should be
used for bri dges wi th pi ers where low flow control s, for pressure flow, and
whenever flow passes through critical depth when going through the structure.
The special bridge method computes losses through the structure for low flow,
weir flow and pressure flow or for any combination of these. Refer to Appendix
IV for a detailed explanation of HEC-2 bridge capabilities.
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Six methods of specifying encroachments for floodway studies can
be used. Stations and elevations of the left and/or riqht encroachment
(method 1) can be specified for individual cross sections as desired.
A floodway with a fixed top width (method 2) can be specified which will
be used for all cross sections until changed. The left and right encroach
ment stationSiare made equidistant from the centerline of the channel,
which is half-way between the left and right banks stations. Encroachments
can be specified by percentages (method 3) which indicate the desired
proportional reduction in the natural discharge carrying capacity of each
cross secti on.

Encroachments can be determined so that each modified cross section
will have the same discharge carrying capacity (at some higher elevation)
as the natural cross section (method 4). This higher elevation is specified
as a fixed amount above the natural (e.g., lOO-year) profile. The encroach
ments are determined so that an equal loss of conveyance (at higher eleva
tion) occurs on each side of the channel, if possible.

Encroachment method 5 is an optimization solution of encroachment
method 4. It determines water surfaces elevation differences between the
natural and encroached condi tions such that the target di fference is obtai ned
as near as possible. .

Encroachment method 6 is an optimization solution similar to method 5;
however, method 6 optimizes on differences in the energy grade line eleva
tions. Refer to Appendix II for a detailed explanation of encroachment
methods 1 through 6.

7. OPTIONAL FRI CTION lOSS EQUATIONS

The friction loss between adjacent cross sections is computed as
the product of the representative rate of friction loss (friction slope)
and the wei ghtedreach 1ength. The program all ows the u~er to select from
the following previously defined (seepage '6) frktion loss equations:

(1) Average Conveyance
(2) Average Friction Slope
(3) Geometric Mean Friction Slope
(4) Harmonic Mean Friction Slope

Any of the above friction loss equations will produce satisfactory esti
mates provided that reach lengths are not too long. The advantage sought
in alternative friction loss formulations is to be able to maximize reach
lengths without sacrificing profile accuracy.

Equation (l), the Average Conveyance equation, is the friction loss
formulation that has been standard in all HEC-2 source decks since 1971.
Previous HEC-2 source decks utilized equation (2), the Average Friction
Slope equation. Research by Reed and Wolfkill (reference 5), indicates
that equation (2) is the most suitable for Ml profiles. (Suitability as
indicated by Reed and Wolfkill is the most accurate determination of a
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• known profile with the least number of cross sections.) Equation (3)
is the friction loss formulation presently used in the U.S.G.S. Step

Backwater programs E431 amd J635. Equation (4) has been shown by Reed

and Wolfkill to be the most suitable for M2 profiles.

Another feature of this option is the capability of the program to

select the most appropriate of the preceding four equations on a reach by

reach basis depending on flow conditions (e.g., Ml, Sl, etc.) within the

reach. It is anticipated that this capability may be incorporated into
the program as a ~tandard feature at sometime in the future. At present,

however, the criteria shown in Table 2 below, do not select the best
equation for friction·loss analysis in reaches with significant lateral
expansion, such as the reach below a contracted bridge opening.

TABLE 2
CRITERIA UTILIZED TO SELECT FRICTION EQUATION

. " ..

Is frktion slope at current
cross section greater than
friction slope at preceding

Profil e Type cross section? Equation Used
-._.... _- ..-.._--- . .. - .. ...

Subcritical (Ml, Sl) Yes (2)

Subcritical (M2) No (4)

Supercritical (S2) Yes (2)

Supercritical (M3, S3) No (3)

The friction loss equation is controlled by variable IHlEQ on the
J6 card as follows:

Value of IHLEQ (J6.l)

o
1

2

3

4

Friction Loss Equation Used

(1) Average Conveyance

Program selects equati on based on
flow conditions (see Table 2).

(2) Average Friction Slope

(3) Geometric Mean Friction Slope

(4) Harmonic Mean Friction Slope

e...~

When using this option, it is appropriate to also use a J3 card to request

printout of the variable IHLEQ to identify the equation used for each
reach.

8. CHANNEL IMPROVEMENT

Cross section data may be modified automatically by the CHIMP option

of the program to analyze improvements made to natural stream sections.

The CHIMP option simulates channel improvement by trapezoidal excavation .

This option is requested by the C1 card which specifies the location of

the centerline (CLSTA), the elevation of the improved invert (CELCH). a

new channel reach length (XlCH), a new 'n' value (CNCH), the left side

slope (XLSS), the right side slope (RSS) and a bottom width (8H). Up
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to five different bottom widths may be specified for the execution
of a single run on each CI card. Amaximum- of three CI cards may
be used at each cross section .. By using more than one CI card, a
pilot channel can be defined. Figure 4 shows a sample appl i cation
of the CHIMP option; note that improved section is modified only
by excavation and not by fill. The old channel can be filled prior
to the e~avation by entering a negative channel bottom width.
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Figure 4. A Stream Cross Section Before and After CHH1P Modification

9. INTERPOLATED CROSS SECTIONS

Occasionally it is necessary to insert cross sections between those
specified by input, because the change in velocity head (~HV) is too great
to accurately determine the energy gradient. Additional cross sections
may be coded manually or a program option may be reques~ed to input inter
polated cross sections. The option specified by the variable HVINS on
the Jl card will insert up to thre~ interpolated cross sections between
two adjacent input cross sections. HVINS is the user specified maximum
allowable change in velocity head between adjacent cross sections. When
the program determines that ~HV between the ~ur.rent cross section and the
previous cross section exceeds the user specified criterion, the program
will automatically insert one to three cross sections (depending on the
magnitude of (AHV/HVINS) - 1).
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Interpolated cross sections are determined by raising or lowering
and expanding or contracting the current cross section's shape. They
are inserted uniformly between the two input cross sections. A proportion
of the elevation difference determined from the minimum elevations of the
two input cross sections is added (or subtracted) to the elevation coordi
nates (on GR cards) of the current cross section,

The modification of the horizontal coordinates is a function of the
ratio of the channel areas of the two input cross sections. The channel
area (between bank stations) of the current cross section is determined
with the depth of flow from the previous cross secti on.

Interpolated cross sections will be identified in the output by
section numbers of 1.01, 1.02, and 1.03. The option will not add inter
polated cross sections in the following cases: 1) if reach lengths between
input cross sections are less than fifty feet, 2) if encroachments have
been encountered in the run, or 3) if the previous cross section is a
special bridge cross section.

When there is a substantial difference in shape between the previous
and current cross sections, interpolated cross sections generated auto
matically by the program may not be representative of the actual stream
geometry. The user should always check the reasonableness of interpolated
cross sections.

The number of interpolated cross sections added to each profile may
vary with discharge; therefore, it is advisable .not to request them for
multiple profile runs because analysis should be made using exactly the
same cross section data.

10. TRIBUTARY STREAM PROFILES

Subcritica1 profiles may be computed for tributary stream systems
for single or multiple profiles in a single execution of the program. In
general data sets are arranged to compute profiles for the main stream
(reach 1) from· the most downstream point to the study limit on the main
stream. Data fora tributary stream (reach 2), whose starting water surface
elevation was determined when reach 1 was calculated, follows the data for
reach 1. The first section number for reach 2 is negative and refers
to the section number in reach 1 where the starting water surface el eva
tion for reach 2 was determined. When a negative section number (on the
Xl card ) is encountered the program will search its memory for the computed
water surface elevation that corresponds to the negative section number.
The program will then start computing the profile for reach 2 with the
previously determined water surface elevation.

Occasionally it may be desireable to calculate, in a single run, a
profile for a stream system with a second order tributary (a tributary to
a tributary). This may be accomplished if data for the tributary with the
tributary is treated as a portion of the main stream and the main stream
beyond the junction of the two streams is treated as a tributary. This
is illustrated in the following figure on the next page; numbers one through
eight locate cross sections on the main stream, numbers eleven through six
teen are cross sections on the first order tributary and numbers twenty-one
through twenty-two are cross sections on the second order tributary.
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NUMBERS REFER TO CROSS SECTION
LOCATIONS.

Figure 5. Second Order Stream System

The arrangement of cross section data (Xl and GR cards) for the stream
system in Figure 5 for a tributary analysis in a single execution of the
program is as follows: 1,2,3,4,11,12,13,14,15,16, -4, 5, 6,7,
8, -14,21, and 22.

Tributary stream profiles should not be calculated simultaneously
with encroachment methods 3 - 6.

11. SOLVING FOR MANNING'S Inl

The program can be utilized in two ways to solve for Manningls In'.
HEC-2 can compute In' values automatically from high water data if the
discharge, relative ratios of the In' values for the channel and over
banks and the water" surface elevation at each cross section are known.
The "best estimate" of In' for the first cross section must be entered
on the NC card since it is not possible to compute an 'n l value for this
cross section. The relative ratio of In' between channel and overbank
is set by the first cross section and will be used for all subsequent
cross sections unless another NC card is used to change this ratio. High
water marks are used for the computed water surface elevation by settlng
variable NINV on the Jl card equal to one and entering the known water
surface elevation as variable WSELK on the X2 card for each cross section.
The average friction slope equation (see J6 card description) is utilized
by the program to solve for In' values. If one of the other friction
equations is to be utilized for profile analysis then the program-deter
mined In' values should be verified using the appropriate friction equa
tion. Because of the sensitivity of calculated results to slight errors
in observed high water marks, a weighted Inl (WTN) value is also calculated
at each cross section. WTN is the length weighted channel In' calculated
from the first cross section to the current cross section. When an adverse
slope is encountered, computations restart using In' values from the
previous section, but W1N computations continue.
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Another method is to specifY the discharge and an assumed set of
'n' values, and have the program compute a water surface profile which
can be compared with the high water profile. For this method WSELK may
be input on the X2 card, without entering the computations, so that it
can be easily compared with the computed water surface el evation on the
output. The variable FN (J2.6 card) may be utilized to vary the assumed
In' values for multiple profile trials.

12. STORAGE-OUTFLOW DATA

Punched cards can be obtained from HEC-2 for stream routing by the
Modified Pu1s Method using program HEC-l. The cards pu~ched are Y,2,
and 3 cards (see program description for HEC-1). This option can be
used only if multiple profiles are computed from the same cross sectional
data and if the summary printout is requested. Interpol ated eros,s sec
tions determined by the computer may be used. Routing reach sections
may not be interpolated sections. However, it may not be wise to use
interpolated cross sections since a different number of cross sections
might be interpolated between two given cross sections for different
magnitudes of discharge which could cause inconsistencies in the
incremental storage volumes. The ability to repeat the previous cross
section by using only an Xl card (i .,e., field two on the Xl card is
blank) can be used where additional cross sections are needed at the ends
of routing reaches and in place of the interpolated cross sections.
The J4 card call s for thi s opti on.
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LOSS COEFFICIENTS

10. INTRODUCTION

After the cross sections are located and the method of solution
is determined~ the program user has to select coefficients associated
with the method chosen. For the normal bridge method the Manning's 'n l

values are used to determine the friction loss. The contraction and
expansion losses caused by the bridge are estimated using contaction and
expansion coefficients.

11. CONTRACTION AND EXPANSION COEFFICIENTS

These coefficients are used to compute energy losses associated
with changes in the shape of river cross sections (or effective flow
areas). The loss due to expansion of flow is usually much larger than
the contraction loss~ and losses from short abrupt transitions are
larger than losses from gradual transitions. The transition loss is
computed by multiplying a coefficient times the absolute difference
in velocity heads between cross sections. If the values for tne coef
ficients are being redefined to account for contraction and expansion
through a bridge~ the new values are read on the NC card prior to the
section where the change in velocity head is evaluated. Referring
back to Figure 6~ on a subcritica1 profile~ the new values should be
read in just before section two and changed back to the original values
after section four. Typical values are shown below.

Coeffi ci ents

(-

No transition loss computed
Gradual transitions
Bridge sections
Abrupt transitions

Contraction

0.0
0.1
0.3
0.6

Expansion

0.0
0.3
0.5
0.8

The maximum value for the expansion coefficient would be one (1.0).

12. SPECIAL BRIDGE COEFFICIENTS

When using the special bridge method~ coefficients must be read
in fo~ the Yarnell equation~ the orifice equation~ and the weir equa
tion. The following discussion provides suggested values and methods
for estimating the required coefficients.

Pier Shape Coefficient XK is used in Yarnell's energy equation for
computing the change in water surface elevation through a bridge for
class A low flow. Because the calculation is based on the presence of
piers~ both the coefficient and a total width (BWP) must be read on the
SB card. If there are no piers~ both variables can be left blank and
the program will use a standard step solution for low flows. The

IV-20
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following table gives values of XK for various pier shapes.

Pier Shape

Semicircular nose and tail ('----~)
Twin-cyl inder piers with connecting diaphragm C~=O
Twin-cylinder piers without diaphragm 0 0
90° triangular nose and tail (>
Square nose and tail

K

0.90
0.95
1.05
1.05
1.25

The Yarnell equation is a semi-empirical equation based on hydraulic
model data. As such, it probably should not be applied in cases where
the flow obstruction is something other than a pier; for example, the
fill separating twin circular culverts.

Loss Coefficient XKOR is used in the orifice flow equation,

Q = AV2gH/ K. Thi s form of the equation can be deri ved by applying
the energy equation from a point just downstream from the bridge (2)
to a point just upstream (1).

(1 )

where:

y = depth of water

Z = inverte1evation

v2
~~ = velocity head

HL = head loss

Defining the head (H) on the orifice as the difference between the
upstream energy elevation and the downstream water surface elevation
(the definition used in HEC-2) produces:

Substituting H from equation 2 into equation 1 produces:

(2)

'e H = (3)
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just downstream can be defined by an expansion coefflclent "e ana we
change in velocity head.

(4)

where:

b = subscript designating the bridge

The head loss equation 4 then can be used to define HL in equation 3:

2 V2 V2 2
o,2V2

+ Kb
b + K ( b O,2V2

) (5)H = 2g (29) 2g 2g, e

If the expansion coefficient (Ke) is taken as 1.0, the equation can be
rewritten into the form of the orifice equation by adding the continuity
equation (Q = VA).

Q = AV 2gH/ K (6)

where:

K = ~ + 1
(

The loss coefficient used in the program's orifice equation can
be related to the loss coefficient C from another commonly used orifice
fl~1 equation, Q=CA~. The conversion (XKOR = 1/C2) can be used
for tabulated values of C. However, care must be taken to insure the
definition of H used in the various formulations is applicable.

The Bureau of Public Roads (reference 1) shows experimental values
for C for fully submerged conditions to vary from 0.7 to 0.9. A value
of 0.8 is recommended as being applicable for the average two to four
lane concrete girder bridge. The definition of H is consistent with
that used in HEC-2. In the absence of calibration data', a'value of 1.56
for XKOR (C = 0.8) would be applicable to most bridges and short culverts.
For longer culverts, the coefficient can be calculated by the sum of
XKOR shown below.

where:

ke = entrance loss coefficient

k
f

= friction loss coeffiGient

IV-22

~ .: . ~ . . . .'
'.oil ' • ," ,

. :.' ,.~.}, " : ' ...~' ,'" '" -....", .'.,,' :,,' "', ",,', ,{·t',,; "':":~~':'::;"',

-~I II



The coefficient for friction loss (kf) can be computed from Manning's
equation by equating two equations for friction loss in the culvert.(ei

I,
i

l
I,

v2
b.

2g

where:

Sf = the average friction slope

L = the length of the culvert

(7)

Manning's equation for the velocity in the culvert is rearranged to
define Sf'

By substituting equation 8 for equation 7, the coefficient kf can be
defined based on culvert parameters.

I
-. l-

I
I

i

I
(el

v = 1.49 R2/ 3 S 1/2
b n f

V2 2
b
n

2.22R4/ 3
__ . {8.~_

k =f

Typical values of the coefficients are shown below:

Description

Intake eke}
Intermediate piers
Friction (Manning's equation)

k

0.1 to 0.9
0.05
kf

(9)

XKOR = Ek + 1

where:

English kf = 29n2L/R4/ 3

- Metric kf = 19.6n2L/R
4
/ 3
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King's Handbook ~reterence e), 1n 1ts OlSCUSS1on on p1pe CUlverts
gives an entrance loss of .1 for a flush inlet, and 0.15 for a projecting
inlet for concrete pipes. Inlet loss coefficients as high as 0.9 for a
'"'t"ojecting entrance and corregated metal pipes are indicated. All the

,efficients were applied to the velocity head for the pipe.

For Multiple Culverts, an equivalent coefficient can be computed
to apply in cases where all culverts are flowing full.

Q = -li9h AT ,jl/KequiV

where:

Kequiv
AT2

=

[ ~I -V A·2 rI

K·I

AT = total area

A. = area of individual culvert
1

K. = coefficient for individual culvert
1

n = number of culverts

Coefficient of Discharge, COFQ is used in the standard weir equa
tion: Q = CLH3/ 2. Under free flow conditions (discharge independent
of tailwater) the coefficient of discharge "C", ranges from 2.5 to 3.1
(1.39 - 1.72 metric) for broad-crested weirs depending primarily upon
the gross head on the crest ("C" increases with head). Increased
resistance to flow caused by obstructions such as trash on bridge railings,
crubs, and other barriers would decrease the value of C. With submerged
flow (discharge affected by tailwater), the coefficient "C" should be
reduced. This is done automatically by the program using the Waterways
Experiment Station Design Chart 1114. The correction is based on model
studies with a low agee crest weir.

Tables of weir coefficients (C) are given for broad-crested weirs
in King's Handbook with the value of C varying with measured head (H)
and breadth of weir. For rectangular weirs with a breadth of 15 feet
and a H of one foot or more, the given value is 2.63. Trapezoidal
shaped weirs generally have a larger coefficient with typical values
ranging from 2.7 to 3.8. .

Hydraulics of Bridge Waterways (reference i) provides a curve of
C versus the head on the roadway. The roadway section is shown as a
trapezoid and the coefficient rapidly changes from 2.9 for a very small
H to 3.03 for H = 0.6 feet. From there, the curve levels off near a
value of 3.05.

rV-24
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Witn very little prototype data available, it seems the assumption
of a rectangular weir for flow over the bridge deck (assuming the bridge
can withstand the forces) and a coefficient of 2.6 would be reasonable.
If the weir flow is over the roadway approaches to the bridge, a value
of 3.0 would be consistent with available data. If weir flow occurs a
combination of bridge and roadway, an average coefficient (weighted by
weir length) could be used.
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SECPROP User's Guide for HP-41C

1
Figure 1 - Definition
sketch for SECPROP.

SECPROP calculates section proporties for a composite channel cross-section as
shown in Figure 1. T

The section proporties are:

~G=AW

~

AR = (A) (RH )~

A - cross-sectional area
T - top width A
o - hydraulic depth, D=-y-

~G - critical flow section factor,
P - wetted perimeter A

RH - hydraulic radius, RH =--0--

AR - uniform flow section factor,

Procedure:

1. Read program into calculator
2. Place calculator in USER Mode
3. ASN "SECPROP" to IIA"
4. XEQ "CLRG"
5. Input section geometry:

a
ENTER
B
ENTER
n
ENTER

, l2
"A"

6. Input depth, Y
7. If Y<a, use "e"

If Y>a, use "B"
8. Program will calculate and print the section proporties
9. Steps 6 through 9 are repeated for additonal depths.

Notes:

1. Units should be in feet. This is because in calculating lG the value of
g=32.2 ft/sec 2 is used in the program. A simple reprogramming would be
necessary for the metric system. Any other homogeneous units could be used;
however, the lG factor would be in error or need to be corrected.



SECPROP User's Guide for HP-41C
Page 2

2. If the section is a simple trapezoid, use a=o and tl=O.

3. XEQ IICLRG II before inputing a new section geometry.

4. Subsequent depth's (Y) can be either larger or smaller than the previous
depth.

\ (-,
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Program Listing for SECPROP for HP-41C

"._.- _."--~_._ ...

91tLBl -SECPROP- 51 Any ..~...- _." ..--.. ...~.

82 STO 12 52 ADY 181 -T =- 158tLBl C 299 *

93 RDN 53 SF 13 192 ARCl X 151 -y =- 281 RCl 11

84 STO 13 54 RCL 19 183 AYIEW 152 ARCL X 282 +

85 RDN 55 -Il =- 184 RCL 84 153 AYIEW 283 STO 85

86 STO 11 56 ARCLX 185 I 154 STO 15 284 -P ="

87 RDN 57 AYIEW 186 11:< 155 EHTERt 295 RRCL X

88 STO 18 58 CF 13 197 -n =" 156 * 296 RYIEW

89 EHTERt 59 Rel 11 198 ARCL X 157 RCL 13 297 RCl 84

18 *
199 RYIEW 158 * 288 I

~

68 -s = -

~

11 RCL 12 61 RRCl X 118 SORT 159 RCl 11 289 1/)(

12 RCl 13 62 RYIEW 111 5.67 168 ReL 15 218 STO 86

13 - 63 RCL 13 112 * 161 * 211 eRH ="

14 * 64 "Zl =" 113 RCl 84 162 + 212 RRCl. X

15 STO 89 65ARCL X 114 * 163 STO 84 213 RYIEW

16 RCL 19 66 AYIEW 115 -ze =" 164 "R =- 214 2

17 2 67 RCl 12 116 ARCl X 165 ARCL X 215 EHTERt

18 * 68 -Z2 =- 117 AYIEW 166 AYIEW 216 :3

(~.
19 RCL 13 69 RRCL X 118 RCL 15 167 RCl 15 217 I

29 RCL 12 78 RYIEW 119 RCL 19 168 RCL 13 218 ytX

21 - 71 RDY 128 - 169 * 219 RCL 84

22 * 72 "Y?-
121 RCL 93 179 2 228 *

23 RCL 11 73 PRO"PT 122 * 171 * 221 eAR =-

24 + 74 STOP 123 RCL 92 172 RCL 11 222 RRCl X

25 STO 8i 75tLBL B 124 + 173 + 223 RYIEW

26 RCL 13 76 -y =" 125 STO 95 174 -T =" 224 RDY

27 ENTERt 77 RRCL X 126 "p =" 175 ARCl X 225 "Y?"

28 * 78 AYIEW 127 ARCl X 176 AYIEW 226 PRO"PT

29 1 79 STO 15 128 AVIEW 177 ReL 94 227 STOP

38 + 88 EHTERt 129 RCL 94 178 I 228 .END.

31 SQRT . 81 * 138 I 179 lIX

32 RCL 19 82 RCL 12 131 llX 189 "D =.-

33 * 83 * 132 STO 96 181 ARCLX

34 2 84 RCl 15 133 -RH =- 182 AYIEW

35 * 85 RCl 81 134 ARCL X 183 SQRT

36 RCL 11 86 * 135 AYIEW 184 5.67

37 + 87 +
136 2 185 *

38 STO 82 88 RCL 88 137 EHTERt 186 RCl 84

39 RCL 12 89 + 138 3 187 *
48 EHTERt 99 STO 84 139 ( 188 -ze ="

41 * 91 "R =- 148 ytX 189 RRCL X

42 11 92 RRCL X 141 RCL 84 198 RVIEW

43 SORT 93 AVIEW 142 * 191 Rel 13

44 2 94 RCl 12 143 -AR =- 192 EHTERt

"(e 45 * 95 2 144 RRCL X 193 *
46 STO 83 96 * 145 RYIEW 194 1

47 -SECPROP- 97 RCL 15 146 ADY 195 +

48 SF 12 98 * 147 -y?- 196 SQRi

49 PRR 99RCL 81 148 "PRO"PJ- 197 RCL 15

58 CF 12 188 +
149 STOP 198 *

199 2



Example Problem using SECPROP
/

(

For Q=2200 cfs, n=.03, and 50=.005, what is the normal depth and criticaldepth? •

; For norma1 depth_

(

(-
Y=4.48
A=262.64 .

. T = 73.28
D=3.59
ZG =2828.78
p. =72.79
RH =3.61
AR =618~35

Y=4.41
A=263.37
T=73.28
D=3.59
ZG =2831.84
P =72.77
RH :: 3.62
AR =629.85

Y:: 4.43
A=264.84
T=73.44
D=3.61
ZG :: 2851.62
P =72.98
RH =3.63
AR :: 625.86

For critical dept~

~ = Ai" D 7 = ".z<i"

~ c,../t,irq/
~,t71

Y=3.75
A=216.75
T=68.88
D= 3.19
ZG =2194.15
P =68.39
RH =3.17
AR =467.66

Y=3.76
A=217.43
T=68.88
D=3.19
ZG =2283.29
P = 68.46
RH =3.18
AR =469.81

II

Y:: 3.88
A:: 168.89
T:: 62.89
D:: 2.n
ZG = 1,568.82
P :: 63.42
RH =2.65
AR =321.65

Y=4.98
A=234.99
T= 79.98
D=3.34
ZG =2,425.82
P =78.95
RH =3.34
AR =522.98

Y=5.98
A= 388.88
T:: 78.88
D=3.95
ZG =3,478.26
P =76.68
RH =4.82
AR =778.25

a= 3.88
B=58.88
Zl =2.89
Z2 =4.88

SECPROP

Y=2.98
A=188.99

. T = 58.89
D= 1.86
ZG =835.61
P=58.94
RH =1.83
AR = 161.71

\. :..,



BKWTR User's Guide for HP-41C

BKWTR calculates water surface profiles
shown in Figure 1.

Figure 1. - Definiti~n
sketch for BKWTR.

for a composite
T

V

channel cross-section as

1

The program wi-ll begin at the control and progress upstream (-x's) for subcritical
flow or downstream {+x's} for supercritical flow as shown in Figure 2.

- - -
criticalde~

.:x
Control
x=o.o

Subcritical flow, calculations progress upstream.

Control
x=o.o

-- ........

--

•

r
i
\.

Supercritical flow, calculations progress downstream .

Figure 2. - Control for subcritical and supercritical channels.



Output:
Y- depth, in feet
V- mean velocity, in

VH- velocity head, in

',.,_.,

BKWTR - (continued)
Page 2

Procedure:

1. Read program into calculator
2. Place calculator in USER Mode
3. ASN "BKWTR" to "A"
4. XEQ "CLRG"
5. Input section geometry:

a, in feet
ENTER
B, in feet
ENTER
~1

ENTER
~2
II All

6. Input channel proporties:
S~ - bed slope, as a decimal
ENTER
Q- discharge, in dvs
ENTER
n - Manning's coefficient
IIB II

7. Input the depth at the control section, Y.
Yo, in feet
"C"
"0 11

8. Input the next depth, Y
Y, in feet
IIC"
"E II

9. Output is printed

10. Steps 8 and 9 are repeated for subsequent depths

feet per second
feet VH=V2

2g
X- distance from control, in feet

Notes:

(-

(

l.

2.

Calculate critical depths and normal depths before beginning program executiO(

Plan the range of depths for which the water surface profile is required.

3. All values must be in English units. Programming changes are necessary
for the metric system.

II I --
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BKWTR - (continued)
Page 3

4. Each Ymust be continuously increasing or decreasing.

5. If the section is a simple trapezoid, use a=o and Zl=O.

6. If the section is rectangular, use ~l=O and ~2=O.

T. XEQ "CLRGl' before inputing a new channel geometry.

7



291 STO 99
282 -Y =-

(~Program Listing for BOOR far'iHP-41C 293 ARCL X.'

294 AYlEW
---- -- - 295 EHTERt"-----.---------

296 *91.LBL -BKWTR" 51 ARCL X 181 RCL 81 151 RCL 19 297 64.452 AYIEW 192 XOY 152 I 298 /92 STO 84
53 CF 13 193 X(=Y? 153 l/X 289 -YH ="93 RDM
54 ADY 194 GTO G 154 STO 11 218 ARCL X84 STO 83
55 RCL 81· 185 RCL 15 155 STOP 211 AVIEW85 RDM
56EHTERt 196 EHTERt 156.LBL D 212 RCL 1586 STO 92
57 * 197 * 157 RCL 98 213 +87 RDM
58 RCL 94 198 RCL 84 158 RCl 19 214 STO 1388 STO 81 59 RCL 93 189 * 159 / 215 RCL 8789 STOP 69 - 118 RCL 15 168 STO 99 216 EHTERt19.1Bl B
61 * 111 RCl 17 161 ·V =- 217 *11 STO 97 62 S:rO 16 112 * 162 ARCl X 218 RCL 9912 RDM 63 RCl81 113 + 163 AVIEW 219 EHlERt13 STO 98 64 2 114 RCL 16 164 EHTERt 228 *14 RDM
65 * l~_+__.

165 * 221 *15 STO 99 66 RCL 93 116 sTO 19 166 64.4 222 RCL 1116 -BKWTR· 67 RCL 94 117 RCL 15 167 / 223 417 SF 12 68 - 118 RCL 91 168 ·VH =.. 224 EHTERt18 PRA
69 * 119 - 169 ARCL X 225319 CF 12 79 RCL 92 129 RCl 19 179 AVIEW 226 /29 ADY 71 + 121 * 171 RCL 15 227 YtX21 ADY 72 STO 17 122 RCL 18 172 + 228 /22 SF 13 73 RCL 83 123 + 173 sTO 95 229 2.22 \. -

( 23 RCl 81 74 EHTERt 124 RCL 19 174 RCL 87 238 I24 "il = ..
75 * 125 / 175 EHTERt 231 STO 1425 ARCl X 76 1 126 1IX 176 * 232 RCL 1326 AYIEW 77 + 127 STO 11 177 RCL 99 233 RCL 8527 CF 13 78 SQRT 128 STOP 178 EHTERt . 234 -28 RCL 82 79 RCL 81 129.LBL G 179 * 235 sTO 1229 "8 = ..
88 * 138 RCL 15 1_89 •

236 RCL 9638 ARCl X 81 2 131 EHTERt 181 RCl 11 237 RCL 1431 AYIEW 82 * 132 EHTERt 182 4 238 +32 RCL 83 83 RCl 92 133 RCL 93 183 EHTERt 239 2·33 ·ZI =. 84 + Ij4 * 184 3 248 I34 ARCL X 85 STO 18 135 RCL 92 185 I 241 RCL 9935 AYIEW 86 RCL 94 136 + 186 YtX 242 -36 RCL 84 87 EHTERt 137 * 187 / 243 CHs37 ·Z2 =" 88 • 138 STO 18 188 2.22 244 RCL 1238 ARCL X 89 1 139 RCL 83 189 / 245 I39 AYIEW 99 + 148 EHTERt 198 STO 86 246 1IX48 RCL 89 91 SQRT 141 * 191 RCL 29 247 ST+ 2941 ·SO = " 92 2 142 1 192 -X =.. 248 RCL 2942 ARCL X 93* 143 + 193 ARCL X 249 ·x =.43 AYIEW 94 STO 19 144 SQRT 194 AYIEW 258 ARCl X44 RCL 88 95 STOP 145 RCL 15 195 ADY 251 AYIEW45 -g =. 96.lBl C 146 * 196 STOP 252 ADY46 ARCL X 97 STO 15 147 2 197.LBL E 253 RCl 13
(~

47 AYIEW 98 .y =.. 148 * 198 Rel 98 254 sTO 9548 SF 13 99 ARCL X 149 RCl 92 199 Rel 18 255 RCl 1449 RCL 97 188 AYIEW 158 + 299 I 256 STO 96
,
" .. 59 ·N =..

257 STOP
258 .END.

i__
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Example Problem using BKWTR

Using the same channel as the SECPROP Example. Calculate an M2 profile
starting with critical flow at the contro1.

Bl<l·tTR

a =3.9098
B= 58.8898
ZI =2.8898
Z2 =4.0898
SO =8.8958
Q=2,288.8889
n =8.8388

I

c.

Y=3.76 -...
Y = 18.12 cr,'I/("#/
YH = 1.59 d~;1t~
X=8.88

Y=3.88
Y=9.99
YH =1.55
X=-~.21

Y=3.S5
Y=9.84
YH = 1.58
X=-8.98

Y=3.98
Y=9.69
YH =1.46
X = -2.43

Y= 4.98
Y=9.48
YH =1.37
X=-7.77

Y = 4.18_
Y=9.13
YH =1.29
X =-17.76

Y=4.29
Y= 8.S7
YH =1.22
X =-35.23

Y=4.38
Y=8.62
YH =1.15
X = -66.54

Y=4.35
Y= 8.49
YH =1.12
X=-93.28

Y=4.48
Y=8.38
YH =1.89
X=-135.35

y = 4.43 -- dDrM'/
Y=8.31 ~~~~
YH =1.97
X= -177.59

Y=4.58
Y= 8.15
YH = 1.83
X=-527.33

Y= 4.69
Y=7.93
YH =9.98
X = -333.79

Notice ,that the solution IIblows'up" for depths
greater than normal depth.
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p :: 83. :;"2? :: 0.42
RH =2•.65
t7iP = 32111E.5

v =3.130
A :: 168.0~ .
T = E.2.i3B
D.: 2~ 71
ZG = 11568 It f12

,. '." ..

=3ECPROP

ZG = 28'3.3285
~I = 54.472i
~:H = 11, '354€.
AR =511.4146

Y = 1103t,;0
p. = 52.0~~e

a = 3. B0~i3
B = 50,. 80(10
21 =2.C00€1
Z2 =4.09i30

~ ,=25. S030
T =52.0000
Ii = 0.4904
ZG = lBi. 24'32
P =52.2361
RH= 6.4882
QR = 15.80%

I
..........J ..

ill...J..Jhf LL];;l:'.$~~lk±-jJ=j=ct:±=t[±t:··_~-
... "-. ~.~.y ... _.; .h. "0,.,.A. A,_L_'A_'~'__""~~"
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4.6.4 Routing Procedure

For the storage facilities involved in urban highway drainage, it will be
assumed that the water surface in the impoundment is horizontal, that the
overflow and storage are each functions of the stored water elevation.
Under such circumstances, the continuity equation becomes (for short

NOTE: Neither the location nor
the allvnftlent of the
control section has to
coincicle with the center
line of the clam.

PLAN VIEW OF EXCAVATED EMERGENCY SPILLWAY

:c
•
o
;;;

Woter Surface

PROFILE ALONG CENTERLINE

\ " T I 2

'~I::-dI~:'--~"'-%\.\.-b-;_,:::,P'
CROSS-SECTION AT CONTROL SECTION

EMERGENCY SPILLWAY

FIG. 4-3
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finite time periods .6.t, in minutes, the hydrograph may be taken asa
straight 1ine):

11 + 12
2

01 + 02
60 .6. t - -"'":'2----- 60 .6.t = $ - $

2 1
(4-20)

(-,

in which 11 and 12 are the Inflow rates in cfs at the beginning and end

of the time period .6.t in minutes; 01 and O2 are the outflow rat~s at

the beginning and end of the same time period .6.t (the factor 60 converts

the time period to seconds); $2 and $1 are the storage volumes In cubic

feet at the beginning and end of the time period .6.t. In short: inflow
mass less outflON mass equals change in storage. This can be rearranged
as fol10NS:

11 + 12 51
----:2=----- + -6"r.O~'"""lt:::.::"'t-

....

At the beginning of any routing period t, all parameters on the left
side of the equation are knONn. Fortunately, the right side parameters
are directly related in the storage-discharge curve, if it is assumed
that the water surface of the impoundment is horizontal (with no significant
backwater). 1

1
and 1

2
can be obtained from the inflow hydrograph and $1 is

knONn for the starting depth; the outflON for the amount of storage
at the starting depth can be calculated or obtained from the discharge- (
storage curve or relationship.

The follONing examples illustrate the relative simplicity of solving
equat ion 4-21:

4.6.4. 1 Example 4-1

Given: Area = 210 acres or 0.33 square miles

L = 0.85 mile

L =0 0.59 mileea

Traversed by highway 2000 feet long, 240 feet wide; ll-acre right-of-
way;

5.1-acre pavement;

Impervious area = 40%

Pervious area = 60%

Assume unit duration = 10 minutes

·4-23

11- -1--



'Storage basin equivalent to one with bottom dimensions of 170 feet by
340 feet and 2:1 side slopes; a single outlet draining the lowest point;

(~ and a broad-crested overflow spillway.

Determine outflow hydrograph with peak no greater than 60% of the
maximum inflow wi th inflow hydrograph based upon 10-year 30-minute rarn
fall at Denver, Colorado. Excess precipitation the same as was used in
Table 3-9.

Step 1: Using the Denver Synthetic Unit Hydrograph formulas (Equations
3-15 and 3-16), develop the 10-minute unit hydrograph

C = 7.81/40. 78 = 0.44
t

t = 0.44(0.85 x 0.59)·3 = .36 hour = 2+ minutes
p .

C = 0.89 x .44·46 = 0.61
p

q =__64...;,,;0;...;,;x~0 .;..;6;;...;1__ = 1084 cfs / sm
p .36

Step 2:

Q • 1084 x 0.33 = 358 cfsp

T • 22 + 10/2 = 27 minutes = 0.45 hour
p

With unit hydrograph Q assumed as 358 cfs and T as 0.45 hour,
the CSC dimensionless unit hydrographresults iR the inflow
hydrograph of Fig. 4-4 with 10-minute ordinates as given in
column 14 of Table 4-2.

, .._~

Step 3: Using FHWA HEC-5 and HEC-IO select" an outlet pipe size and
assuming a maximum outflow of 220 cfs with a maximum water
depth of 8 to 10 feet (and a culvert length of 70 feet),
determine the head-discharge relationship. Chart 2 of HEC-5
indicates a 60-inch pipe under 8 feet total head above its
Invert would handle about 220cfs, so it is decided to develop
the head-discharge curve for a 60-inch pipe. Fig. 4-5 and
column 2 of Table 4-3 give the curve and tabulation of the data.

Step 4: Assume a detention basin with a depth-volume curve such as would
result from a rectangular basin with a bottom 170 feet by 340
feet and 2:1 side slopes. Such a curve is given by Fig. 4-5.
The surface area of the pond structure at 10-foot depth would
be 79,800 square feet or 1.8 acres; at 8-foot depth 75,144
square feet or 1.7 acres; and 70,616 square feet (almost 1.6
acres) at 6-foot depth. Table 4-3 column 3 gives the total
storage below each foot of elevation up to a depth of 10 feet.
Note that storage is given in cfs-minutes which is the actual
cubic feet of storage divided by 60 •

.4-24
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DETERMINAT.ION OF STORM HYDROGRAPH'
i (EXAMPLE 4-lt I

One inch is 25.4mm.One cubic foot Is 0.0283m3

TABLE 4-2

Unit Excess Precipltation in Inches
Time Hydrograph Hydrograph

(Hin.) (cfs) .02 .05 .74 .24 ~ 17 06 03 03 02 02 02 (ds)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (0) (1J) (I2) (13) ( 14)
0 0 n

10 q8 2.0 2.0
20 ~Oq .6.2 1).0 11 .2
30 350 7.0 15.4 73 95.4
40 2tiO ti.O 17.5 22q 23.5 271)
50 12q 2.6 12.5 2Sq 74 16.7 ~65
60 72 1.4 6.1) 181) 84 11)2 I).q ~~4.8

70 18.1 . 0.8 1.6 ql) 60 60 18.1) 2.q 21)q
80 21.2 0.4 I.q 1)1 11 41 21.0 q.l 2.q 162
90 11.7 0.2 1.1 28 17.3 22 Pi.O 10.1 'q .~ 2.0 ql)

100 6.4 0.1 0.6 It;.6 9.2 12.2 7.7 7.5 10.1 6.2 2.0 71
110 I). 1 O. 1 0.1 8.7 Ii. 1 6.«; 4.1 ~.q 7.r. 7.0 6.2 2.0 ~2

120 1.7 O. 1 o.~ 4.7 2.8 ~.6 2.1 2.2 ~.q r..O 7.0 6.2 18
130 0 0 0.2 'L8 . 1. I) 2.0 1.3 1.1 2.2 2.6 5.0 7.0 26
140 0 2.7 1.2 1.1 0.7 0.6 1.1 1.4 2.6 1).0 ·16
150 0 0.9 0.9 0.4 0.4 0.6 0.8 1.4 2.6 8
160 0 0.6 0.3 0.2 0.4 0.4 0.8 1.4 4
170 0 0.2 0.2 0.2 0.2 0.4 0.8 2
180 0 o. 1 0.2 O. 1 0.2 0.4 1
190 0 O. 1 O. 1 O. 1 0.2 0.5
200 0 O. 1 O. 1 0.,1 0.3
210 0 O. 1 O. 1 0.2
220 0 O. 1 O. 1
230 0 0

-
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EXAMPLE 4-1
HEAD-STORAGE a HEAD-DISCHARGE
STORAGE ROUTING COMPUTATIONS
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STORAGE-INDICATION COMPILATION TABLE
EXAMPLE 4-1

.0283m3
One foot is 0.3048m

TABLE 4 :3

~t =IOmin.

Elevatioll Dilella". Sto,a,. ~ S2 Sz Oz
-+-

02 S2 2 ~t ~t 2
(ft.) (ch) (cf,-min) (ch) (eft) (eft)

(1) (2) (3) (4) (5) (6)

0 0
1 14 980.5 7 98.0 105.0
2 2 1995.7 16 199.6 215.6
3 Ii' 3046.6 'R c; ~04.7 n~.2

4 c4 416 47 4J~.7 46~.7

Ii 17 Ci26c 68.1; 1;26.~ 595.4
6 11; 642: 871; 642.' 72C).7
7 205 7622 102.5 762.2 864.7
liS 235 '886~ J17 C; 886.1 1001.8
9 260 10144 l~n 1014.4 1144.4

10 275 11467 137.5 1146.7 1284.2

- One cubic oot IS

, (..--._~

I'

STORAGE ROUTIN,G COMPUTATIONS
EXAMPLE 4-1

RaIltill" Tim. Illflow Av,.IIIflow S,/~ttOI/Z 0, ¥t+Oz/Z 01
Illterval IIIin. eft eft eft eft eft eft

(1) (2) (3) (4) (5) (6) ". (7) (8)
1 0 0 0 0 0 0 0
2 10 2.0 1.0 0 0 1.0 O. 1
~ 20 11.2 6.6 1.0 O~ 1 7.5 . 1

4 ·30 95 53. 1 7.5 1 59.6 7.7
5 40 275 185 59.6 7.7 236.9 36
6. 150 3615 320 216.q ~6.0 1i20.Q 112
7 60 335 350 520.9 112 758.9 175
8 70 259 297 759 175 881 208
9 80 162 210.5 881" 208 833.5 209

10 90 95 128.5 883.5 209 803 191
11 100 71" 83 803 191 695 164
12 110 C;2 61~1; 695 164 1593 136
13 120 38 45 593 136 502 106
14 1)0 26 32 502 106 428 84
Pi 140 16 21 423 84 365 65
16 150 8 6 3b5 65 312 52
17 160 4 3 312 52 266 . 42
18 110 2 1. Ii 266 42 227 34
19 ISO L 0.75 227 34 191 28
20 190 0.5 0.4 191' 28 164 26
21 200 0.3 0.25 164 26 138 19
22 210 0.2 0.15 138 19 119 16
23 220 O. 1 0.05 119 16 103 14
24 230 0 0 103 14 89 12
25 240 89 12 77 10
26 250 77 10 67. 8.8
27 260 67 8.8 1;8.2 7. Ii
28 270'- 58.2 7.5 50.7 6.4
29 280 50.7 6.4 44.3 5.7
30 290 44.3 5.7 38.6 4.8
31 38.6 4.8 33.8 4.2

TABLE 4-4

4-28



Column 2 - insert cumulative time in 10-minute intervals.

Column 4 - average inflow in each 10-minute interval.

Set up and complete storage routing, Table 4-4.

Column 3 - from inflow hydrograph as developed in Step 2.

the proper values to be
Then plot on Fig. 4-6 the

°2·

- routing interval sequence for ease of reference.

Complete Table 4-3 by computing
inserted in columns 4, 5 and 6.
curve of. SzI .6.t + °2/2 aga inst

Column

Step 6:

Step 5:J

-I. c
J

I
I
t

I
i
t

Column 5 - start with ° in routing interval No.1. Each
subsequent figure in this column is the same as that in
column 7 on the line immediately preceding.

Column 6 - start with ° in routing interval No.1. Each
subsequent figure i~ ~his column is the same as that in
column 8 of the preceding line.

Column 7 - column 4 plus column 5 minus column 6.

Column 8 - enter the curve on Fig. 4-6 with the value in
column 7 and read off the related value of 02 which is
inserted in column 8.

('~." ....

\-,..)
Note that Table 4-4 is a tabular way of solving the storage equation
4-21. The 02 at the end of each routing interval becomes the 01 at the·

beginning of the following interval. The value ofS21 .6.t + °2/2 at the

end of each routing interval becomes the va~ue of 511 ~t + °1/2 at the

beginning of the next interva1. And when 0] (column 6) is subtracted from

St' ~t + °1/2 (column 5), it becomes 511 ~t - 0/2. This added to the

average inflow (column 4) results in 5z1~t + °2/2 (column 7), all as

given by equation 4-21.

Step 7: From the discharge-storage and depth-discharge curves of Fig.
4-5 the maximum storage required for the peak outflow rate of
209 cfs will be 466,000 cubic feet which occurs at a depth of
7.12 feet. Thrs suggests that the emergency overflow spillway
could be set at 8 feet.

Step 8: Estimate the probable maximum emergency spillway rate. Pre
cipitation data are to be obtained from the most recent
National Weather Service publication (Table 2-1 and Figs.
2-14~ 2-15, 2-16) applicable to the area under study. The

4-29
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I-hour lOa-year rafnfall will often be the desirable basis
of design of the principal or emergency spillway, although
where lives or high property values would be endangered by
a breached detention basin, the probable maximum precipitation
(PMP)(Table 2-1, Section C) should be used. The methods of
runoff determination discussed in Chapter 3 may be used•.

For this example the GO-minute lOa-year precipitation at Denver of 2.25
inches will be used. A rational method C of 0.95 will be assumed. The
peak lOa-year 60-minute runoff will then be 0.95 x 2.25 x 210 = 449 cfs.
Should it be desirable to assume the PMP, it would be 0.95 x 21.5 x 210
or 4300 cfs. The former of these would be reduced somewhat (perhaps
30%) by the assumed storage but the great size of the PMP assures complete
flooding of the assumed storage with an outflow rate equal to the inflow
rate. Actually, a specific design for so great an outflow would make it
essential to carry out thorough detai led studies to have confidence that
the spillway provided was satisfactory. The entire dam probably would
become an overflON spi llway and would need to be constructed accordingly.

Assuming the available storage would reduce the lOa-year peak to about
315 cfs, the emergency spillway could then be designed as follows:

Using equation 4-14 with the assumption of C of 3.0 and H of 3.0,
b is found to be 61 feet. If an H of 4.0 c~~ be tolerated~ the length
of the weir could be shortened to p 53 feet. Each foot of height of the
dam increases its base width by 4 feet so it becomes a matter of the
economic choice of broad-crested weir depth as ()pposed to; FrlticCil
velocity of flON through the weir and cost of dam fill. The. 3-foot deep
flow would have a critical velocity (assuming a turf n of 0.04) of 5.5
fps and a critical slope of 2.4%; the 4-foo·t deep flow would involve a
critical velocity of 5.8 fps and 2.3% critical. slope. While these
velocities are a bit high for turf, the rare 1% frequency of their
likelihood makes it feasible to decide upon a dem height of 12 feet
assuming the sill of the overflON weir at 8-foot depth plus an overflow
depth of 3 feet (and a related 61-foot length of weir along the axis of
the dam or related thereto as topography best dictates) with a I-foot
freeboard.

For a thorough treatment of the design of emergency spillways for small
<:Jams refer to Refs. 4-11 and 4-12.
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SHALLOW WAVE PROPAGATION IN OPEN

CHANNEL FLOW

By Victor Miguel Ponce,' M. ASCE and Oaryl B. Simons,! F. ASCE

INTRODUCTION

Over the years, several investigators have attempted to clarify the phenomenon
of propagation of shallow waves in open channel flow. Perhaps the most
illuminating of these studies is that reported in the classical paper by Lighthill
and Whitham (5), which analyzed in detail the concept of kinematic wave and
contrasted it to the dynamic wave. The Lagrange formula (3) for the celerity
of shallow gravity waves has also been a subject of considerable attention in
the literature. Despite the progress made in the understanding of the physical
phenomenon, a coherent theory that accounts for celerity as well as attenuation
characteristics has yet to be formulated. In this respect, the theory of linear
stability (6) can be used as an effective tool not only to furnish a first approximation
analysis but also to provide valuable insight into the underlying physics of the

problem.
The analysis presented herein endeavors to apply the theory of linear stability

to the set of equations governing the motion in open channel flow. The equations
are the so-called Saint Venant equations (I), which are analytical expressions
of the principle of mass and momentum conservation. The conclusions relate.
to the magnitude of celerity and attenuation of various types of shallow water
waves, expressed as a function of the Froude number of the steady uniform
flow and a dimensionless wave number of the unsteady component of the motion.

GOVERNING EQUAnONS

The governing equations for the one-dimensional unsteady flow in broad

Note.-Discussion open until May I. 1978. To extend the closing date one month.
a written request must be filed with the Editor of Technical Publications. ASCE. This
paper is part of the copyrighted Journal of the Hydraulics Division. Proceedings of the
American Society of Civil Engineers, Vol. 103, No. HYI2. December, 1977. Manuscript
was submitted for review for possible publication on February 7. 1977.

I Asst. Prof. of Civ. Engrg., Colorado State Univ., Fort Collins, Colo.
1 Prof. of Civ. Engrg., and Assoc. Dean of Research, Colorado State Univ., Fort Collins,

Colo.
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T

he boundary shear stress T can be related to the mean velocity by

{p1l2 .................•.................. (7)

111 ' u au' ad' (T' d')
_+_0-+-+S. --- =0 (5)
at g ax ax T 0 d.

(2)

\~3

. (II)

IVIII

iJd

II

SHAllOW WAVE PROPAGATION

Term

Equation I au 11 illl

f t · - - + - - + - + (S - S ). = 0
o mo Ion g ill g ax ax f 0

Wave model and terms used to describe it are: (I) Kinematic wave IV; (2)
diffusion wave III + IV; (3) steady dynamic wave II + III + IV; (4) dynamic
wave I + II + III + IV; and (5) gravity wave I + II + III.

In order to provide for a convenient way to take explicit account of the
various wave models, Eq. 9 is recast as

, / au' au au' ad' (u' d')__ +_0-+p-+kSo 2---- =0 (10)
g iJt g ax ax II 0 d.

in which /, a, p, and k are integers that can take values of 0 and I only,
depending on which terms of Eq. 9 are used to describe the motion.

The solution for a small perturbation in Ihe depth of flow is postulated in
the following exponentiat form:

d'. . .
- = dexp (i(ax -13 t)]
do

in which d' is a small perturbation to do; J is a dimensionless depth amplitude
function; 0- is a dimensionless wave number; ~ is a dimensionless complex
propagation factor; and xand i are dimensionless space and tfme coordinates

such that

The propagation of shallow water waves is controlled by the balance of the
various forces included in the equation of motion. In Eq. 2, the first term
represents the local inertia term, the second term, represents the convective
inertia term, the third term represents the pressure differential term, and the
fourth accounts for the friction and bed slopes. Various wave models can be
construed, depending on which of these four terms is assumed negligible when
compared with the remaining terms.

The following chart provides a ready reference to the various wave models
that are recognized.

WAVE MODElS

SMAll PERTURBATION ANALYSIS

a= C:)L
o
•.••••••.•.•.••••••••••••••••.•.• (12)

~R = C;) ~: (13)

~ ,mplitude propagation factor. . . . . . . . . . . . . . . . . . . (I'"

and it is for this reason that it is used here. Furthermore, the constant C,
is consistent with the small perturbation assumption.

\....,/
HY12HY12

... (6)

... (8)

............... (4)

DECEMBER 1977

........................

\.......-'

. . , . . . , . . . , , . . . . , . . . . . . .. . . . . . . . . . . . (3)

To

SO=d
'Y •

f=~
C:

f

hich

ld' au' ad'
-+d -+--=0
ax "ax iJt

'hich

'Y d

"hich'Y is the unit weight of water.
1 the usual manner of stability calculations (7), Eqs. 1 and 2 must satisfy
unperturbed flow for which u = u 0; d = do; and T = To, as well as the

curbed flow for which u = u o + u'; d = d. + d';and T = To + T'.
superscript in the flow variables represents a small perturbation 10 the

ldy uniform flow. Thus, all quadratic terms in the fluctuating components
.. be neglected due toan order of magnitude reasoning.
ubstitution of the perturbed variables in Eqs. I, 2, and 3 yields, after
arizalion (5):

re C, is the Chezy coefficient; and p = the density of water. Considering
7, Eq. 5 can be rewritten as

IU' II iJu' ad' (U' d')
- + -" - + - + S. 2 - - - = 0 (9)
at g iJx ax u. d.

Jr most practical applications, the Manning equation is preferred over the
zy equation. The fro however, has the advantage of nondimensionality.

mnels of rectangular cross section, expressed per unit of channel width,
, (4) equation of continuity

ld au ad
- + d- + - = 0 (I)
lx ax at

j equation of motion

au u au ad
-+--+-+(Sf-So)=O (2)
at g ax ax ,

which u = velocity averaged in a vertical section; d = depth of flow; g
lcceleration of gravity; Sf = friction slope; and So = bed slope.
'he friction slope Sf is directly related to the bottom shear stress T by the
,ression (2):

12
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u' ....
-= uexp li(o-x -(31» (18)
u.

L = the wavelength of the disturbance; and T == the period. The value L.
:::: the horizontal length in which the steady uniform flow drops a head equal
to its depth. and it is defined as L. = d.J S•. The dimensionless celerity of
the disturbance is given by

L

• T PII
C =-=- (17)

U
o

if

The wave attenuation follows an exponential law in which the amplitude at
a given time ( = the initial amplitUde at time t. multiplied by (e~,i). in which
i = (I - (.) u./ L •. When comparing wave amplitudes after one propagation

• • 0 21T
period, the value of I is I = T u./ L , or likewise. t =--.--. The logarithmic

• Ifl II I
. S,

decrement (10) & is defined as & = fl,T u / L • or &= 21T-.-. The value
• • Ifllli

of & is a measure of the rate at which the unsteac!y component of the motion
changes upon propagation. For & positive, amplification sets in; for & negative,
the motion attenuates and dies away.

The depth disturbance is associated with a velocity disturbance of the form

DIFFUSION WAVE MODEL

and the dimensionless celerity of the kinematic wave is

o (3/1 3c, = -;;- = 2 (25)

.......... (24).....................

In the diffusion wave model. the inertia terms are considered negligible, but
the pressure term is taken into account in the calculations. Accordingly.". in
Eq. 22, 1 = a = 0; p = k = I, resulting in

-ia I + 30- - 2(3 = 0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (26)

Equations 23-25 warrant the following conclusions regarding kinematic wave
propagation: (I) Since Eq. 23 is of the first order. kinematic waves propagate
only in the downstream direction; (2) the celerity of a kinematic wave is
independent of F. and a. and equal to 1.5 times the mean flow velocity; and
(3) the attenuation of a kinematic wave is zero. I.e .• a kinematic wave propagates
downstream without dissipation.

In the kinematic wave model. the inertia and pressure terms are negligible
as compared to the friction-bed slope term.

Accordingly, in Eq. 22, 1 = a = p = 0; and k = I. resulting in

3a-2(3=0 (23)

Since all the imaginary terms have dropped out in Eq. 23. 13, = 0; and ~ /I

= (3. The logarithmic decrement &, is then

13,
& = 21T- = 0
, (311

KINEMATIC WAVE MODEL

. (15)

........................... (16)
. u.
t = t-

L.

x
.i =-

La

v'

':.1;

i~

"~..~

I
t

Eqs. 19 and 20 constitute a homogeneous system of linear equations in the
unknowns u and d. For the solution to be nontrivial. the determinant of the
coefficient matrix must vanish. Accordingly,

Up IF; - ia l(p - aF~) + 3ka - 2kP - ia(3 (I +a)F; = 0 (22)

Eq. 22 is the characteristic equation -governing the propagation of small
amplitude water waves. In the treatment that follows. successive simplifications
will be made to conform to the various types of wave models considered in
the previous section.

in which u is a dimensionless velocity amplitude function.
of Eqs. II and 18 into Eqs. 4 and 10 yields, respectively:

au+(o-:-~)d=O ..... :.... :,

12k + iF;(aa -/13») u+ (ipa - k)d = 0

(29)

(27)

............ (28)

..........................

...............0 .

........................

30- - ;a l

S=--
2

13, (0-)
&J = 21T (3/1 = -21T "3

The following conclusions are derived for diffusion waves: (I) Because Eq.
26 is of first order in ~, diffusion waves propagate downstream only, and their
celerity is independent of F0 and a and equal to 1.5 the mean flow velocity;
and (2) diffusion waves attenuate as they propagate downstream, and the rate
of attenuation is controlled by the dimensionless wave number a. The larger
the dimensionless wave number, the larger the attenuation.

and

The logarithmic decrement of the diffusion wave is

and the celerity of the diffusion wave is

• (3/1 3
c =-=-

d a 2'

'-( 19)

(20)

. (21)

The substitution

F
/12

2 _ •.- -~

gd.
in which
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----~.

. (51)

(41)

(40)

(39)
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.................. (42)

.................... (50)

..... ,; ...

. .

........

..........

I
A = - - ~2.F:

and E=.(C~AY/2 ." ..

Now call D= (C: A)"2

B = t ..' .

[(
I )2 ]112

C= F~-~: +t
2

B
6 = arctan

A

and the root of the complex argument is

(
6 + 2kTr 6 + 2kTr )

(A + iB)1/2 = C"2 cos 2 + isin 2 ; for k = 0, I .... (43)

and by use of the half-angle relations

[(
I + cos6 )112 (I - COS 6 )"21

(A + iB)'O = ±C,/2 2 + i 2 (44)

in which use has been. made of the fact that because ~ ~ 0, 6/2 falls in the

first quadrant.
A

Since cos 6 = _ , (45)
C

it follows that

[(
C+A)ln (C-A)'ilJ(A + iB)I/l = ± -2- + i -2- (46)

['(C + A)"2 (C -A)1 12
]or l3=u(I:_-it)±a -.- +i -- (47)

. '2' -...: "'2

From Eq. 47, the following two roots are obtained:

[ (
c + A )"2 J [ (C - A )112 ]13 1 = 17 I + -2-- - ia ~ - --;- . . . . . . ..... (4!l)

[ (
c + A )1/2 J [ (C - A )1 12 J13

2
=<1 1- -2- -iiJ ~ + -2- .. , (49)

__ -",;.-...-,. ....... :;.:_ .'_ , ........ 1. .. ¢. .1. e.;su .q,>i::PN .. u
o wo;o: •.' ..~~

in which

HY12 SHALLOW WAVE PROPAGATION

An expression of the same type as Eq. 37 is referred to in the literature

as kinematic now number (9).
The complex square root argument can be expressed in polar form as

A + iB = C(cos6 + isin6) . (38)

I

/---

(31 )

(30)

HY12

........ (33)

. . . . . . . . . (32)

...................... (34)

DECEMBER 1977

17 (2 + F~)
l\ = -2 Tr -----:...--

, 6-a 2 F:(I-F;)

The following conclusions are derived regarding the steady dynamic model:
(I) The propagation of the steady dynamic wave is in one direction, since Eq.
30 is of first order in 13; and (2) the celerity and altenuation characteristics
are functions of the Froude number of the steady uniform flow Fu and the
dimensionless wave number a.

From Eq. 32, the celerity of the steady dynamic model is

2 - 17 2F2
C = I + u •••••••••••••••••••••

4 + u2F:

The logarithmic decrement of the steady dynamic model is

• 17 [6 - 17 2F;(I - F ~)I - ia 2(2 + F:)
or 13 = -----'-----''------~-

4 + a2 F:

In the ste;ldy dynamic wave model, the convective inertia term is brought
into the problem, and the local inertia term is neglected. Accordingly, in Eq.
22, 1= 0; and a = p = k = I, resulting in

-ia2(I-F~)+3a-213 -iaI3F;=O

• 317 - iu 2(1 - F;)
and 13 = ------'-

2 + iu F~
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STEADY DYNA"!IC WAVE MODel

In the dynamic wave model, all terms in the equation of motion are considered.
Thus, in Eq. 22, I = a = p = k = I. It follows that

(F~)13 2 - 2(aF; - i)13 - [a 2(1 - F;) + 3ail = 0 (35)

Equation 35 is of the second order, resulting in two roots. Physically speaking,
dynamic waves propagate along two characteristic paths, which can face either:
(1) One upstream and another downstream; or (2) both downstream. In the
case of propagation in different directions, it is expedient to define as "primary
wave" the wave that travels downstream, and identify its celerity and logarithmic
decrement by e,and l\ I' respectively. The "secondary wave" is defined as
the wave traveling upstream with celerity (:2 and logarithmic decrement l\ 2'

In the case of both waves traveling downstream, "primary wave" is the faster
wave. and "secondary wave" is the slower wave.

The solution of Eq. 35 is

13 = ;;'(1 - iO + <1 [(:~ _ ~2) + i~]1i2 (36)

I
in which ~ = - (37)

• F2)(1 •
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ANALYSIS Of DYNAMIC MODEl

c, = c - I

and the celerity of a gravity wave is given as

• ~A Ic,=--=- I ±- .
a F~

or in the more usual way of expressing it (Lagrange formula)

c. = U
G

± vg;r; : (5

Gravity waves propagate along two characteristic directions. In subcritic
now, one direction is downstream, with celerity c, =- U ~ + .../8d., and anoth,
is upstream, with celerity c 1 =- U G - .../8d.. In critical now, c, = 2u.; ar
c 1 = O. In supercritical now, both waves travel downstream, with celeriti

c. = U. + Vii(; and c1 =- u. - ..;g;r:.
A summary of the propagation characteristicS of the various waves describ'

is given in Table I. The celerity shown in Table I is the relative celerity i

in which

J. There are three well-defined bands in the wave number spectrum: (a)
kinematic band corresponding to small values of the wave number a, in whh
the relative celerity c, is independent of both a and the Froude number F
(b) a gravity band corresponding to large values of Ct, in which c, is independe

________._..........-. =ZM.4AZ ~."';:~

Eqs. 52-55 enable the calculation of the propagation characteristics of t

dynamic wave model, as a function of the Froude number F. of the stea
uniform now and the dimensionless wave number aof the sinusoidal perturbati

superimposed on the steady uniform now.
Fig. I shows the calculated values of the dimensionless relative celerity

versus the dimensionless wave number Ct, for Froude numbers between 0.01-1
The following conclusions are derived from this figure:

In the gravity wave model, the friction and bed slope terms are exclude<
from the momentum equation. 11 follows that, in Eq. 22, I = a = p = I

and k = 0, resulting in

~lF~_2a~F~-a1(I-F;)=O (56

Since Eq. 56 is of the second order in ~ and contains no imaginary terms
gravity waves have twO characteristic directions and are not subject to allenuation

Solving for ~ A in Eq. 56

. .( F~ ± F.) .13 A = a Fl (5

G

HY12

&2 = -2'1f t+ EII - DI . ......................

GRAvm WAVE MODEl

(52)

HV'- .'.

,..
..•

G,'

o.tO

Logarithmic decrement &
(3)

..........•..... (53)

-in(' - E)/II + DI
-he, + E)/II - DI

(b) Gravity

C1=1_(C:A),,1 (54)

Relative celerity C.
(2)

1/2 ~O
1/2 -2n(a/3)
(2 - a'F;l/(4 + a'F:) -2na(2 + F;)/I6 - a'f;(1 - F~)J

(a) Dynamic
i --------------

10'

'0'

le,

Type of wave
(1)

8 I = .-- 2 'IT ,- E
II + DI

and secondary wave

lO'f "'''I' '''''''I '''''''I' '''''''I/'"""""'~'t\'1

II1'L_~~.l..-.~ ,I . I . "l".1
l~ 161 d Id Id .d

; .(Z; lL,

FIG, l.-Dimensionless Relative Celerity C. versus Dimensionless Wave Number a;
Curve Parameter = froude Number F. (0.01 :s f. :s 10)

Primary wave I+ I(C + A )/2)'JI
Secondary wave - /(C + A )/21'JI

Kinematic
Diffusion
Steady dynamic

Primary wave +I/f. I 0
Secondary wave -I IF. __0 _

Note: , = I/(af~); A = (I/F~) - ,'; C = (((I/f~) - "I' + ,2}'Jl; D = «C
+ A)/21 1J

'; £ = I(C - A)/211/'·

DECEMBER 1977

and the celerity and allenuation functions are given by

(
c + A )'12

primary wave C, = I + -2-- .. , . , .. , ..

TABLE 1.-Propagltlon Cher8cteriatlca of Shallow Water Waves in Open Channel
Flow
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Table 2 summarizes the conclusions of the foregoing' paragraph.

\.
2. For F" < I, secondary waves propagate upstream (e, > I). or Jownstream

(c, < I). For F = 1, secondary waves remain stationary (e, == I l. or propagate
downstream (c, < I). For F0 > I. secondary waves propagate dl)Wnstream.
Secondary waves attenuate for all F.. and a.

FIG. 3.-Primary Wave Logarithmic Decrement +S, versus Dimensionless Wave
Number a; Curve Parameter = Froude Number F.. IF .. > 2)

2. The location of the dynamic band in the 0- spectrum is a function of F...

I. For F" < 2. primary waves propagate downstream and attenuate; for F"
= 2. primary waves propagate downstream and neither amplify nor allenuate
throughoul the iT speclrum; for F.. > 2. primary waves propagale downstream

and amplify.

A corollary resulting from Fig. I is that for F. = 2. C, = 0.5 for all values
of a. Thus, at F.. = 2, all waves. kinematic. dynamic. and gravity. have celerities
equal to the kinematic value. The conclusions of Fig. I regarding the limiting
value of C, in the kinematic and gravity bands can be obtained analytically
based on limit theory. It can. be shown that a5 i, -- 00, i:, -- 1/ F,,' and as
a _ o. c, - 0.5 (for F" constant)..

The calculation of the logarithmic decrements S I and Ii 2 as a function of
aand FD' by means of Eqs. S3 and SS enable the following general conclusions:
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Prhnar)' Wa\'e Attenuation Anal)·sis. F,. < 2.-·- Fig. 2 depil.:ts the variation fi

of the logarithmic decrement 0 I for F.. < 2. as a function of if, The f(lllowing il!
conclusions are drawn: (I) The logarithmic decrement l\ I is maximum (in absolute './
value) at a value of a corresponding to the point of intlexion of the I:, versus i
ir curve (Fig. I). The value of a for which &I is a maximum (in absolute value) 1"

decreases with increasing F.; and (2) the logarithmic decrement &I is minimized I
(in absolute value) at both ends of the aspectrum. As (7- 0.8,- O. corresponding .

\ ,I
i ij
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Primary Wave Secondary Wave

Froude number C, /), (:2 1\,
(1) (2) (3) (4) (5)

F. < I + - - -
+ -

F.. '" I + - 0 -
+ -

I<F.<2 + - + ,-

F., = 2 + 0 + -
F .. > 2 + + + --_._--_._-

10'

10'

10'

-, I II! , "III I I! II",I I!! I III ~ I_I I " I II "I i ! 1":, I ,,;)t10,0' ._-, hO

-8
I fOo

of a and dependent only on F.; and lc) a dynamic band. in whil.:h c-. is a
function of both iT and F".

In the kinematic band. C, approaches asymptotically a constant value of 0,5.

TABLE 2.-Celerity· and Attenuation' Characteristics of the Dynamic Wave

\
1470 "'"-"

FIG. 2.-Primary Wave Logarithmic Decrement -S I versus Dimensionless Wave
Number i, ; Curve Parameter = Froude Number F.. IF. < 2)

which corresponds to that of a kinematic wave. In the gravity band. C, approaches
asymptotically the value 1/ F0' which corresponds to that of a gravity wave.
In the dynamic band. C, lies between the kinematic and gravity wave celerity
values. 'j

1
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SHALLOW WAVE PROPAGATION

The propagation characteristics of various types of shallow water waves i
open channel flow are calculated on the basis of linear stability theory. Th
celerity and allenuation functions of kinematic. diffusion, steady dynami<
dynamic, and gravity waves are derived. For the most general case, i.e., tt
dynamic wave model,the propagation characteristicS are expressed as a functic

SUMMARY AND CONCLUSIONS

__....~...~......_~_···, ............u~,~~ . _.......i.:.:2:.~!~:.:P!-p

In reviewing Stoker's work. it is apparent that his reference to a smal
disturbance is to a wave with a large a(gravity wave) and to progressive waVt
to that with a small a (kinematic wave). He proceeds to further elaborate 01

the limitations ofmethods ofwater routing based solely on the kinematic approach
for the cases in which the dynamic effects cannot be disregarded.

For F. ;!: 2, the celerity of a dynamic wave that propagates downstrear
is smaller than the kinematic wave celerity and larger than the gravity wa\'
celerity. In fact, the kinematic wave celerity is an upper bound to the dynami
value, whereas the gravity wave celerity is a lower bound to the dynamic value

A significant conclusion regarding dynamic wave propagation can be obtaine
from the summary presented in Table i. For primary waves, F. = 2 is th
threshold dividing the attenuation (F. < 2) and amplification (F. > 2) tendencie~
For secondary waves, however, F. = I is the threshold dividing the propag;Hio
upstream (F 0 < I) or downstream (F. > I) for gravity waves. Thus. F. 0

2 is verified to be as important a threshold value as F. = I in describing th
dynamics afopen channel flow phenomena.

. . . What seems to happen is the following: small forerunners of a
distul'bancc travel with the speed v'id relative to the flowing stream,
but the resistance forces act in such a way as to decrease the speed
of the main portion of the disturbance far below the values given by
ViI; i.e.. to a value corresponding closely to the speed. of a steady
progressive wave that travels unchanged in form . . .

u 2
•h

w
=-.- .

• 2g

For F. < 2, the celerity of a dynamic wave that propagates downstream
is larger than the kinematic wave celerity, and smaller than the gravity wave
celerity. In fact, the kinematic wave celerity constitutes a lower bound to which
the dynamic value tends as the wave number a decreases. Conv:rsely, the
gravity wave celerity is an upper bound to the dynamic wave celerity as the
wave number iT increases. To place this conclusion in the proper perspective
it isperbaps ofinterestto quote here from Stoker's work [(8), p. 486}. regarding
the celerities of small disturbances and progressive waves:

1473

two dimensionless parameters, the wave number U, and the Froude number
F . The wavenumber a can be interpreted as a ratio of two lengths L and I

i, in which L is the wavelength and L. is the horizontal length in ;"hich
the steady uniform flow drops a head equal to its depth. The square of the
Froude DumbcrF. is the ratio of twice the velocity head to the flow depth,
where the velocity head hw. is given by

HY12
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H,lt,
to the kinematic wave case; as a -+ 00. &I -+ 0, corresponding to the gravity
wave case.

A general conclusion derived from Fig. 2 relates to the fact that for F0 <
2, primary waves will be subject to very strong attenuation ill the dynamic
band, and to very weak attenuation in the gravity andkinemalic bands.

Primary Wave AmplifiCation Analysis. F0 > 2.~Fig. 3 depicts the variation
of the logarithmic decrement g I for F0 > 2, as a function of u. The followirig
conclusions aredrawn: (I) The logarithmic decrement &I has a maximum positive
value at a value of acorresponding to the point of inflexion of thee, versus
u curve (Fig. I). The value of u for which a. is a maximum decreases with
increasing F.; and (2) the logarithmic decrement &I is minimized at both ends
of the iT spectrum. As iT-+ 0, &, -+ O. corresponding to the kinematic wave
case; as iT -+ 00, aI -+ 0, corresponding'to the gravity wave case.

A general conclusion derived from Fig; 3 relates to the fact that for F. >

FIG, 4.-Secondary Wave Logarithmic Decrement -&) versus Dimensionless Wave
Number ir; Curve Parameter = Froude Number F,: (a) 0.01 sF,:5 10; (b) 0.01
:5 F, :5 0.999 '

I

2. primary waves will be subject to very strong amplification in the dynamic'
band, and to very weak amplification in the gravity and kinematic bands.

Secondary Wave Attenuation Analysls.---c-Figs. 4(a) and 4(lr) depict the variation
of the logarithmic decrement 1)2 for 0.01 s F0 :s 10 as a function of u. The
following conclusions are drawn: (I) In subcritical flow, F0 < I, the attenuation
of the secondary wave is very strong. and the strength decreases as uincreases
in the gravity band (large iT); (2) at critical flow, F. = I, the attenuation of
the secondary wave is very strong. with a minimum around the center of the
dynamic band (intermediate iT); and (3) in supercritical flow. F. > 1the attenuation
of the secondary wave has the pattern shown. For F. O!: 2, &2 decreases as
Cr increases.

DYNAMIC WAVE PROPAGATION

The propagation of a dynamic wave has been shown to be a function of
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ApPUC"'TIONS

ApPENDIX I.-REFERENCES

The analysis of the foregoing sections provides an appropriate framework
for the systematic study of shallow water waves in open channel flow. Numerous
applications are envisioned, among which some of the most important are:

I. The assessment of the accuracy of kinematic and diffusion wave models,
and the determination of the criteria for their applicability.

2. The study of the formation of roll waves in open channel flow. The present
theory validates the observed fact that roll waves are formed for F0 > 2. since
there can be no wave amplification for F. s 2 (using Chezy friction).

3. The theory enables a comparison of the various approximate wave models.
and an assessment of their capabilities and limitations.

4. Lastly. the theory provides a coherent treatment of the subject of wave
propagation in open channel flow. The conclusions may prove of interest to
engineers dealing with unsteady open channel flow phenomena.

A
a
B
C

Cf
D
d
E

F.
f
g

h.
k
L

L.

I =
p
Sf
S.
T
u =
~,
~It

'Y
fl
t
0
;,

Subscripts
d = diffusive wave;

parameter. defined by Eq. 39;
integer;
parameter. defined by Eq. 40;
parameter. defined by Eq. 41;
Chezy coefficie.nt;
parameter. defined by Eq. 50;
depth of flow;
parameter. defined by Eq. 51;
Froude number of steady uniform flow;
friction factor. defined by Eq. 7;
acceleration of gravity;
velocity head;
integer;
wavelength;
length in which the steady uniform flow drops a head equal to its
depth;
integer;
integer;
friction slope;
bed slope;
wave period;
mean velocity;
amplitude propagation factor;
dimensionless frequency;
unit weight of water;
logarithmic decrement;
a type of kinematic flow number. as defined by Eq. 37:
parameter, defined by Eq. 43;
dimensionless wave number;

T = bottom shear stress; and
00 = infinity.

ApPENDIX II.-NoTATION

The following symbols are used in this paper:
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6. Lin. C. C .. The Theory of Hydrodynamic Stability. 1st ed .. The Camhridge University

Press. London. England. 1966.7. Ponce. V. M.• and Mahmood. K.• "Meandering Thalwegs in Straight Alluvial Chan-nels." Proceedings oj the Jrd Annual Symposium. ASCE. Waterways. Harbors. and
Coastal Engineering Division. Vol. 2, Aug.• 1976. pp. 1418-1441.8. Stoker. J. J .• Wattr Waves. the Mathematical Theor)' "'ith Applications, Wiley
Interscience Publishers. Inc.• New York. N.Y .• 1957.9. Woolhiser. D. A.• arid Liggell. J. A.• "Unsteady One-Dimensional Flow over aPlane-The Rising Hydrograph," Water Resources Research. Vol. 3. No.3. Third
Quarter. pp. 753-771. 1967.10. Wylie. C. R.• Advanced Engineering Mathematics. 3rd ed .. McGraw-Hili Book Co.•
New York. N.Y .• 1966.
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I. DeSaint-Venant. B.• "Theorie du Mouvement Non-permanent des Eaux avec Application aux Crues des Rivieres et I' Introduction des Varees dans leur Lit." Compete.fRendlts Hebdomadaires des Seances de I'Academie des Science. Paris. France. Vol.73. 1871. pp. 148-154.
2. Henderson. F. M.• Open Channel Flo .... The MacMillan Co.. New York. N.Y.. 1966.,3. Lagrange. I. L.. "Memoire sur la Theorie du Mouvemenl des Fluides." Bulletinde la Cla.fse des Sciences Academie Royal de Belique, No. 1783. pp. 151-198.4. Liggett. J. A.• "Basic Equations of Unsteady Flow." Un.vteady Flow in Open Channels.K. Mahmood and V. Yevjevich. ed., Vol. I. Water Resources Publicatiol1s. FortCollins. Colo.• 1975.
5. Lighthill. M. J., and Whitham. G. B., "On Kinematic Waves I. Flood Movem~ntin Long Rivers." Proceedings oj/he Royal Society oj London. Vol. A229. May.1955, pp. "Il,I-316.

\

of the steady uniform flow Froude number and the dimensionless wave number
of the unsteady component of the motion.

For the dynamic model, the wave number spectrum is divided into three
bands: (I) A gravity band corresponding to large wave number, in which the
wave celerity is the gravity wave celerity; (2) a kinematic band corresponding
to a small wave number in which the wave celerity is the kinematic wave
celerity; and (3) a dynamic band corresponding to midspectrum values of the
wave number, in which the wave celerity falls between the gravity and kinematic
celerity values.

Primary dynamic waves propagate downstream. and they attenuate for F0< 2 and amplify for F. > 2. At the F. = 2 threshold, primary dynamic waves
neither attenuate nor amplify.

For F. $ I. secondary dynamic waves either propagate upstream or down
stream, depending on the wave number. At F. =1. secondary dynamic waves
remain stationary or propagate downstream. depending on the wave number.
For F. > I, secondary waves propagate downstream. Secondary waves attenuate
throughout the entire wave number spectrum.

Ii
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gravity wave;
imaginary;
kinematic wave;
steady uniform flow;
real;
relative to the main flow;
steady dynamic wave;
primary dynamic wave; and
secondary dynamic wave.
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g =
I
k =
0

R =
r
.s
1 =
2 =

Superscripts'
I = perturbed variable; and

= dimensionless function.
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ApPLICABILITY OF KINEMATIC

AND DIFFUSION MODELS

By Victor Miguel Ponce, I Rub-Mlog LI,2 Members, ASeE,
and Daryl B. Simons,' F. ASeE

INTRODUCTION

The kinematic and diffusion wave models have found wide application in
engineering practice. Both are approximations to the unsteady open channel
flow pbenomenon described by the complete Saint Venant equations. The
diffusion model assumes that the inertia. terms in the equation of motion are
negligible as compared with the pressure. friction. and gravity terms. The
kinematic model assumes that inertia and pressure terms are negligible as
compared with the friction and gravity terms. Although approximate, both the
kinematic and diffusion models have been shown to be fairly good descriptions
of the physical phenomenon in a variety of cases. The kinematic model has
been successfully applied to overland flow. as well as to the description of
the travel of slow-rising flood waves. The subsidence of the flood wave. however.
is better described by the diffusion model since the kinematic model, by definition.
does not allow for subsidence. What do overland flow and slow-rising flood
waves have in common that they lend themselves to description by these
approximate models? The answer to this question is the subject of this paper.

WAVE PROPAGATION IN OPEN CHANNEL FLOW

Recently. two or the writers (4) have developed an ana~ical solution for
wave propagation in open channel flow. based on a linea' ed form of the
Saint Venant equations as presented by Lighthill and Whitha (3). They took
the linearized equations and sought a solution in sinusoidal orm which led
to a system of homogeneous linear equations. The nontrivial condition for the

NOle.-Discussion open until August I, 1978. To extend Ihe closing dale one month.
a wrillen request must be filed wilh Ihe Edilor of Technical Publicalions. ASCE. This
paper is part of Ihe copyrighled Journal of the Hydraulics Division. Proceedings of the
American Society of Civil Engineers, Vol. 104. No. HY3. March. 1978. Manuscripl was
submilled for review for possible publication on Augusl 18. 1977.

I Ass!. Prof. of Civ. Engrg.• Colorado Slate Univ., Fort Collins. Colo,
. 2 Assoc. Prof. of Civ. Engrg.• Colorado Slate Univ., Fort Collins. Colo.
)Assoc. Dean for Research and Prof. of Civ. Engrg., Colorado Siale Univ .. Fort Collins.

Colo.
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APPLICABILITY OF MODELS
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c=cJ """2'

21T
f=

cCr
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in which a o and a. = the wave amplitudes at the beginning and end of one

wave period, respectively. .

Two of the writers (4) have shown that for the dynamic model (that based

on the complete Saint Venant equations), the dimensionless propagation celerity

c and logarithmic decrement & are functions of F0 and Cr (see Appendix I).

In practice, however, it is desirable to express the space parameter aas a

function of the time parameter T. Combining Eqs. I, 4, 5, and 6

Thus, c and & can be expressed as a function of Fo and T by use of Eq.

8. Furthermore, the results of the theory suggest that for the comparison of

diffusion and full dynamic models, a more appropriate parameter is TIFO' Making

use of Eqs. 2, 3, and S, fiFo is expressed as

:0 = T (::;:) ...•..........

f (g )"2
or - = TSo - ••••••••

Fo -. - do

Since

KINEMATIC WAVE VERSUS DIFFUSION WAVE

81T 2

it follows that 3J = ---
(14)

9f

The kinematic model will be vaJid when the attenuation factor of the diffusion

model, e~~, is close t?,L,Tabl:1 shows the values of e"" for vari~ l Thus,

for atleasf 950%' aetiUrt<:y of tlie kinematic wave solution after one 1-'- .Ipagation

The kinematic model breaks down when the neglect of the pressure term

is not justified. Accordingly, it is of interest to compare tbe kinematic and

diffusion models. Both models have a propagation celerity equal to I.S times

the equilibrium flow velocity. They differ, however, in the attenuation. The

logarithmic decrement of the kinematic model is 0, i.e., the kinematic model

does not allow for physical attenuation. The attenuation often observe~ in

numerical schemes based on the kinematic model is of an artificial nature

(numerical damping due to truncation errors) (I). The logarithmic decrement

of the diffusion model is (4)

2'lf
l)~ "" --u

(II)

3

Substitu!ing Eq. 8 into Eq. II

& = -~(~)
~ 3 CT

@,·jHY3

{.7\

HY3

...... (3)

. (6)
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eterminant of tne coefficient matrix yielded the propagation celerity and

)garithmic decrement (5) of small sinusoidal perturbations to the equilibrium

low, in terms of the steady equilibrium flow Froude number and a dimensionless

vave number of the unsteady component of the motion. In addition, Ponce

tnd Simons calculated the propagation celerity and logarithmic decrement

;orrespondingto the kinematic and diffusion wave models. As it will be shown

lere, the findings of the theory can be used to determine limits for the applicability

)f these approximate models, by comparing their propagation celerity and

logarithmic decrement with those of the complete Saint Venant equations. At

the outset, it is recognized that the validity of the theory is only as good as

the assumptions used in its formulation. For instance, the linearized equations

have been derived by neglecting second-order terms. Nevertheless, the findings

of the theory provide a good insight into the underlying physical mechanism.

and their validity as a first approximation appears beyond doubt.

The logarithmic decrement I) (5) is defined as

The following defmitions are advanced: u. =steadyuniform flow mean velocity;

d. = steady uniform flow depth; So = bed slope; L == wavelength of sinusoidal

perturbation to steady equilibrium flow; T =wave period of sinusoidal perturba

tion to steady equilibrium flow; c = wave celerity; Lo = reference channel

length; Fo = steady uniform flow Foude number; Cr = dimensionless wave number

of the unsteady component of the motion; and T= dimensionless wave period

of the unsteady component of the motion, such that

L
c = -

(I)

T

c
c=-.

"0

in which g = the acceleration of gravity.

The propagation celerity c can be expressed in dimensionless form by dividing

it by uo' The dimensionless propagation celerity cis

UO

F, - v'gd,
l .... (4)

(21T) -
.

- L ..

iT ='- 0······
. (5)

(L"o) .
T= T - ..

Lo
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plot of cI /C" versus f IF0 for 5 :S TIF0 :S 30. From this '6ure, for ';1 F
8, the celerity error of the diffusion model is within 5%. The curve sh
for Fo = 0.01 is an error bound.

Keeping the celerity error to within S% does not guarantee that the amp!'
error will remain within the same tolerance. Fig, 3 is a plot of ea,-a" Vt

fiFo, in which &. and 8", = the logarithmic decrements of the dynamic
diffusion models, respectively. Fig. 3 shows that for 0.1 :s F0 :s 004,
> 16, for the attenuation error of the diffusion model to be within 5%.
a wider range of Fo' say, 0.01 :s Fo s 1.0, T/Fo 2: 45. An exact vatu

the parameter TI Fo for a given error defies generalization. being as it is a fur
ofF". Nevertheless, from a practical standpoint, a value of'T/Fo> 30 is postu
(specific values of i I Fo for a given F" can be taken directly from Fig. 3).

• Applying this criterion to the same example used before, for So = (

and do = 10 ft (3.05m)

'.;'.':":::::'

tA~ of
(1) (2)

0.99 873
0.95 171
0.90 83·

T i?; 1.2 hr " .•........•..•.•. (16)

Thus, for mild channel slopes, the period has to be very long for the kinematic
model to apply (periods such as those of slow-rising flood waves). For steep
slopes such as those prevalent in overland flow, the period does not need to
be long. The steeper. the slope, the shorter the period required to satisfy the
kinematic flow assumption. The conclusion is that most overland flow problems

TABLE 1.......Dlm.n.lonl... P.riod TV.rsus Att.nu.tlon hctor b

If water discharge and channel friction are given, Uo and do Can be calculated
by the use of the appropriate uniform flow formula (Manning or Chezy).

As another example, assume a value of slope So corresponding to overland
flow. If So = 0.01, do = 1 ft (0.30S m) and "0 = 4 fps (1.22 m/s), for this
case

can be modeled as kinematic flow. Likewise, slow-rising flood waves that travel
unchanged in form can also be modeled as kinematic flow.

An explanatory note is necessary here. The criteria of Table 1 are based
on a comparison of the attenuation (described by the logarithmic decrement
8) of the analytical solutions for the kinematic and diffusion models. In a numerical
solution, however, often the truncation errors may mask the nondiffusive
character of the analytical solution of the kinematic wave, with the result that
the numerical solution of the kinematic wave may resemble the analytical solution
of the diffusion wave (I), further complicating the modeling.

The next step in the analysis is to compare the propagation celerity c" and
logarithmic decrement 84 of the diffusion model with those of the full dynamic
model. For F0 < 2, the propagation celerity of the diffusion wave, c" = 1.5,
is a lower bound for the dynamic celerity. Since only the primary dynamic
wave (that which travels downstream) is of interest here, the dynamic wave
celerity will be referred to as ci •

Fig. I shows the variation of c. as a function of f IFo' It can be seen from
this figure that C. tends to Cd as fiFo increases, for all Fo. Fig. 2 is an arithmetic

3.' . MARCH 1.978

period, the dimensionless period Thas to be greater than 171.
For example, for a channel with So = 0.0001, do = 10 ft (3.05 m) and Uo

= 3 fps (0.91 m/s), an accuracy of at least 95% in the wave amplitude after
one propagation period, requires that the period T be:

ido 171 x 10
Ti?; - = a 66 days ..................•... (IS)

Souo 0.0001 x 3
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In the second example shown, for So = 0.01 and do = I ft (0.305 m)

T ~ 8.8 min (19)

On the basis of the examples shown, it is concluded that the diffusion model
applies for a wider range of slopes and periods than the kinematic model, with
the added advantage that the diffusion model does allow for physical attenuation.
However, if inequality (Eq. 17) is not satisfied, the diffusion model breaks

-:"',
359APPLICABILITY OF MODELS I \

out here the observations of Hayami (2) regarding the nonperitnwdnt nature
of dynamic disturbances in open channel flow. He reasoned that given all the
irregularities present in natural river channels, it is striking that the general
pattern of the flow closely resembles that of uniform flow. The reason for
this lies in the strong dissipative tendencies of dynamic disturbances, its
nonpermanency being manifested in the appearance of uniform flow. Kinematic
and diffusion waves, however, do not share the strong dissipative tendencies
of dynamic waves due precisely to their long duration, or relatively large bed
slopes. or both.

HY3HY3

(18)
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CONCLUSIONS

The applicability of the kinematic and diffusion models is assessed by comparing
the propagation characteristics of sinusoidal perturbations to the steady uniform
flow for the kinematic. diffusion, and dynamic models (the dynamic model
is that based on the complete Saint Venant equations). The comparison allows
the determination of inequality criteria that need to be satisfied if the \cinematic
or diffusion models are to simulate the phy.sical phenomena within a prescribed
accuracy.

It is shown that bed slope and wave period (akin to wave duration in waves
of shape other than sinusoidal) are the important physical characteristics in
determining the applicability of the approximate models. Larger bed slopes or
long wave periods will satisfy the inequality criteria. In practice, larger bed
slopes are those of overland flow, and long wave periods are those corresponding
to slow-rising flood waves.

The diffusion model is shown to be applicable for a wider range of bed
slopes and wave periods than the kinematic model. Where the two models
break down, only the dynamic model will simulate the physical phenomena.
The dynamic model, however, is shown to have markedly strong dissipative
tendencies. This conclusion has had ample corroboration in the literature.
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down and only the full dynamic model can properly account for the rate of
travel and amount of attenuation of the wave.

ApPENDIX I.-EQUATIONS FOR PROPAGATION CELERITY CAND LOGARITHMIC DECREMENT

&

[(C +(A2 + B2)'I2; D

The equations for i: and & of the complete dynamic model are e'l = 1 ± D

B+E
& = -21T---

1.2 II ± VI

in which A = (l/Fn - B2; B = 1/(aF~); C
. )/2]I/l; and E = [(C - A )/2]1/l.

FULL DYNAMIC MODEL

Fig. 1 and 4 show c, and eO, as a function of Fo and 'i/Fo . For
of /Fo :s 30, i.e., the range where only the full dynamic model would apply,
very strong attenuation is shown. For instance, for 'i/F. = 30, and Fo = 0.2;
eO' = 0.23. This explains the nonpermanent characteristics of the dynamic wave:
once formed" \/ill attenuate quickly. In this regard, it is of interest to point



ApPENDIX lit-NOTATION

The/ollowing symbols are used in this paper:

Subscripts

I = pertaining to primary dynamic wave (traveling downstream);
d = pertaining 10 diffusion model; and
k = pertaining to kinematic model.

. ""\
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ao = wave amplitude at beginning of period;
Q 1 = wave amplitude at end of period;
c = wave celerity, Eq. I;
C = dimensionless wave celerity, Eq. 6;

do = steady uniform flow depth;
Fo = steady uniform flow Froude number;
g = acceleration of gravity;
L = wavelength;

Lo = reference channel length, Eq. 2;
So = bed slope;
Uo = steady uniform flow mean velocity;
T = wave period;
8 = logarithmic decrement, Eq. 7;
of = dimensionless period, Eq. 5; and

Cr = dimensionless wave number, Eq. 4.
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EXECUTIVE SUMMARY

Multiple uses of our scarce water resources is necessary to maintain and

improve the quality of life in New Mexico. This study has investigated one

such multiple use wherein downstream transfers of wate~ between reservoirs can

be scheduled to improve \'Jhite water recreation. The section of river studied

was a 29 mile reach of the Rio Chama between El Vado and Abiquiu reservoirs.

A framework for decision making was developed via an interactive computer

model. Given the system variables of inflows, outflows, desired flows,

evaporation, and precipitation, the model computes hourly hydrographs at

five river sections, and changes in reservoir volumes and elevations over the

duration of the hydrograph. The model was verified against measured values

and, with certain limitations discussed in the report, simulates the system

~ fairly well. The model is intended as a management aid to study the

consequences of scheduled water releases •

•
iv



ACKNOWLEDGH1ENTS

Numerous individuals have assisted in this project. Thanks go to my

programmer, Jerry Duggan, for' his aid in "crunching some numbers". Lynnette

and Arlette Barboa spent long hours compiling and analyzing the data. Bill

Dein and Terry Perkins of the U. S. Geological Survey provided unpublished

materials invaluable to this project. They were always willing to help.

Rick Lukens, graduate assistant in Agricultural Economics, shared his pre

liminary data from a river user survey taken this last summer. Finally,

a special thanks goes to Bob Findling of State Parks Planning for recognizing

the need for this study and giving of his time and energy_

Conserve New Me~ico's Land and Water

v

II

(



INTRODUCTION

(~ PURPOSE

In arid New Mexico, water based recreation is held at a premium. Much

of the water related activity is associated with the major reservoirs. However,

there are some important exceptions to this generalization. One of these is the

use of certain rivers or river reaches for white water recreation, primarily

rafting, .canoeing, and kayaking. In New Mexico, the premier white water area is

_
(

the upper Rio Grande, above Cochiti Reservoir. The other important area is the

Rio Chama between £1 Vado and Abiquiu Reservoirs. On a good weekend over 100

people are attracted to rafting on the river.

Rafting is dependent on water, as is most everything else in the state.

Therefore, when low flow season comes each year, rafting stops. Exceptions

occur when water is released from El Vado Reservoir to meet the needs of users

in the Middle Rio Grande Conservancy District or other legal constraints. If

these releases occur on a. weekend, and they are of sufficient magnitude and

duration to provide a quality rafting experience, then the water enjoys a

multiple use. Unfortunately, trying to guess when the releases will occur is

often just a game of chance.

There are options, though, for use of water associated with the San Juan

Chama (SJC) Project. With the SJC, approximately 100,000 acre-feet (AF) per

year are diverted from the San Juan River basin into the Rio Chama drainage

above El VadoReservoir. Of that amount, approximately 48,000 AF per year
"

are for use by the City of Albuquerque. That water is not needed at this

time and can be disposed of by the city through sales or trades, or it can be

stored in Abiquiu Reservoir or "banked" in Elephant Butte Reservoir. With such

flexibility, the city is in a good position to use its water to enhance white

._ water recreation potential on the Rio Chama during the low flow period.



The purpose of this project was to study the historic and current conditons (~~

related to the hydrology and hydraulics of the two reservoir-one channel system,

and to develop a framework for determining the magnitude, timing and consequences

of releases on the system. This was done through data compilation, field studies,

data analyses, and mathematical modeling.

OBJECTIVES AND SCOPE

Specific objectives of this project were:

1) Definition of the hydrology of the reach,

2) Determination of reservoir operating conditions,

3) Development of a water routing model for the reach, and

4) Application of the model.

The scope of work was limited to examining and analyzing available data on

the hydrology of the system and the reservoir operation, and to field data ( _

collection where possible. A mathematical model based on storage routing,

considering the available data base, was modified and applied to the river

reach.

2
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PHYSICAL CHARACTERISTICS OF THE SYSTEM

LOCATION AND HYDROLOGIC FEATURES

The river reach studied in this project is located between El Vado

Reservoir, upstream, and Abiquiu Reservoir downstream on the Rio Chama

(Figure 1) in northwestern New Mexico. Access to the river is poor, one reason

for its appeal and also its lack of use for other purposes. The river winds its

way between beautiful mesas and ampitheaters over most of its course. During

spring runnoff or summer rainfalls, the river is fed by three major tributaries

in thi s reach. These are the Rio Nutrias, Rio Cebolla , and Rio Gallina,

respectively from upstream to downstream. These tributaries can and do provide

large inflows of water and sediment at times.

Two gaging stations define the hydrology of the reach, Rio Chama below

El Vado Dam (hereafter below E1 Vado) and Rio Chama above Abiquiu. These gages

demark the beginning and ending points of the routing model, but also (roughly)

the launch and take out points for the whitewater rafters.

The river can be classified as an armoured, fixed bed cobble and boulder

stream. Because of high sediment loads from the streams draining the

surrounding mesas, there are often large sand and gravel deposits overlying

the bed at different points. Measured sediment discharges at the above Abiquiu

site ranged from about 10 to 10,000 tons per day during water year (WY) 1980.

Typical river widths during high flows are in the range of 100 to 150 feet.

Width to depth ratios are on the order of 25 to 35 for high flows, and computed

average velocities range between 4 and 9 feet per second. The river has an

average slope between the gage sites of about 0.003, dropping approximately 421

feet in elevation from 6696 1 to 6275' ms1. Relief of over 1,000 feet from

stream bed to adjacent mesa tops is common, producing the beautiful scenery

that abounds along the Rio Chama.

3



Rio

Heron
Reservoir

~

",16
~1i 1es

t
N New

~1exi co

•

Location
t1an

FIGURE 1 - Sketch Map of the-Study
Area. Flow is from
E1 Vado to Abiquiu.

4

II



Ie HYDROLOGY AND SYSTEM COMPONENTS

The hydrology of the system can be defined in terms of the existing

hydrologic stations (Figure 2). In addition to the two mentioned earl ier,

there are Willow Creek below Heron Dam, Rio Chama near La Puente, (both

inflows to El Vado Reservoir), El Vado Reservoir, Abiquiu Reservoir, and Rio

Chama below Abiquiu Dam.

Heron Reservoir on Willow Creek stores water diverted through the Azotea

Tunnel from the San Juan River basin. Average discharge from the Azotea Tunnel

for ten years thro.ugh WY 80 was 135 cubic feet per second (cfs) '" 98,000 AF

per year. Diversions are almost exclusively during the period April through

September. Under the laws controlling the diversions, diversions shall not

exceed 1.35 million AF for any ten consecutive years or 270,000 AF in any

one year (USBR, 1963). The projected average diversion is 11 0,000 AF per year.

Heron Reservoir is operated primarily in response to its two major users, the

Middl e Rio Grande ConservancyDi strict (~1RGCD) with a contract for 20,900 AF

and the City of Albuquerque with a contract for 48,200 AF. Albuquerque probably

will not need all of its water to offset groundwater depletions until after the

year 2000. The MRGCD purchased Albuquerque water in 1977 because of low flows in

the Rio Grande. The U.S. Department of the Interior, Bureau of Reclamation (USBR)

owns Heron Reservoir and MRGCD owns El Vado Reservoir, which is operated by the

USBR to meet the needs of the water owners.

The Willow Creek below Heron Dam gage depicts reservoir operation. Average

yearly water yield for nine years up to WY 1980 were 75,350 AF. The difference

between Azotea Tunnel outflow and this value is approximately what is being

stored in the reservoir (storage ranged from about 240,000 to 370,000 AF in
".\e 1980). Heron Reservoir which has a storage capabity of about 400,000 AF, was

filled for the first time in 1982.
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FIGURE 2 - Schematic of the Rio Chama System in
the Study Area.
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te Flow records for below Heron show periods of releases for irrigation (April 

September) and other downstream water transfers, such as to Cochiti and Elephant

Butte Reservoirs since 1975. Therefore, the flow below Heron mimics the Azotea

Tunnel inflow except for that inflow which is stored.

The other major inflow to El Vado Reservoir, the Rio Chama, is gaged near

La Puente. Average water yield at that point is 231 ,000 AF for 25 years up

through WY 1980. A large percentage of the yield comes during the spring runoff

period of April through June. In WY 1980 thi s peri od accounted for over 90%

of the total yield. Late summer and early fall flows are significant to the

rest of the year. However, they are comparable to outflows from Heron Reservoir

for the same period.

El Vado and Abiquiu reservoirs bound the river reach that was studied. El

Vado is owned by MRGCD and operated by the USBR. Abiquiu is owned and operated

by the U.S. Army Corps of Engineers (COE). Each has different purposes and

functions. E1 Vado Dam was built by the Middle Rio Grande Conservancy District

and completed in 1935, for the purpose of storing irrigation water. It was

rehabilitated by the USBR with an improved emergency spillway and a new outlet

works to handle releases of San Juan-Chama Project water. It has a capacity of

about 195,000 AF.

El Vado Reservoir is filled, subject to the provisions of the Rio Grande

Compact, by retaining all or part of the inflows in excess of downstream senior

water rights on the Rio Chama. Filling is restricted to not exceed 2 feet per

day (USBR, 1975). Storage is also limited to prevent use of the emergency

spillway (Sabol and Gordon, 1980).

Releases are made to meet downstream water rights, to supply the Middle

Rio Grande Conservancy District with releases from storage for irrigation

purposes, and to bypass San Juan~Chama Project water releases from Heron

7



Reservoir. During April through October, whenever a low flow condition

occurs on the Rio Chama, the release from E1 Vado Dam is to equal the natural

inflow of the previous day. A low flow condition is defined as the period when

the mean daily natural flow of the Rio Chama at Abiquiu Dam is equal to or less

than 100 cfs. The outlet gates are normally set every day at about 1100 hours.

All natural inflow must be bypassed; therefore, the reservoir storage will be

reduced by the computed evaporation of the previous day (USSR, 1975). During

November through March the natural inflow is bypassed. To avoid use of the

erodible emergency spillway, reservoir operation required the reservoir surface

be maintained below 6900.0 ft prior to June 1 and 6896.2 after June 1. The

New Mexico State Park and Recreation Division has facilities on the lake and

administers the recreational areas of El Vado Reservoir.

The Abiquiu Dam and Reservoir is located on the Rio Chama about 32 miles

upstream from the confluence with the Rio Grande. The dam is a COE project

originally built for flood and sediment control and is located about 30 miles

northwest of Espanola. Late in 1981, Conqress passed Public Law 97-140 which

authorized the storage of up to 200,000 AF of the San Juan-Chama Project

water in Abiquiu Reservoir. The total capacity of the reservoir is 1,383,000

AF of which 502,000 AFare for flood control and 66,400 AF are for sediment

retention. Under a new operating plan, storages of that San Juan-Chama Project

water owned by Albuquerque may increase the conservation pool to 200,000 AF. A

450,000 AF conservation pool is being studied by the COE. Maximum contents,

up to 1980, were 205,300 AF in 1973. If higher permanent pools are maintained,

a challenging section of the river will be inundated. This will occur at about

300,000 AF based on current area-elevation-capacity data, corresponding to an

elevation of about 6240 feet above mean sea level.

8
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The Abiquiu Dam and Reservoir is operated primarily for flood and sediment

control in accordance with conditions and limitations stipulated in the Flood

Control Act of 1960. Reservoir regulation is coordinated with Cochiti, Jemez

Canyon, and Galisteo Reservoirs and with the San Juan-Chama to about 2000 cfs,

which is the channel capacity below Abiquiu Dam. Flood control releases are

contingent upon flows in the Rio Grande and inflows to Rio Chama below Abiquiu

Dam. In all cases, flood control storage is released as soon as practicable

after a flood, within the restrictions imposed by the Flood Control Act of

1960.

./e
\

The potential for additional storage in Abiquiu and its impacts not only

concern white water enthusiasts but also the Ecological Services of the U.S.

Fish and Wildlife Services (Hoppe, 1982). Ecological Services views the

changes with its potential impacts on riverine, riparian, and upland habitats .

All effects of transferring Albuquerque water to Abiquiu must be addressed

in a broader analysis than is capable within the scope of the project.

The final key site is the gage below Abiquiu Dam. Records show that it

too reflects the response to irrigation bypasses and flood control needs.

DATA ANALYSES

In order to best understand the entire system, a ,set of data were analyzed.

Information on how the system operates and what parameters are needed for the

management model were derived from the data. The three months of most interest

are August, September and October, primarily up to about October 15. This

period contains 11 weekends. Data were compiled for these three months (and

part of July) for stream flow, precipitation, and evaporation. The period was

narrowed to post SJC project and was selected as 1974 through 1980. The average

(~ daily flow for the three month period was about 300 cfs. The average values for

each of the months are shown in Table 1.

9
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TABLE 1 - Average Daily Flow for
the Summer Period 1974 -
1980. Based on Average
Dailies for the Month.

Component t~onth Mean Flow, Cfs Standard Deviation, Cfs

Inflow to El Vado Aug. 96 52
(~Ii 11 ow Creek plus Sept. 76 49
Rio Chama) Oct. 63 34

Outflow from Aug. 370 176
El Vado Sept.~ 320 218

Oct. 204 127 ( ....

Inflow to Aug. 379 171
Abiquiu Sept. 328 224

Oct. 192 147

Outflow from Aug. 467 217
Abiquiu Sept. 341 228

Oct. 239 172

10
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In comparisons the previous 14 years s WY 1960-1973, had a mean of about 180 cfs.

This is a significant difference at the 10% level from a t - test. Such a

difference is expected as the values in the post project period should be higher

caused by project operation.

Daily flow values were studied using auto and cross correlation lagged up

to seven days. This was done to examine how flows were interrelated and how

the reservoirs were operated. Over 500 correlations were investigated. Auto

correlations showed a strong value at lag 1, i.e. the second day was related to

the first. Higher lags had decreasing correlations as expected. Cross

correlations indicated differences. For the reservoirs operating to bypass

inflows the lag 0 (same day) or lag 1 correlation should be significant s as it

is at Abiquiu. The El Vado datason the other hands indicated poor cross

correlations between inflow and outflow for five of the seven years. These

poor correlations are caused by flow augmented transfer or storage.

River flows for the eleven-three day weekends per year were studied. Of

the 225 days (six missing from October 1980)s 31% had flows greater than or

equal to about 500 cfs. Approximately 16% had average daily flows greater than

or equal to about 750 cfs. There is a wide variation between years with some

years having only three flows in the 500-600 cfs range.

Precipitation and pan evaporation data were also analyzed for the same

period and only the weekends (261 days in this case). The chance of having ,.

rain on any weekend day was found to be 21%. The. average daily rainfall, when

it rained s was about 0.2 inches. Rainfall depths have an exponential

distribution. It also appears that any weekend, 1 to 11, is just as likely to

have rainfall as any other. The maximum daily precipitation for the period was

1.75 inches. Pan evaporation was also variable, but it was continuous. Table 2

lists the average rates for each reservoir for each of the 11 weekends.

11



TABLE 2 - Average Daily Pan Evaporations at El Vado (/and Abiquiu Reservoirs, Weekends of August 1
through October 15, 1974 through 1980.

Evaporation in Inches Per Day

Weekend El Vado Abiquiu

1 0.27 0.32
2 0.25 0.28
3 0.23 0.31
4 0.22 0.20
5 0.22 0.29
6 0.21 0.27
7 O. 17 0.23
8 0.19 0.24
9 0.18 0.25

10 0.20 0.23
11 0.15 0.22

(
\

Results of the data analyses discussed used in model devel-
!

above were

opment. In addition, the average flows can be used by a mana~er to help set

scenarios for the model.

One important piece of information that has recently become available in a

preliminary form is what flows are desired by the white water recreationists.

Rick Lukens (personal communication) has provided information from a field

survey administered this summer. His data indicate that the ideal flow for

all boaters (kayak, raft, canoe) has a median value of approximately 2300 cfs.

Only 20% of the respondants felt that flows below. 1000 cfs were acceptable.

In comparison, fisherman desired flows with a median of 500 cfs, 73% wanted

-~i-:"'_
-~-,

".::~.

~..
........

flows below 1000 cfs, and 94% wanted flows less than 2300 cfs. It has been

suggested that 750 cfs be used as the standard for boating during the low

flow period. Another set of data provided by Lukens yielded the fact that

12
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during the period of April 8 through August 14, 1982, over 650 people used the

Rio Chama for boating. About 50% of these people were on the river during the

spring runaff period of May 22 to June 6, 1982. Flows at that time ranged

between about 1600 and 3400 cfs. Therefore, it might be advantageous to

investigate scenarios based upon higher flows than 750 cfs.

With the above data, some preliminary comparisons can be made. Given a

desired flow level, a worse case augmentation can be determined. If a continuous

flow of 2300 cfs for eleven-three day weekends is desired, simple computations

indicate that over 150,000 AF is needed, far in excess of the available supply.

Similarily, if 42,000 AF is available, the average flow for the same period

could be augmented by 733 cfs. So there appears to be enough water for the 750

cfs level, but not for the median level indicated by boaters. The management

model is designed to help investigate the tradeoffs.

13



DEVELOPMENT OF THE MANAGEMENT MODEL

APPROACH

What was needed for the study is a framework for analyzing different flow

scenarios for the river reach between E1 Vado and Abiquiu. To fulfill this goal,

an interactive computer model, which includes components for the two reservoirs

and the river segment, was developed. The model is structured so that the user

can rapidly modify systems variables that can be managed including magnitude of

reservoir outflows, duration of outflows, and contents in the reservoirs. Some

system variables, such as channel geometry, routing parameters, and natural

inflow at la Puente are not subject to management decisions. Some are fixed in

the model and others can be varied to study different scenarios. An application

of the model is presented in a later section.

CHANNEL MODEL

(/

(
)

Two types of models were studied, two versions of the Muskingum method and

a finite difference diffusion wave model. After reviewing the available data

base, the finite difference model was dropped from consideration as being more

sophisticated than was warranted. Instead, two versions of the Muskingum method

were studied, the generalized basic Muskingum method and the Muskingum-Cunge

with variable parameters (MCVP).

Muskingum Method

The Muskingum method is well known tp hydrologists and hydraulic

engineers, and is well established in the literature (Chow, 1959). It was the

first model studied for possible adoption.

Unpublished streamflow data in the form of hourly gage heights were

obtained from the U~ S. Geological Survey in Santa Fe. Stages for selected ~

14
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releases were converted to discharges using stage rating tables supplied by

the USGS. Seven releases from the period WY 1977 through 1979 were initially

selected for further study. Two of these were eliminated on further inspection.

The Muskingum model was applied to the data to determine the pertinent llarameters.

In the Muskingum model

S = K (X I + (1 - X» '0 (1)

where S = storage in'reach
I = inflow to reach (El Vado releases)°= outflow from reach (above Abiquiu gage)
K= a time of travel parameter
X = weighting parameter, Le. if X=l inflow controls storage,

if X=O outflow controls.

where

'.\-
The above can be manipulated to give

02 = ClI l + C2I2 + C301

02 = outflow from reach at time 2 (next time step)

1
1

= inflow to reach at time 1 (current time step)

12 = inflow to reach at time 2

0, = outflow from reach at time 1

the coefficients are found from

(2)

and

where

_tot +2KX
Cl - At + 2K(1-X)

_ At - 2KX
C2 - At + 2K{l-X}

C
3

= -(tot + 2KX) + 2K
tot + 2K(1-X}

(3)

(4)

(5)

(6)

This model will work fora well behaved channel system, i.e. geometry and no

inflows. Unfortunately, but as expected, the system changes geometry with

discharge and inflows become a problem. This is evidenced by Table 3 which

15



(7)

shows the parameters as determined for each event.

Table 3 - Muskingum Method Parameters Kand X, El Vado to
Abiquiu Reservoirs - Rio Chama. Discharges in
cubic feet per second.

0.05, and 0.90 for Cl , C2, and C3, respectively, are suggested to be used in the

basic model.

Muskingum-Cunge with Variable Parameters

After mixed success with the basic Muskingummodel, the next step

was to apply a more sophisticated approach that accounted for variabil ity in"

the channel geometry. This was the Muskingum-Cunge with variable parameters

(Ponce and Yevjevich, 1978). The model is formulated as above in equations 1

through 6, except now the K and X parameters are allowed to vary depending on

. cross sectional hydraulic characteristics. In the revised scheme,

K = t:.x
c

and
X = ~ (1 - s6ct:.x)

--- II I
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where
6X = distance between cross sections

or node points

c = flood wave celerity

q = unit width discharge

and So = channel bed slope

The celerity is found from
_ dQI

Ci ,j - dA. .
1,J

(9)

and

where

Q. = ~I1., j B·.1,J

Q = discharge at section j for time period i

A = cross sectional flow area for the above Q

(10)

and B = channel top width for the above Q

From Mannings equation or stream discharge measurements, relationships can be

deve loped for Q, A, and B of the form

and

(11)

(12 )

Substitution .and manipulation with equations (9), (10), (11), and (12) gives

Ql-bl ' b'
c = a b = al Q 1 (13)

1 1

l-b2 '
q = Q = a2~ Qb2 (14)

a2

where a
l

, a
2
, b

1
, b

2
, al~' bl~' a2', b2' are derived or measured parameters.

A four point implicit scheme is used in the model. In this scheme, the

average c and q for the three known flows 11, 12, and 01 are used to estimate

i.e O
2
• Oi scharge O2 is then used to solve for a fourth set of c and q values.

All four c and q values from I1~ 12,01, and O2 are then used to estimate °2

again until the error between estimates is less than 1%. This was usually

17



accomplished in less than five iterations.

One appealing characteristic of the MeV? method is that is allows one to

subdivide the river segment for routing through measurement and use of channel

cross sectional data. Sufficient information was provided for the below El Vado

and above Abiquiu gages so that a and b paramenter could be derived (Bill Dein

and Terry Perkins, USGS, Santa Fe, Personal Communication). On August 17 and

18 of 1982, channel surveys were conducted by the author, Bob Findling of State

Parks Planning, and Andy Missey of NMSU. Channel slopes were measured at the

below E1 Vado and above Abiquiu sites. Three intermediate cross sections were

also measured--below the inflow of the Rio Gallina, above the inflow of the Rio

Cebolla, and downstream of the Rio Nutrias. Cross sectional parameters and

slopes were very similar at all five sections except the section downstream of

the Rio Nutrias. This was not too surprising as the channel in the section was

affected by tributary inflow and it was substantially wider than at other

sections.
(

From the supplied data and field measurements parameters were determined

)

for each section as listed in Table 4.

Table 4 - Parameters for Rio Chama Cross Sections
Used in Equations 13 and 14.

Section
Number Name

b ...
1

b ...
2

To next section.
Slope, So Distance, ~x, miles

below
1 El Vado 0.11 0.60 0.021 0.87

below
2 Nutrias 0.25 0.50 0.013 0.87

3

4

5

above
Cebolla

below
Ga 11 ina

above
Abiquiu

0.09 0.63 0.023 0.90

0.26 0.48 0.029 0.84

0.22 0.51 0.030 0.85

18
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0.003

0.002

0.003

5.48

7.71

8.71
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These parameters were derived by noting similarities with the two end stations

and the results of channel surveys. The results they produce are realistic

and within the bounds of measured values.

The MCVP model was tested with the same data base as listed in Table 3 and

compared with the simplified version using only the two end sections. In the

method the model predicts all flows at the first dm'mstream section before

proceeding to the next section. Another approach would be to move from one

section to the next until all sections were completed before going to the next

period. Based on the correlations between measured and computed outflows the

bas i c method was a bi t better in blo cases, the MCVP was better in one case, and

the two were about the same in the other cases. As discussed previously~ there

were some lag problems in the measured hydrographs that could not be reconciled

but were used as a basis for testing anyway. Hydrographs at the intervening

sections were produced by MCVP, a feature not available for the basic method.

A cross spectral lagged correlation coefficients between measured inflow and

measured the computed outflows were calculated. By way of comparison~ the

highest correlation was in the 4 to 8 hour range f6r the MCVP and a constant 6

hours for the basic. The MCVP should vary because lower flows should take

longer (8 hours) to traverse the section then do higher flows (4 hours). In

contrast~ the structure of the basic method fixes the lag as a constant. A

weighting scheme was attempted to help improve the MCVP estimates, but was

abandoned with inconclusive results. Based on all the analyses, the r~cvp was

accepted for use because of its relatively good comparisons with measured

values and the fact it provides information for intermediate sections. One

limitation of the method~ however~ has been discussed by Ponce and Theurer (1982).

In a numerical study of hypothetical channels they found that with a fixed time

increment (one hour in this model) the space increment should be held below a
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certain value. This constraint is violated for the Rio Chama primarily because,

unlike hypothetical channels and time increments, real channels and flow data

contain physical constraints as to where and how many sections can be practically

accessed and measured. The three intermediate cross sections were chosen because

of their relationship to other physical features. Because the space constraint

is slightly violated, it is believed that it will not have a recognizable affect

on the model performance. Ponce and Theurer also suggest that C2 be constrained

to C2 ~ 0.33. This did not seem to affect the accuracy of the basic model

where C2 =0.05 and the correlations were quite high in most cases. How

important these constraints are for natural channels with variable geometry is

yet to be demonstrated by a numerical study.

RESERVOIR MODEL

= V. + I - 0 - E + P
1

where V = reservoir contents at time period i or i+l

I = inflow to reservoir

o = outflow from the reservoir

E = evaporation from the reservoir

and P = precipitation into the reservoir

In the model, inflows and outflows are either defined by the user or computed

by the'routing model. Volumes are initially defined by the user then updated

during each scenario; evaporation and precipitation are estimated from measured

values taken at the dam sites or estimated by the user for each model run.

20
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(~ Evaporation is adjusted from pan values and precipitation is adjusted for

reservoir surface area. Read in area-e1evation-capacity tables are used to

e(

convert from any value to the other important parameters. The basic time period

in the reservoir model is one day while in the routing model it is one hour.

For consistency t all information is transformed into daily val ues before bei ng

displayed. The reservoir model was developed and tested using data from the

period WY 1974 to WY 1980. Because the low flow months of August through

October were of interest, only these times were used in model testing. River

inflows and outflows are easily measured during this time. However, some of

the ungaged tributaries to Abiquiu can provide inflows which can cause the

Abiquiu model to generate negative volumes. This must be monitored as there

is no easy method for accounting for these inflows at this time. Numerous

regressions were attempted to relate the error in volume to other measured

inputs, with only limited success. However, when the reservoir is high

('" 100,000 AF) and the major inflow is the Rio Chama, then the model predicts

fairly close to measured. In contrast, the El Vado comparison was extremely

close with the predicted and measured values being related almost one to one.

After the reservoir and channel models \"ere 1inked with appropriate interactive

language, the management model was used to study different scenarios.: An

app1i.cation of the model to a selected scenari 0 i s presente~ in the fo11 owi ng

section.

MODEL APPLICATION

The management model is in an interactive format. Questions are asked

by the program and are answered from the keyboard. The data that are required

include:
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1) Current outflow from El Vado, in cfs

2) Current inflow to Abiquiu, in cfs

3) Required discharge(s) in the river, in cfs

4) Length of time(s) discharge(s) is to be sustained, in hours

5) Rate of river rise, in cfs per hour

6) Inflow to El Vado, in cfs

7) Outflow from Abiquiu, in cfs

8) Initial contents of El Vado and of Abiquiu

9) Evaporation and precipitation, both in inches, for El Vado

and Abiquiu. These can be entered by the user. If not, the

program estimates the values based on the weekend, 1 to 11,

and the statistics of these variables for the two reservoirs.

Thyprogr~1TI thel1 initializes the different variables, sets the inflow

hydr0~a.ph." and, H needed, estimates evaporation and precipitation. The

data set is printed upon request.

The program computes

1) Hydrographs at the next four downstream sections and prints them

if requested,

2) inflow and outflow statistics and prints them if requested,

3) new reservoir volumes and elevations, and prints them if requested,

and

4) updates the reservoir information for the next time period, if

requested.

The user may then run again using updated information, change the

information, or quit.
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Section

2 - Nutrias

3 - Cebolla

4 - Gall ina

5 - above Abiquiu

Time Since Release~ hours

1

3

5

6

2) Total duration of hydrograph from start at El Vado to return to initial

conditions above Abiquiu site = 39 hours

3) Change in contents~ El Vado = - 1249 AF

Change in contents~ Abiquiu = + 1197 AF

23



4) Change in elevation, El Vado = - 0.6 feet

Change in elevation, Abiquiu = + 0.4 feet

As can be seen from this example, the change in inflow and outflow has a fairly

significant effect on the two reservoirs. One reason is that holding the flow

at 1000 cfs for 12 hours transfers ~ lot of water. With the routing portion

of the model, however, the effects of different schemes can be assessed to

find the best combination of rise rate and duration.
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SUMMARY AND CONCLUSIONS

This study had the goal of providing managers with a framework for

evaluating the consequences of reservoir releases for white water recreationists.

This framework is provided by a interactive model based on physical and stochastic

processes. With the model a manager can estimate travel times of the release,

reservoir drawdown, and reservoir filling, for different scenarios or in a real

time operational manner.

The model does have some limitations. The data base on which it was

calibrated has some weak points. A contral1ed release from El Vado and accurate

measurements of travel times would aid model refinement. More field work to

define each section, complete with detailed flow measurements would be beneficial.

And finally, a better accounting of Abiquiu inflows is necessary for the mass

balance approach.

In conclusion, the framework developed for this study is just a beginning.

It will be linked into a larger overall project aimed at developing a Rio Grande

system management model. When put in context with the entire system, the Rio

Chama model devel oped here wi 11 be of great benefit in yet another application.
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