
EM 1110-2-1601
1 Jul 91

Appendix D
Computer Program for Designing Banked
Curves for Supercritical Flow in
Rectangular Channels

D-1. Introduction

a. General. The design of curves for supercritical
flow may include several alternatives which produce
curves that perform satisfactorily for the design flow and
that are compatible with existing field conditions. The
solution for any one alternative is time consuming,
requiring trial-and-error computations. The alternative
designs described in this appendix include basic limiting
design criteria developed by the US Army Engineer Dis-
trict (USAED), Los Angeles. Combining the results of
two or more of these alternatives should produce a
satisfactory design for nearly any condition. A list of
symbols used in the program (Plate D-1), a program
listing (Plate D-2), a program flow chart (Plate D-3),
subroutine flow charts (Plates D-4 and D-5), an example
input sheet (Plate D-6), and an example output listing
(Plate D-7) are included herein. The computer program is
written in FORTRAN IV and has been tested on a
GE-425 computer through a remote teletype terminal.

b. Hydraulic elements.The hydraulic elements are
computed using an equation for open channel flow
adapted from the Colebrook-White equation for pipe flow
(HDC 224-1). The equivalent open channel flow equation
in terms of Chezy C is

(D-1)C 32.6 log10
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where

Rn = Reynolds number = 4RV/ν

R = hydraulic radius

V = velocity

ν = kinematic viscosity of water at
given temperature

k = assigned equivalent roughness
height

Equation D-1 is graphically presented in Plate 3,

Appendix B. Its derivation is described in HDC 631 to
631-2. The equation has been used in the program
subroutine because it is equally applicable to all flow
zones and eliminates the need of advanced prediction of
the channel flow type.

c. Spiral transition. The modified spiral
(McCormick 1948) is used for the transition between the
tangent and fully banked sections of the curved channel.1

This type of curve permits location of the channel interior
and exterior walls by means of a simple coordinate sys-
tem based upon a series of circular arcs of uniform length
compounded to approximate a conventional spiral. The
initial arc has a large radius, and the radius of each suc-
ceeding arc is decreased in a prescribed manner until the
desired channel curve radius is attained. The advantage
of the modified spiral over a conventional spiral is real-
ized during field layout of the short chord lengths
required for the concrete wall forms.

d. Tables of spiral transition. Tables have been
prepared for 22 different spirals (McCormick 1948) to
facilitate design layout and field location. The curve
numbers in the tables correspond to the number of
seconds in the central angle of the first arc of the spiral.
This designation is followed in the computer program.
However, the curve and corresponding number computed
by the program may not be listed in the modified spiral
tables because the program selects the exact curve for the
specified radius and spiral length.

D-2. Description of Problem

The basic criteria for the design of spiral-banked curves
for rectangular channels are given by Equations 2-33, 2-
34, and 2-36 of the main text. A review of these equa-
tions reveals that the designer has several alternatives at
his disposal to satisfy the design criteria. For example, if
the minimum radius of curvature is selected from Equa-
tion 2-34, i.e.,

(2-34, D-2)rmin

4WV2

gy
4WF2

then the maximum allowable amount of banking (differ-
ence between inside and outside invert elevations in the
circular curve) is required. The amount of banking (e ,

________________________________________________
1 References cited in this appendix are included in

Appendix A.
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Plate D-8) is equal to twice the superelevation given by
Equation 2-36. For C = 0.5 ,

(2-36, D-3)e 2∆y (2)(0.5)V 2W
gr

V 2W
gr

Where r = rmin , e is therefore a maximum, or

(D-4)emax

V 2W
grmin

y
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Also, the minimum recommended spiral length for banked
curves (Equation 2-33) is

(2-33, D-5)Ls 30∆y

The choice of minimum radius of curvature in Equa-
tion 2-34 (D-2), maximum banking (Equation D-3), and
the corresponding spiral lengths (Equation D-5) results in
the shortest total curve length. If radii greater than mini-
mum are selected, then according to Equation 2-36 (D-3),
the amount of banking would be less than that expressed
by Equation D-4. Moreover, both the radius of curvature
and the spiral lengths may be arbitrarily selected to satisfy
field conditions so long as they exceed the minimum
criteria as expressed by Equations 2-33 (D-5) and 2-34
(D-2). Also, the entering and exit spiral lengths do not
have to be equal as long as each exceeds the value deter-
mined by Equation 2-33 (D-5). It should be noted that
with banked inverts, an upper limit on the radius of cur-
vature exists at which the banking (2∆y) is less than 0.5ft.
In this case banking and spiral transitions may not be
necessary (paragraph 2-5b). Substituting this limiting
(0.5 ft) value for e into Equation D-3 and solving for
r , the limits for the radius of curvature where banking is
required can be expressed as

(D-6)4WF2 ≤ r ≤ 2WyF2

Lastly, the transverse slope 2∆y/W of the water surface
should not exceed 0.18 which corresponds to a slope
angle φ of 10 deg (Equation 2-36, D-3).

a. Free drainage. Another criterion that must be

satisfied in some cases is that the channel be free drain-
ing. Banking is introduced by rotation of the bottom
about the channel invert center line. Therefore, to provide
free drainage along the inside wall, the product of the exit
spiral length and centerline invert slope must be greater
than the superelevation (∆y), i.e.

(D-7)LsS > ∆y

Generally, the curves designed for minimum radii (Equa-
tions D-2, D-4, and D-5) will not be free draining unless
the channel center-line invert slope is extremely steep.
There are several ways of accomplishing free drainage by
varying independently or dependently the spiral length and
channel invert slope. However, the most common method
is illustrated in Plate D-8. In this plate the length of the
exit spiral is increased to satisfy Equation D-7 while the
channel invert slope is held constant. The unequal spiral
lengths generated by increasing the exit spiral should per-
form satisfactorily, but if symmetry is desired, the
entering spiral may be equally increased.

b. Alternatives. The following list of design alterna-
tives is based on the previously discussed criteria.

(1) Minimum radius of curvature (Equation D-2),
maximum banking (Equation D-4), and corresponding
spiral length (Equation D-5). Shortest total length. Not
free draining. Equal spiral lengths.

(2) Minimum radius of curvature (Equation D-2),
maximum banking (Equation D-4), and arbitrary spiral
length greater than value given by Equation D-5. Not
free draining. Equal spiral lengths.

(3) Arbitrary radius of curvature greater than Equa-
tion D-2, banking in accordance with Equation D-3, and
corresponding spiral length (Equation D-5). Not free
draining. Equal spiral lengths.

(4) Arbitrary radius of curvature and spiral length
both greater than value given by Equations D-2 and D-5,
respectively. Banking per Equation D-3. Not free drain-
ing. Equal spiral lengths.

(5) Arbitrary radius of curvature greater than value
given by Equation D-2. Arbitrary entering and exit spiral
lengths (unequal) but both greater than value given by
Equation D-5. Banking computed using Equation D-3.
Not free draining. Unequal spiral lengths.
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(6) Same as (1) above except free drainage provided
by increasing exit spiral length. Entering spiral remains
per Equation D-5. Unequal spiral lengths.

(7) Same as (1) above except free drainage provided
by increasing length of both spirals. Equal spiral lengths.

(8) Same as (3) above except free drainage provided
by increasing exit spiral length; entering spiral remains
per Equation D-5. Unequal spiral lengths.

(9) Same as (3) above except free drainage provided
by increasing length of both spirals. Equal spiral lengths.

(10) Same as (4) above except free drainage
provided by increasing exit spiral length. Entering spiral
length retains arbitrary assigned value. Unequal spiral
lengths.

(11) Same as (4) above except free drainage
provided by increasing lengths of both spirals. Equal
spiral lengths.

(12) Same as (5) above except free drainage
provided by increasing exit spiral length. Unequal spiral
lengths.

The various characteristics of these alternatives are com-
pared in Plate D-9.

D-3. Description of Program

The program herein described is comprehensive in that
any of the above-listed alternatives can be solved. The
program is written for remote terminal use because of the
increasing use of remote terminals and the definite
advantages gained through this mode of operation
provided the volume of input-output data is moderate.
The main advantage of the remote terminal is that the
program can be written so that it is user oriented. The
user is guided by typewritten messages throughout the
program execution, and the program is controlled by the
user’s response to these typed questions. Communication
between the user and the computer during program solu-
tions results in advantages in problems having alternative
solutions. Conversion to batch processing is relatively
simple and only requires modification of the READ state-
ments in the program. A complete description of each
input variable is given prior to its respective READ state-
ment in the program listing (Plate D-2).

D-4. Input Data

a. Hydraulic parameters. Plate D-6 shows sample
input data format. The first line of input represents the
given design data, which include the discharge (cfs),
channel center-line invert slope (ft/ft), channel width (ft),
equivalent roughness height (ft), water temperature (oF),
and the deflection angle (deg) between the curve tangents.
Since the hydraulic elements are solved by trial and error
using Equation D-1, the roughness parameter is the
equivalent roughness height k . The curve design should
be based on the maximum average channel velocity, for
which the recommended minimum value of k for
concrete-lined channels is 0.002 ft (paragraph 2-2c). The
k value should always be the lowest value of the
expected equivalent roughness height range if the mini-
mum of that range is less than 0.002 ft. However, the
wall heights in the curve, as in the case of the straight
channel, should be designed for capacity based on k
= 0.007 ft (paragraph 2-2c) or a higher value if
anticipated.

b. Circular curve data. The second line of input is
the design radius for the circular curve. The recom-
mended minimum radius as calculated from the given
flow conditions (Equation D-2) is stated in the typed
request for this variable. If the minimum radius is
desired, then0.0 is assigned, otherwise, the desired value
is typed in. The third and fourth lines of input are for the
entering and exit spiral lengths, respectively. Similar to
the request for the radius, the minimum spiral length
based on Equation 2-33 (D-5) is stated. Either0.0 or the
desired value for each spiral length is assigned.

c. Radius of curvature. Occasionally, field condi-
tions will limit the radius of curvature such that it must be
less than the recommended minimum. The program can
design a curve for values of radius and spiral length that
are less than the recommended minimums, but the amount
of banking will exceed the value given by Equation D-4.
Furthermore, the cross-slope angle of the water surface
will be greater than that which would occur with the
recommended minimum radius. Should it exceed 10 deg,
a message will be generated to advise the user that this
criterion has been violated. Model testing of curves that
violate any of these criteria should be considered.

d. Free drainage. The fifth line of input is for pro-
viding free drainage. The question is typed on the key-
board, and the user replies "yes" or "no." If yes, the
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program computes the length of spiral necessary to
provide free drainage and compares it with the exit spiral
length as per input line 4. If the value supplied by input
line 4 is less than the length required for free drainage,
the exit spiral length is increased accordingly. Input
line 6 affords the user the option to make both spirals
equal length for symmetry and appears only if the reply
of "yes" is made to input line 5.

D-5. Program Output

The program output (Plate D-7) consists of the hydraulic
and geometric design of the channel curve. The hydraulic
elements include a listing of all the given design data and
the pertinent computed hydraulic parameters. The channel
curve elements are presented in two parts. The first part

gives the information required to prepare contract
drawings. The second part gives the detailed data for
field layout of the channel center line. The field book
format is set up under the assumption that the entering
spiral is first surveyed from TS; then the transit is moved
to the end of the curve (ST) and the exit spiral backed in;
finally, the transit is moved to the downstream end of the
entering spiral (SC) and the circular curve surveyed. This
is the recommended procedure for field layout found in
most route survey textbooks. Curve stations are estab-
lished using 12.5-ft chords around the spiral and 100-ft
chords around the circular curve rather than the actual
curve lengths. Shorter chord lengths may be required at
the beginning and end of the circular curve, but these can
be easily computed during the actual field layout.

D-4



EM 1110-2-1601
1 Jul 91

PLATE D-1
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PLATE D-2

D-6



EM 1110-2-1601
1 Jul 91

PLATE D-3
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PLATE D-4
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PLATE D-5
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PLATE D-6
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PLATE D-7
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PLATE D-8
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PLATE D-9
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