FURROW GEOMETRIC PARAMETERS
By Thomas J. Trout,! Member, ASCE

AssTRACT: Furrow shape information is required for modeling and evaluating
furrow irrigation. Currently used shape models assume the furrow perimeter is rigid
30 that only the flow depth increases with capacity, Actual furrow perimeters are
not rigid and may widen as their capacity increases. If the furrow width increases
proporticnally with flow depth, the flow cross-sectional shape remains constant
and only the size increases with capacity. This constant-shape model results in
simple generalized relationships between the hydraulic and geometric parameters,
which simplifies analysis of the complicated interactions that occur during furrow
irrigation. The two shape models are compared conceptually and against field
measurements. The rigid-perimeter model better matches field-measured furrow
shapes and is easier to rationalize conceptually. However, both models match the
important relationships between fuirow geometric parameters and hydraulic pa-
rameters equally well. The most important relationship between flow area and
uniform flow section factor is insensitive to both the model and shape. The pre-
dictions of both models are more sensitive to the furrow top width-to-flow depth
ratio than to shape.

{INTRODUCTION

Furrow geometry parameters are required for modeling and evaluating
furrow irrigation. Cross-sectional area is required to calculate surface stor-
age and flow velocity. Flow depth is required to calculate water surface
elevation and thus the friction slope used in zero-inertia and hydrodynamic
surface hydraulics models. Infiltration rate has been related to wetted pe-
rimeter. Hydraulic radius is needed to calculate tractive fotce for erosion
models.

Furrow cross-sectional shape models are commonly used to interrelate
the various geometric parameters. Surface flow equations can then relate
the geometric parameters to the hydraulic parameters. The most commonly
used equation is Manning’s uniform flow relationship:

where 0 = flow rate (m'/s); A = flow cross-sectional area (m®); R =
hydraulic radius = A/P (m); P = wetted perimeter (m); § = water-surface
slope (m/m); and n = channel roughness coefficient (s/m'?). The geometric
parameters in Manning’s equation, AR>?, can be separated from the hy-
draulic parameters giving:

n
arn =0 @

Chow (1959) refers to the left side of this equation as the section factor for

uniform flow. In this paper, the symbol F designates the section factor. If
the geometric parameters can be related to the Manning section factor, F,
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FIG. 8. Relative Area versus Relative Section Factor for CS Model and Range of
RP Power Function Shapes
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FIG. 9. Relative Flow Depth versus Relative Section Factor for CS Model and

Range of RP Power Function Shapes

This insensitivity occurs because the largest component of the section
factor is the flow area (F = A%/P?3) and the other component, wetted
perimeter, is positively related to area. In spite of the variation in exponents
of the shape relationships, the A versus P regression relationships (Table
2) all have exponents near 2, which results in A versus F relationship ex-
ponents near 0.75. Thus, when flow area (surface storage volume) is the
only important geometric parameter, model choice should be based on
factors other than predictive capability. .

Figs. 1 and 2 indicate that the change in normal flow depth with a change
in section factor in a CS channel will be less than that in a RP channel. The
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BF regression exponents were always larger than the 3/8 CS model exponent
(Table 2). Fig. 9 supports these results. The CS model has a slower rate of
depth change than all the tested RP shapes. Depths change most rapidly
with section factor for RP shapes with small / values (rectangular shapes)
and predicted depth changes are more sensitive to 4 values than the relative
channel width-to-depth ratio, b.

Flow depth is used to predict water-surface slope in hydrodynamic and
zero-imertia surface hydraulics models. When accurately predicting flow
depth is important (very small furrow slopes), the results may be influenced
by model choice and coefficient values. However, the magnitude of the
resulting advance rate error will be reduced by the self-compensating nature
of slope/flow rate interactions.

Fig. 10 shows that the CS model will generally predict a greater change
in wetted perimeter with section factor than RP modecis. The exponents
smaller than 3/8 of the PF regression and RP models (Table 2) support this
conclusion. The CS model wetted perimeter varies more because width
increases proportionally with depth and the top width-to-depth ratios are
longer than one. Fig. 10 also shows that the relative relationship is sensitive
to both the b and 4 coefficients for the RP model. The wetted-perimeter
variation with section factor {exponent of (8)] increases with wider and more
triangular channels (large 6 and 4 values). -

Wetted perimeter is not presently used in most surface irrigation models.
However, several researchers have proposed that infiltration varies directly
with wetted perimeter (Fangmeier and Ramsey 1978; Samani 1983). The
constant-shape model predicts a greater variation of wetted perimeter, and
thus water application, with flow rate (and thus location along a furrow)
than the RP model. For example, for a furrow with a 70% flow rate reduction
trom the inflow to the outflow end, the CS model predicts a wetted-perim-
eter reduction of 35% while a typical RP model (b = 6, A = 0.3) predicts
a 20% reduction. Such differences can significantly impact predicted water-
distribution uniformity. The infiltration—-wetted-perimeter relationship is
not yet well quantified but is usually projected as less than proportional,
resulting in water-application errors smaller than wetted-perimeter errors.

Shape-Parameter Determination

The deviations between the measured geometric parameters and the best-
fit regression-relationship predictions are larger than the differences be-
tween the predictions of the best-fit regression and the two shape models
(Table 2). This indicates that error resulting from inaccurately estimated
model coefficients will likely be larger than the error resulting from model
inaccuracy. Accurate coefficient determination is thus more critical to ac-
curate parameter prediction than model selection. Shape coefficient errors
are due not to measurement imprecision but to furrow shape variability.
Thus, a large number of shape measurements are required to establish
confidence in a representative coefficient value (mean). Model accuracy is
generally improved for a given time investment by quickly measuring shape
coefficients at several locations rather than accurately determining the shape
at a few locations.

Figs. 11-13 show the variation in the constant-shape model geometric
coefficient values [Kj,, K, and K, in (14)~(16)] with the shape coefficients,
k and k. All three geometric coefficients are much more sensitive to k values
than to # values. Use of power function shapes with # values from 0.1 to
0.5, ellipses, or parabolas (a power function with # = 0.5) had only small

629



. 1.4
2 =
@ 1.21 R ]
s
o 0.8 - S Modsl
~ V&7
..nlv RP Model
- -
@ 0.51
— b=6
= h=0.1, .3, .5
0.4
2 — b=2, h=0.3
=
T o2 — =10, h=0.3
5]
=

04

Avs F e

KA._.-. ._
o 8
c
©
O 1.8+
-—
[ -
o
nw — Power

71 Function

-- Ellipse
1.8 ¥ + } " } 5 4
2 3 4 5 ] 7 ] 9 10

0 02 04 06 08 1 1.2 1.4 16 1.8 2
Relative Section Factor

FIG. 10. Relative Wetted Perimeter versus Relatlve Section Factor for CS Moded
and Range of RP Power Function Shapes

Dvs. F

— Power
Function

«+ Elipse

Coefficient, Ky
e
~

0.4 + + + + t +

2 3 4 5 8 7 8 ¢ 10
Top Width~to—Flow Depth Ratio, k

FIG. t1. CS D versus F Coefficient Variation with £ and 7

effects on the coefficients. Trapezoids would also produce good resuits and
be relatively insensitive to side wall slopes. Consequently, the shape chosen
in the CS model should be based on simplicity rather than accuracy, and
there is generally no need to determine actual profile shapes. More impor-
tant is to accurately determine the furrow top width-to-depth ratio, k. A
sensitivity analysis for the RP model shape coefficients was not carried out
because both the geometric parameter coefficient and exponent vary. How-
ever, the conclusions should be similar to those for the CS model.

With the RP power function model, four shape coefficients, b, £, g, and
u, are required. The profile shape parameters, b and h, are usually deter-
mined by regressing log-transformed w and d data for individuai profiles
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measured with a profilometer. This time consuming process limits the num-
ber of profiles that can be measured. A better procedure is to measure flow
depth and top width during irrigation with a rule at a large number of
locations and over the relevant range of section factors. Regression of these
data (after log transformation) will give b and 4 values for a composite
section.

The RP model perimeter versus depth coefficients, g and u, are generally
determined by numerical integration of shapes generated by (3) and regres-
sion of the resulting data pairs. A problem with this procedure is that the
& and u values are interdependent (negatively correlated) and their deter-
mination is sensitive to the specific portion of the perimeter used, especially
when # values are small. Although the generated relationship may predict
P versus F relationship accurately becanse of error in the u value and
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sensitivity of the relative P versus F relationship [(8)] to u#. An alternative
procedure is to directly measure wetted perimeter with a flexible rule as
top widths are being measured and regress the log-transformed P versus D
data pairs to determine g and u for a complete section.

With the constant-shape model, the top width-to-flow depth ratio, k, can
be easily measured as just described during the irrigation. However, since
k is assumed constant, the measurements need not be made over a range
of section factors and the measured ratios need only be averaged to deter-
mine the best estimate of a representative value for the field. The wetted
perimeter-to-flow depth ratio can also be measured if desired. As with &,
the average of the measured ratios is the best estimate of k,. The power-
function shape exponent, %, or trapezoid side slope can be estimated, elim-
inating the need for time-consuming profile measurements. The # value can
also be calculated by trial and error from (12) using measured k and kp
values. One-parameter shapes (parabola, ellipse, semicircle) use only
values. Note that the CS geometric coefficients can be determined directly
from Figs. 11-13.

Because furrow perimeter shapes change with soil type, soil conditions,
and flow time as well as flow conditions, the conditions during coefficient
measurement should be similar to those being modeled. For example, if the
information is to be used to predict advance trajectories, the data should
ideally be collected early in the irrigation during the advance phase. Profile
measurement early in an irrigation can be difficult due to unconsolidated
perimeter soil and turbid water. If the information is to be used to project
final infiltration rate distributions, data should be collected late in the ir-
rigation event during steady flow,

Simplicity

The constant-shape model is simpler to use than the RP model because
the exponents of the relationships between the parameters are fixed (in-
dependent of shape). As a result, the coefficients are determined more
easily and universal relative relationships exist between the geometric and
hydraulic parameters [(17)-(21)]. For example, if the flow area is known
(or estimated) at one location with a known section factor, the area at any
other F value can be easily calculated with no additional shape information.
These universal relationships can be used to simplify the complex interac-
tions that occur with surface irrigation. For example, if infiltration is pro-
jected to vary with the wetted perimeter then the variation in infiltration
rate along a furrow (regardless of shape) can be projected. Likewise, if
erosion is related to average shear, then the relative erosion along a furrow
can be projected (Kemper et al. 1985). Such analyses provide a better
understanding of the complicated interrelationships that affect surface ir-
rigation performance,

CoNCLUSIONS

The CS model does not fit measured furrow shapes as well as the com-
monly used RP model and is not conceptually correct during recession.
However, it predicts the important relationships between flow area, depth
and wetted perimeter, and the channel section factor nearly as well as the
RP model and its coefficients are easier to determine. With the CS model,
generalized relationships exist between hydraulic and geometric parameters,
which gives insight into the processes important to surface irrigation per-
formance. :
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Furrow shape variability in the field will generally be a more important
consideration than the model or shape used. Simple shape measurement
procedures that allow measurement at many locations in a field result in

anw confidence in the important shape coefficients and more representative
results,
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ArpenDix ll. NoOTATION -

The following symbols are used in this paper:

It

cross-sectional flow area;

cross-sectional area to some height above furrow bed;
= empirical coefficient [(3)];

= empirical coefficient (Table 2);

flow depth,;

height above furrow bed;

empirical exponent (Table 2);

average absolute deviation between predicted and measured data;
Maaning’s section factor for uniform flow;

relative section factor;

= empirical coefficient [(5)];

empirical exponent {(3)];
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coefficient of 4 versus F relationship [(15)];
coefficient of D versus F relationship [(14)];
coefficient of P versus F relationship [(16)];

top width-to-flow depth ratio (W/D};

flow area-to-flow depth squared ratio (A/D?)
wetted perimeter-to-flow depth ratio (P/D);
Manning roughness coefficient;

wetted perimeter;

furrow perimeter to some height above furrow bed;
fiow rate;

hydraulic radius = A/P;

furrow slope;

empirical exponent [(3)];

furrow top width; and

furrow width at some height above the furrow bed.
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