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Abstract 
A study was undertaken in Kenana Sugar Scheme, Sudan during 2009/2010 and 2010/2011 sea-
sons. In this study, the gated pipe (hydro-flume) for  furrow irrigation was compared with the 
conventional open field head ditch irrigation system concerning the volume of irrigation water 
applied to the field, irrigation efficiencies, the time of cutoff, water and irrigation time saved and 
the irrigation production efficiency (IPE). To achieve these objectives, two commercial cane fields 
having the same furrow lengths (2100 m) and slopes were chosen. The study shows that in the 
open field head ditch irrigation, the irrigation water added was 69.1 mm in the top, 75.7 mm in 
the  middle and 66.1 mm in the end of the furrow. Whereas, the irrigation water added in the gated 
pipe system was 132.7 mm, 46.1 mm and 101.9 mm, respectively. The present study indicates that 
the gated-pipe system has a high value of application efficiency (79% - 88%) compared with the 
open field head ditch (69% - 71%). The percent of deep percolation (PDP) for the gated-pipe sys-
tem is greater than the PDP obtained under open field head ditch irrigation conditions. Also the 
percent of runoff (PRO) is higher under the open field head ditch system and the water con-
veyance efficiency for the open field head ditch is 88%. While the gated pipe needs more advance 
time but can save 20 to 65 m3 of water/irrigation cycle with better uniformity coefficient (CU) and 
irrigation production efficiency (IPE) compared with the open field head ditch. From the above 
mentioned results, it is concluded that under Kenana conditions the gated-pipe system is better 
than the open field head ditch irrigation system keeping in mind that for more uniform water dis-
tribution through irrigated furrows of the long fields of Kenana, increased pressure head at the 
inlet and/or larger openings of the hydro-flume gates may be necessary. 
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1. Introduction 
Surface irrigation is the most widely used irrigation method. This is due to its low capital and  maintenance costs, 
and low energy requirements [1]. Among the many  surface irrigation methods, furrow irrigation is one of the 
most commonly used methods. Furrow irrigation is a method of applying water at a given rate into shallow 
evenly spaced Canals [2]. In furrow  irrigation, the field divided into sectors each of 60 furrows in which irriga-
tion water is applied. The  furrows are filled to the desired depth of water and this water is retained until it infil-
trates into the  soil both vertically and horizontally.  

The gated pipe (hydro-flume) is defined as a closed conduct with a circular cross section with water flows in-
side it (no free surface). The flows result from pressure difference between inlet and outlet and they affected by 
fluid properties and the flow rate. 

The gated pipe furrow irrigation system consists of relatively large diameter pipes of about   0.46 m (18 inches), 
with gates usually equipped on one side and corresponding to the furrow spacing. The hydro-flume is made of 
VU and thermally protected low density polyethylene of 700 micron  wall thickness for maximum service life 
time in hot and tropical condition. It is flexible  so that no alluvial clings to its wall. The gated pipes as an im-
provement in furrow irrigation, in which the conventional head  ditch and siphon are replaced by an above 
ground pipe. Gated pipe was introduced to allow more uniform irrigation. Uniformity of flow is determined by 
setting the gates precisely to deliver equal flow  into furrows, the rate of discharge in each furrow was less than 
with siphon tubes that induced erosion, and less leaching potential. Gated pipe also facilitates the eventual adop-
tion of surge irrigation. Gated-pipes are currently used extensively in sugarcane fields in Upper Egypt. [3] found 
that using gated-pipe to irrigate long furrow resulted in saving water by 20% and 38% and increasing its use ef-
ficiency by 58% and 17% for bean and peas, respectively. [4] stated that varying pipe slope, diameter, number 
of gates, gate area and mean outflow, affect uniformity of outflows. They added that for the entire typical 
gated-pipe situation analyzed, maximum flow uniformity is obtained with the pipeline slope uphill in the direc-
tion of flow. In Sudan, the gated pipe furrow irrigation system was first introduced for vegetable production in a 
small scheme in Zaied Elkhair which is located on the eastern bank of the Blue Nile. 

In Kenana Scheme, the gated pipe was introduced in year 2003 to allow for more uniform irrigation. The rate of 
discharge in each furrow was less than with siphon tubes that induced erosion, and less leaching potential. Gated 
pipe also facilitates the eventual adoption of surge irrigation. The system has high application efficiency when 
operated properly. In 2001/02, the gated pipe furrow irrigation system was adopted in Kenana Scheme for irri-
gating sugarcane in large scale. Until January, 2007 about 75% of the total area was serviced by the gated-pipe in 
place of the open field head ditch system with open canal. Recently (years 2004-2005), the gated-pipe was also 
adopted in some fields at Sudanese Sugar Company mainly, Asalayia Sugar Scheme. 

Irrigation practice in Kenana has subjected to many changes. In year 1981, the water  indenting was based on 
fixed days per cycle, and different sizes of siphon were used in  the same field to maintain the cycle regardless of 
field gradient of furrow length. A  irrigation system based on evapotranspiration (10 mm/day) was introduced in 
1983. In   1987, an indenting system of irrigation based on the number of operating pumps was  adopted. Recently, 
the individual fields were categorized into three groups according to their length, slops and soil classes as A, B 
and C system, which are irrigated every 12, 10 and 7 days respectively. The steeper the field, the shorter is the 
furrow length and the shorter is the irrigation cycle. 

Irrigation water is pumped from the White Nile into a main canal and distributed through secondary canals 
until it reaches an open field head ditch from which it is siphoned through a pipe into the furrows of the field. 
The Scheme is provided with a drainage net work. In year 2002, the open field head ditch system has been 
gradually  changed to the closed system. The open field head ditch and siphons are  replaced by an above ground 
flexible pipe (Hydro-flume) of 18 inch internal diameter, 100 meter long with  adjustable gates spaced at 1.5 
meter interval.   

1.1. Objectives of the Study 
The broad objective of the present study is to study the irrigation production efficiency (IPE) produced through 
improving on-farm water management. The specific objective is to compare the gated pipe system for  furrow ir-
rigation with the open field head ditch system with regards to saving time of irrigation, irrigation production ef-
ficiency (IPE) and water distribution uniformity. 
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1.2. Open Field Head Ditch System 
An open field head ditch is an open waterway whose purpose is to carry water from one place to another. Field 
ditches have smaller dimensions and convey water from the farm entrance to the irrigated fields. Under Kenana 
conditions, the most commonly used field canal cross-section in irrigation is the trapezoidal cross-section with 
the following dimensions (Figure 1 and Table 1). 

Irrigation water is siphoned out through three or two inches internal diameter siphon tubes from the irrigation 
ditch. The inflow rate through the siphon tube, which is a function of the pressure head causing flow, was com-
puted using the following formula [5]; 

30.65 10 2Q a gh−= × × ×                                      (1) 

where: 
Q = discharge from siphon tube (l/s). 
0.65 = coefficient of discharge determined under Kenana condition, [6]. 
a = area of the cross-section (cm2). 
g = acceleration due to gravity (cm/s2). 
h = pressure head causing flow (cm) which is the difference in elevation between the water surface in the field 

canal and the center of the outlet under free flow conditions or the water surface above the outlet when the outlet 
is submerged. 

1.3. Gated Pipe Pressure and Flow 

As water moves through any pipe, pressure is lost due to turbulence created by the  moving water. The amount of 
pressure lost in a horizontal pipe is related to the velocity  head, pipe diameter, roughness and the length of pipe 
through which the water  flows. When velocity increases, the pressure loss increases. 

[7] narrates the inflow rate through gated pipe with velocity as stated below; 
 

 
Figure 1. A trapezoidal canal cross-section. Where; The top width of the field 
canal (a) =2.75 m; The top width of the water level (a1) = 1.90 m; Height of 
the field canal (h) = 0.70 m; Water depth in the canal (h1) = 0.30 m; Bottom 
width (b) = 1.15 m; Free board (f) = 0.40 m.                              

 
Table 1. Dimensions of open field head ditch cross-section.                             

Parameters Dimensions 

The top width of the open field head ditch 2.75 m 

The top width of the water level 1.90 m 

Height of the open field head ditch 1.0 m 

Water depth in the open field head ditch 0.60 m 

Bottom width 1.15 m 

Free board 0.40 m 
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2Q CA gh=                                             (2) 

where: Q = discharge from outlet (L/S), C = coefficient of discharge. A = area of the outlet cross-section (cm2), 
g = acceleration due to gravity (cm/s2), h = pressure head causing flow (cm). 

[8] investigated the effect of non-uniform outflow distribution along the gated-pipe and he indicated that the 
open field head ditch method, allow more uniform outflow  distribution through siphon tubes along the open 
field head ditch compared to the gated pipe system,  Whereas, the gated pipe allows more outlet water sets than 
the open field head ditch  method. He added that the quantity of water outflow along the gated pipe depend 
mainly  on the alignment and steepness of the gated pipe rather than the  number of opening operating at a time or 
their distance from riser.  Because the choice of the gated pipe furrow irrigation system was  influenced by the 
degree of alignment of the pipeline at the field  head.  

1.4. Loss of Pressure 
Water flowing in pipes is always accompanied by a loss of pressure due to friction and the amount of loss is due 
to smoothness of the inside walls of the pipe, the diameter of the pipe and the velocity of the water flow. The 
head loss due to friction of a pipe is determined by using [9].  

2

2L
L Vh f
D g

= ×                                             (3) 

where: hL = head loss (m), f = friction factor (dimensionless); 
L = pipe length (m), D = pipe diameter (m), V = Average velocity (m/s); 
g = Acceleration due gravity. 
The friction factor was calculated using [10] as below: 

0.172

0.13
Re

f =                                              (4) 

6Re 1.26 10 Q D= × ×                                       (5) 

where: f = friction factor, Re = Reynolds number (more than 105 turbulent flow). 
Q = Pipe discharge (m3/hr). 
D = Pipe diameter (m). 
 In straight and long pipe, the loss in head which accounts for the outlets is corrected with a factor (C) sug- 

gested by [11] which is a function of the number of the outlets and the friction equation used. The Christiansen 
factor (C) was expressed as below: 

( )0.5

2

11 1
1 2 6

m
C

m N N
−

= + +
+

                                (6) 

where: C = fraction of the head loss under constant outflow conditions, m = 1.85 for Hazen-Williams formula; 
1.9 for the Scobey equation and 2.0 for the Darcy-Weisbach equation, N = number of outlets along the pipe. 

The Christiansen factor (C) was obtained assuming the following conditions: 
■ All the outlets are equally spaced. 
■ All the outlets have discharge. 
■ No flow at the downstream end of the gated-pipe. 
■ The distance between the pipe inlet and the first outlet is equal to the outlet spacing. 

2. Materials and Methods 
2.1. Site Specification 
2.1.1. Location 
The study was conducted in the commercial cane fields of Kenana Sugar Estate, (Latitude 13˚10'N and longitude 
32˚40') in heavy clay soils, with 65% clay, 24% silt, 11% sand and a pH of 7.5 - 8.5, during the seasons of 
2009/200 and 2010/2011, with the purpose of comparing the gated pipe system for  furrow irrigation to the open 
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field head ditch system with regards to saving time of irrigation, irrigation production efficiency (IPE) and water 
distribution uniformity. Kenana Scheme is located on the eastern bank of the White Nile River, 300 km south of 
Khartoum at an altitude of 410 m above mean sea level (msl). 

2.1.2. The Soil 
Kenana Scheme extends on a clay plain, which dips very gently to the White Nile River plain. The soil is very 
dark-grayish-brown in color, fine in texture, quite uniform, alkaline in reaction (pH, ranges from 7.5 to 8.5). 
Non-saline, non-sodic. Kenana soil is characterized by a very low infiltration rate (0.00005 m3∙m−1∙min−1) and it 
contains about 11% sand, 24% silt and 65% clay (mainly montmorillonite). The mean soil water content (0 - 100 
cm) at field water capacity was 44% and at wilting point was 20% in volume. 

2.1.3. Climate Information 
The area of Kenana scheme lies within the tropical dry hot semi-arid climatic zone, with a cool dry season dur-
ing winter (November-February) followed by a hot dry season (April-June). The rainy season extends from July 
to October, with peak monthly rainfall in August. The mean annual rainfall is around 340 mm (for the period 
from 1977 to 2010), while the mean relative humidity 08:00 is around 58%. 

2.1.4. Area of the Scheme 
Kenana Scheme has a total surface area of about 67,000 hectares (180,000 feddans), only an area of 40,000 hec-
tares (95,000 feddans) is cultivated annually. An area of 6000 hectares is annually left out as semi-fallow. 

2.1.5. Irrigation Network 
The irrigation network consists of six pumping stations, situated along the main canal, with a total lift of 45 m 
above the White Nile level. The six pumping stations are connected in series to irrigate the 40,000 hectares. 
Pumping stations one and two are designed to pump a maximum of 42 m3∙s−1. The other four stations are de-
signed with less capacity because of the diversion of water to primary canals. Irrigation water in the main canal 
is diverted into the primary canals through gates with flow regulators. The open field head ditches are supplied 
by the primary canal via off-take pipes. Each open field head ditch irrigates one field, each field is split into five 
to seven sectors, and each sector consists of 60 furrows with 1.55 m spacing. Furrows run perpendicular to con-
tour lines with lengths ranging from 300 to 2750 m. 

2.2. Data Collection 
2.2.1. Soil Data 
Soil samples for gravimetric moisture determination both for gated pipe irrigation and conventional open field 
head ditch were collected at furrow top, middle and end for evaluating the soil moisture deficit prior to the irri-
gation. Soil moisture deficit is a measure of the soil moisture between field capacity and existing moisture con-
tent multiplied by the root depth, and it represents the depth of water the irrigation system should supply; which 
mean the required infiltration depth. At each location along the tested furrow, soil samples were monitored at 20 
cm increments to a depth of 100 cm just before and 72 hours after irrigation. Then the gravimetric moisture 
content (w/w) were calculated and converted to volumetric values (v/v) by multiplying by the dry bulk density 
[12]. Then the soil moisture  change was converted to the infiltrated depth at different sites of the furrow.  

2.2.2. Measurement of Hydraulic Parameters 
The field comparison measurements started from the third irrigation event, so that the rate of change of infiltra-
tion rates and the effect of differences in the intake opportunity times would be minimized. In each tested field a 
group of four consecutive furrows were tested, using as near constant pressure head as circumstances permitted 
in the gated pipe and the earthen open field head ditch. The inflow rate, Advance and recession phase, runoff 
discharge, the time of cutoff and the volume of irrigation water applied to the tested field were used to compare 
the hydraulic performance.  

2.2.3. Measuring Inflow Rate in Gated Pipe 
In the present study a graduated glass manometer was placed inside the center of the gates that is inserted into 
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the gated pipe system for measuring the hydraulic head of the gate which equal to distance from the water level 
in the manometer tube to center of the gated pipe. Stop watch and graduated bucket were also used to calculate 
the flow rate per unit time (m3/s). 

The distance of each gate from the water source (riser) was calculated by multiplying the gate number by gate 
spacing which is equal to 1.5 m apart. The amount of irrigation water flowing (Q) and its velocity (V) inside the 
hydro-flume was calculated using Toricelli equation (Equation (2)). Also the Reynolds numbers (Re) for each 
tested gated pipe were calculated using Equation (5) [13] and the type of water flow was also determined. Fi-
nally, the friction factor was calculated using Equation (4). 

2.2.4. Advance and Recession Phase 
The most important field data are the advance rates, which can vary throughout the irrigation season. The expe-
rimental procedure followed for determination of the advance trajectory was based upon the following steps: 

1) Using field stakes and surveying tape, the tested furrows were divided into a number of stations having 
equal distances between them. 

2) As the irrigation water advanced down the furrow, arrival times were recorded at the end of each reach.  
When the flow area was equal to 10% of the maximum cross-sectional area, recession times were observed 

and recorded at each station. 

2.2.5. Determination of the Infiltration Parameters (C, k and a) 
An average values of 0.0001 m3/min/m furrow length, 0.446 and 0.002 for the steady-state final infiltration, C, 
the constants a (as the slope of the regression line) and k (as the y-intercept at time t = 1) respectively, as com-
puted by [14] were used in this study. [15] exploits these parameters for the determination of the average infil-
trated depth as stated below; 

aZ kt Ct= +                                       (7) 
where; 

Z = infiltrated volume per unit length after an infiltration opportunity time, t. 

C = the basic intake rate (m3·m–1·min–1) = ( )in outQ Q L−                                     (8) 

k and a = empirical fitting parameters. 
Qin and Qout = the inflow and outflow rates, respectively, in m3·min–1. 
L = furrow length (m). 
A comparison of irrigation performance parameters between open field head ditch and gated-pipe: 

2.2.6. Water Application Efficiency (Ea) 
The Ea was calculated according to [16] as follows; 

( ) ( ){ }100 req o coEa Z L Q t= × ×                               (9) 

where; 
Ea = water application efficiency, percent. 
Zreq = required depth of application. 
L = field length (m). 
Qo = discharge/furrow (m3/m). 
tco = cutoff time (minute). 

2.2.7. Percent Runoff (PRO) 
Losses from the irrigation system via runoff from the field end are indicated in percent runoff; 

PRO Volume of runoff volume of water applied to the field=                       (10) 

2.2.8. Deep Percolation Ratio (DPR) 
Losses of water through drainage beyond the root zone, it is defined as: 

DPR Volume of deep percolation volume of water applied to the field=                   (11) 
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2.2.9. Christiansen Uniformity (CU) 
In the present study the Christiansen Uniformity (CU) as computed using the following formula; 

( )CU 100 1.0 x Mn= −                                     (12) 

where; 
x = sum of the absolute deviation of individual observations from the mean value, M. 
n = number of observations. 
The head loss in the hydro-flume was calculated using Equation (3). 

 2.2.10. Conveyance Water Loss 
A common open field head ditch sector of 200 m was selected for assessing the conveyance water loss. The   
open field head ditch was 2 m wide. A thin plate rectangular weir was used for monitoring the water flow at the 
water source. Then the water conveyance efficiency was calculated from the water volumes  measured from two 
sites by the following formula [17]:   

c f tE V V=                                          (13) 

where: Ec is conveyance efficiency, Vf is volume of water delivered to the field and Vt is volume  of water deli-
vered from the source. 

 2.2.11. Water Saving 
The water saved is referring to the consumption differences between gated pipe  irrigation system and the con-
ventional open field head ditch method. 

3. Results and Discussion 
3.1. Soil Moisture Content 
Table 2 and Table 3 show the average values of the soil moisture content before and 3 days after irrigation for 
the two methods of irrigation for depth intervals  of 20 cm  down to one meter. Results indicated that in fields ir- 
rigated by the gated pipe system and due to  the continuous wetting effect of irrigation, higher percentage of the 
volumetric moisture content   (three days after irrigation) accumulated at the top  layers of the soil. However under 
conventional  furrow irrigation application using open field head ditch, results showed consistent soil water  content 
at different sampling  depths.  The deep percolation of the soil moisture at infiltration depth below the effective 
root zone depth at the top of  the furrows irrigated by gated pipe was mainly due to the low inflow rate (3 to 4 l/s) 
and the long irrigation time required to refill the  root zone at the field end. 

3.2. Distribution of Water Depth 
Again Table 2 and Tables 3(a)-(c) present the amount of water added (infiltrated volume) for the soil profile (0 
- 100 cm) in the  evaluated furrows in different irrigation events (this table is a summary of 8 samples 
en  during the irrigation season). In the open field head ditch furrow irrigated field, the irrigation water added  at 
the three locations was 69.1 mm at the top, 75.7 mm at the  middle and 66.1 mm at the end of the furrow. Whe-
reas, the irrigation water added using the gated pipe system at the three  locations were 132.7 mm at the top, 46.1 
mm at the middle and 101.9 mm at the end of the furrow, respectively.  

Analyses show that ( Table 3(c)) the mean difference in the volumetric soil moisture content (infiltrated 
volume) at the top, middle and bottom of the field using open ditch is statistically insgnificant. similar analyses 
performed for the infiltrated volume using gated pipefurrow irrigation system indicated that the mean difference 
are highly significat (P ≥ 0.5) compared to the open ditch irrigation system. 

3.3. Irrigation Parameters for Open Field Head Ditch and Hydro-Flume 
Tables 4-7 showed the performance evaluation of the open field head ditch and gated-pipe irrigation systems. 
These findings indicate that for irrigation number 7 and 11, the gated-pipe system of irrigation has a high value 
of application efficiency (Ea) (79% and 88%) compared with the Ea of the open field head ditch (69% and 71%). 
The percent of deep percolation (PDP) for the gated-pipe system is greater than the PDP obtained under open  
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Table 2. Mean monthly climatic data during 2009/2010 and 2010/2011 seasons in Kenana Sugar Scheme*.    

Crop season 2009/2010 

 Min. Max Relative Wind Sunshine Radiation Rainfall 

Month temp. temp humidity (%) speed (hours) M∙Jm−2 (mm) 

 (˚C) (˚C) 0800 a.m. (km∙day−1)  days−1  
Oct-2009 24 34 74 61 9 21.3 0.0 

Nov-2009 21 33.6 46 96 10 20.4 0.0 

Dec-2009 15.9 30.6 41 107 10 21.8 0.0 

Jan-2010 13.6 28 42 144 10 21 0.0 

Feb-2010 16.3 33.6 36 121 11 24.2 0.0 

March 20.3 36.5 31 129 10 24.4 0.0 

April 23.3 39.8 29 114 11 26.5 0.0 

May 26.9 40.1 42 85 10 24.7 5.0 

June 25.0 35.5 63 130 9 22.8 180.0 

July 23.5 31.1 86 96 6 18.4 162.0 

August 23.8 30.0 84 79 7 20.1 298.0 

September 23.2 29.8 85 64 7 19.8 157.0 

Mean 21.4 33.6 54.9 102.2 9.2 22.1 66.8 

Crop season 2010/2011 

 Min. Max Relative Wind Sunshine Radiation Rainfall 

Month temp. temp humidity (%) speed (h) M∙Jm−2 (mm) 

 (˚C) (˚C) 0800 a.m. (km∙day−1)  days−1  
Oct-2010 23.6 34.1 73 44 10 23 0.0 

Nov-2010 23.1 36.1 53 58 10 21.3 0.0 

Dec-2010 19.1 33.6 51 104 10 20.4 0.0 

Jan-2011 18.3 32.5 48 110 10 21 0.0 

Feb-2011 17.4 31.8 38 127 10 22.8 0.0 

March 21.1 37.3 32 105 10 24.4 0.0 

April 25.3 39.1 41 87 9 23.4 20.2 

Ma 25.0 37.9 50 82 9 23.2 8.5 

June 24.9 34.6 60 109 9 22.8 47.0 

July 24.2 33.3 71 128 8 21.4 163.0 

August 23.5 30.0 84 95 6 18.6 86.8 

September 23.7 30.7 83 57 7 19.8 102.0 

October 2011 23.9 34.9 70 43 10 23.1 12.0 

Mean 22.5 34.3 56.8 92.1 9.0 21.9 34.9 

*Data taken from monthly weather reports of sugarcane research meteorological station at Kenana. 
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Table 3. (a) Volumetric soil moisture content (Mc) before irrigation((BI) andthree days after irrigation(AI) of 
the furrow irrigated using open field head ditch; (b) Volumetric soil moisture content (Mc) before irrigation (BI) 
and three days after irrigation (AI) of the furrow irrigated using gated pipe; (c) Summary of volumetric soil 
moisture content (Mc) before irrigation (BI) and three days after irrigation (AI) of the furrow irrigated using 
open ditch and gated pipe.                                                                      

(a) 

Soil depth (cm) Mc B.I % (v/v) Mc A.I. % (v/v) Water added (mm) 

 Top of the Furrow  

0 - 20 33.0 43.0 20.0 

20 - 40 34.1 40.5 12.8 

40 - 60 33.6 41.1 15.0 

60 - 80 36.8 39.9 6.2 

80 - 100 39.1 39.6 1.0 

Total 176.6 204.1 55.0 

ETp (3 days)   14.1 

Mean 35.3 40.8 69.1 

 Middle of the Furrow  

0 - 20 34.0 42.5 17.0 

20 - 40 32.4 41.5 18.2 

40 - 60 31.8 37.5 11.4 

60 - 80 33.0 39.0 12.0 

80 - 100 37.0 38.5 3.0 

Total 168.2 199.0 61.6 

ETp* (3 days)   14.1 

Mean 33.6 39.8 75.7 

 End of the Furrow  

0 - 20 35.0 45.2 20.4 

20 - 40 34.6 38.5 7.8 

40 - 60 32.0 36.9 9.8 

60 - 80 36.0 39.0 6.0 

80 - 100 38.0 42.0 8.0 

Total 175.6 201.6 52.0 

ETp (3 days)   14.1 

Mean 35.1 40.3 66.1 

ETp* = Potential evapotranspiration. 
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(b) 

Soil depth (cm) Mc B.I % (v/v) Mc A.I. % (v/v) Water added (mm) 

 Top of the Furrow  
0 - 20 32.5 56.4 47.8 

20 - 40 35.0 54.2 38.4 

40 - 60 36.0 49.0 26.0 

60 - 80 40.1 42.5 4.8 

80 - 100 42.2 43.0 1.6 

Total 185.8 245.1 118.6 

ETp (3days)   14.1 

Mean 37.2 49.0 132.7 

 Middle of the Furrow  
0 - 20 30.0 33.0 6.0 

20 - 40 32.0 35.0 6.0 

40 - 60 33.0 38.0 10.0 

60 - 80 34.0 36.0 4.0 

80 - 100 32.0 35.0 6.0 

Total 161.0 177.0 32.0 

ETp (3days)   14.1 

Mean 32.2 35.4 46.1 

 End of the Furrow  
0 - 20 27.0 42.5 31.0 

20 - 40 29.2 38.5 18.6 

40 - 60 30.4 38.0 15.2 

60 - 80 33.0 37.0 8.0 

80 - 100 32.5 40.0 15.0 

Total 152.1 196.0 87.8 

ETp (3days)   14.1 

Mean 30.4 39.2 101.9 

ETp* = Potential evapotranspiration. 

(c) 

Location 
Mean Water added (mm) 

Open ditch irrigation Gated pipe irrigation 

Top of the furrow 69.1 132.7 

Middle of the furrow 75.7 46.1 

Bottom of the furrow 66.1 101.9 

Mean 70.3 93.6 

CV% 6.99 46.9 

SE± 2.84 25.3 
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Table 4. Evaluation of the open field head ditch irrigation system (irrigation number 7). N = 0.04.                      

K a c (m3/min.m) Dreq (cm) Q (lps) tco(min) V Applied Slope (%) Depth (m) 

0.002 0.446 0.0001 6.8 6.9 348 144.072 0.04 0.07385 

 

Station Distance 
(m) 

Advance  
Time (min) 

Recession 
Time (min) 

Infiltration  
Opport Time (min) 

Infiltrated 
Depth (m) 

Excess or  
Deficit (m) Abs (z − zmean) 

1 0 0 330 330 0.1127 0.0447 0.0276 

2 200 36 355 319 0.1104 0.0424 0.0253 

3 400 61 337 276 0.1012 0.0332 0.0161 

4 600 141 350 209 0.0859 0.0179 0.0008 

5 800 150 368 218 0.0880 0.0200 0.0030 

6 1000 220 380 160 0.0737 0.0057 0.0114 

7 1200 262 395 133 0.0664 −0.0016 0.0186 

8 1400 348 405 57 0.0421 −0.0259 0.0429 

Application efficiency (Ea) 69% 

Percent Deep Percolation (PDP) 0% 

Percent Run Off (PRO) 31% 

Christiansen uniformity (Cu) 79% 

 
Table 5. Evaluation of the open field head ditch irrigation system (irrigation number 11). N = 0.04.                     

K a c (m3/min.m) Dreq (cm) Q (lps) tco(min) V Applied Slope (%) Depth (m) 

0.002 0.446 0.0001 6.8 6.5 356 138.84 0.04 0.07385 

 

Station Distance 
(m) 

Advance 
Time (min) 

Recession 
Time (min) 

Infiltration 
Opport Time (min) 

Infiltrated 
Depth (m) 

Excess 
or Deficit (m) Abs (z − zmean) 

1 0 0 341 341 0.1150 0.0470 0.0285 

2 200 40 362 322 0.1110 0.0430 0.0245 

3 400 63 340 277 0.1014 0.0334 0.0149 

4 600 129 355 226 0.0899 0.0219 0.0034 

5 800 155 372 217 0.0878 0.0198 0.0013 

6 1000 232 391 159 0.0734 0.0054 0.0131 

7 1200 271 411 140 0.0684 0.0004 0.0181 

8 1400 356 421 65 0.0451 −0.0229 0.0414 

Application efficiency (Ea) 71% 

Percent Deep Percolation (PDP) 9% 

Percent Run Off (PRO) 20% 

Christiansen uniformity (Cu) 79% 
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Table 6. Evaluation of the gated pipe irrigation system (irrigation number 7). n = 0.04.                               

K a c (m3/min.m) Dreq (cm) Q (lps) tco(min) V Applied Slope (%) Depth (m) 

0.002 0.446 0.0001 6.8 4 460 110.4 0.04 0.05519 

 

Station Distance 
(m) 

Advance 
Time (min) 

Recession 
Time (min) 

Infiltration 
Opport Time (min) 

Infiltrated 
Depth (m) 

Excess 
or Deficit (m) Abs (z − zmean) 

1 0 0 452 452 0.1369 0.0689 0.0366 

2 200 48 467 419 0.1305 0.0625 0.0302 

3 400 105 482 377 0.1223 0.0543 0.0219 

4 600 180 496 316 0.1098 0.0418 0.0094 

5 800 252 510 258 0.0972 0.0292 0.0031 

6 1000 338 528 190 0.0813 0.0133 0.0190 

7 1200 405 543 138 0.0678 −0.0002 0.0325 

8 1400 460 560 100 0.0568 −0.0112 0.0435 

Application efficiency (Ea) 88% 

Percent Deep Percolation (PDP) 7% 

Percent Run Off (PRO) 5% 

Christiansen uniformity (Cu) 76% 

 
Table 7. Evaluation of the gated pipe irrigation (irrigation number 11). n = 0.04.                                  

K a c (m3/min·m) Dreq (cm) Q (lps) tco(min) V Applied Slope (%) Depth (m) 

0.002 0.446 0.0001 6.8 3.9 525 122.85 0.04 0.05436 

 

Station Distance 
(m) 

Advance 
Time (min) 

Recession 
Time (min) 

Infiltration 
Opport Time (min) 

Infiltrated 
Depth (m) 

Excess 
or Deficit (m) Abs (z − zmean) 

1 0 0 500 500 0.1459 0.0779 0.0393 

2 200 60 533 473 0.1409 0.0729 0.0342 

3 400 145 551 406 0.1280 0.0600 0.0214 

4 600 223 579 356 0.1180 0.0500 0.0114 

5 800 285 588 303 0.1070 0.0390 0.0004 

6 1000 378 592 214 0.0871 0.0191 0.0195 

7 1200 462 610 148 0.0705 0.0025 0.0361 

8 1400 525 621 96 0.0555 −0.0125 0.0511 

Application efficiency (Ea) 79% 

Percent Deep Percolation (PDP) 12% 

Percent Run Off (PRO) 9% 

Christiansen uniformity (Cu) 70% 
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field head ditch irrigation (Tables 4-7). This is mainly due to the fact that the deep percolation of the soil mois-
ture at infiltration depth below the effective root zone depth at the top of  the furrows irrigated by gated pipe was 
mainly due to the low inflow rate (3 to 4 l/s) and the long irrigation time required to refill the  root zone at the 
field end. The present results also revealed that the percent of runoff (PRO) was higher under the open field head 
ditch system (20% - 31%) compared with the gated-pipe irrigation system (5% - 9%). Previous results stated that 
the PRO tends to be directly related to the inflow rate and inversely related to Ea. Results of the comparison 
between the two system shows that the gated-pipe system is better than the open field head ditch. 

The infiltration profile parameters were used to calculate the Christiansen Uniformity Coefficient (CU) using 
Equation (12). Results showed that the CU for the gated pipe and the open field head ditch methods were equal 
to 70% - 76% and 79%   respectively. The low value of CU was mainly due to the longer contact time which 
leads to spatial and temporal variations of the soil moisture distribution which is more evident at the top part and 
along the field irrigated with gated pipe. 

3.4. Advance and Recession Phases 
Results of the Advance, recession, intake opportunity time and infiltrated volume of the two systems were shown 
in Tables 6-9. It was observed that the intake opportunity time varied with furrow length, irrigation cycle and 
stage of cane growth, due to the variation of soil moisture condition before  irrigation. This variation did not re-
flect a certain trend in both irrigation methods which implies that the fields were irrigated  at random and at dif-
ferent available water depletion levels. 

Using the gated pipe irrigation technique, the slow advance rate resulted from low water outflow   (3 to 4 L/s) 
lead to non-uniform intake opportunity time over the field. Therefore using the gated pipe due to irrigation tech- 

 
Table 8. Comparison of the gated pipe system for  furrow irrigation (GP) with the open field head ditch (FC) in term of water 
and time saving.                                                                                       

Irrigation  
cycle number 

Irrigation time (min) Time saved (min) 
When using FC 

Inflow rate (L/min) Water added (m3/fed) Water saved m3 
when using gated pipe FC GP FC GP FC GP 

7  460 112 414 240 277 212 65 

8 332 448 116 420 288 268 248 20 

11 356 525 169 390 234 267 236 31 

14 362 542 180 390 222 272 231 41 

Total      1084 927  

Mean      271.00 231.75  

GP = gated pipe system for  furrow irrigation; FC = open field head ditch. 
 

Table 9. Comparison of the net, gross and total water applied, cane yield and irrigation production efficiency between the 
two irrigation systems.                                                                                   

Irrigation  
method 

 

Net irrigation  
water added/cycle 

(m3/fed/cycle) 

Gross irrigation water 
added/cycle  

(m3/fed/cycle) = Net × Ea 

Number of  
irrigations applied 
during the season 

Total irrigation  
water applied/ 

(m3/fed/season) 

Cane*yield  
(ton cane/fed) 

Irrigation  
production 
efficiency  

(kg cane/m3 water) 

Gated-pipe 231.75 289.69 22 6373.13 50 7.85 

Open field  
head ditch 271.00 381.69 18 6870.42 43 6.26 

SD 23.58 23.43  3.54 3.54 0.6 

CV% 10.18 8.64  0.05 7.60 8.47 

SE± 5.03 5.52  2.5 2.50 0.42 

Data taken from the field management department of Kenana Sugar Scheme. 
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nique the advance phase should  be  completed as quickly as  possible so that the intake opportunity time over the 
field  will be  uniform and then cut the inflow  off when enough water has been added to  refill the root zone.  This 
can be accomplished with a  high, but non-erosive,  discharge onto the field.  These  options are available to solve 
this problem,  partially: 
a) Dyke the downstream end to  prevent runoff;   
b) Reduce the inflow  discharge to a rate more closely approximating the  cumulative infiltration  along the  field 

following the advance phase.  

3.5. Water Conveyance Efficiency 
The conventional open field head ditch water loss test (Equation (10)) shows that the water lost from 200 m 
study section for a   180 minute time period was 10 m3. The volume of water  delivered to the field (Vf) was found 
to be 74 m3 and the volume of water delivered from the  source (Vt) was 84 m3. Most of the water loss apparently 
occurred through canal leakage. The water  conveyance efficiency for the open field head ditch was equal to 
88%. 

3.6. Water and Time Saving 
Compared with open field head ditch method, the  gated pipe system for furrow irrigation can reduce the irriga-
tion quota by 20 to 65 m3/irrigation cycle depending on the pre-irrigation soil water content. The irrigation time 
saved when using open field head ditch system was ranging from 112 to 180 minutes per irrigation cycle de-
pending on furrow length and the pre-irrigation soil water content (Table 8).  

3.7. Irrigation Production Efficiency (IPE) 
A comparison of the net, gross and total water applied, cane yield and irrigation production efficiency (IPE) 
between the two irrigation systems was shown in Table 9. Results of the comparison indicate that the difference 
in the net and total irrigation water applied are highly significant (P ≥ 0.05). It was found that the field irrigated 
using the gated pipe system out yielded the field irrigated with open field head ditch but the difference is insig-
nificant (P ≥ 0.05). Whereas, the obtained value of the irrigation production efficiency (IPE) of the field irri-
gated with gated-pipe system is statistically significant (P ≥ 0.05) compared with the IPE of the field irrigated 
with open field head ditch (Table 9).  

3.8. Head-Loss through the Gated Pipe 
In the present study the calculated friction factor (f) values (Table 10) were used for the determination of the 
loss in the total water head of the gated pipe. Results indicated that the magnitude of the loss in the total water 
head was directly related to the distance from water source (the riser). Higher head produces more water from 
the gates. 

4. Economical Analysis 
Following the results of the present study, the total irrigation cost saved for sugarcane production when using 
cultivar Co 6806 and irrigated when 55% to 60% of the available soil moisture is depleted (treatment D2). was 
determined as below. 

 
Table 10. Calculation of Reynold number, friction factors and the total head loss.                                   

Distance from  
riser (m) 

Measured inflow 
rate (m3/s) 

Reynold number 
(Re)*106 

Friction factor (f) 
f = 0.13/Re0.172 Head loss (m) Christ. factor 

(C) 
Head loss  

corrected (m) 

2 
6 

23 
81 
99 

0.002 
0.0036 
0.0062 
0.0045 
0.005 

1.8 
1.5 
1.4 
1.1 
1.8 

0.011 
0.011 
0.011 
0.012 
0.011 

0.031 
0.090 
0.284 
0.667 
1.918 

0.335 
0.335 
0.335 
0.335 
0.335 

0.010 
0.030 
0.095 
0.223 
0.643 
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5. Conclusions 
From the results the following conclusions can be drawn;   

The spatial and temporal variations of the soil moisture distribution which is more evident along the field ir-
rigated with gated pipe resulted from prolonged irrigation time. In contrast to the gated pipe system, the open 
field head ditch furrow irrigation method provides more  uniform water distribution along the irrigated furrows. 

The present study indicates that the gated-pipe system has a high value of application efficiency (79% - 88%) 
compared with the open field head ditch (69% - 71%). The percent of deep percolation (PDP) for the gated-pipe 
system is greater than the PDP obtained under open field head ditch irrigation conditions mainly at the top part 
of the field due to the longer contact time of irrigation. Also the percent runoff (PRO) is higher under the open 
field head ditch system and the water conveyance efficiency for the open field head ditch is 88%. While the gated 
pipe needs more advance time, it can save 20 to 65 m3 of water/irrigation cycle with slightly lower uniformity 
coefficient (CU) and higher irrigation production efficiency (IPE) compared with the open field head ditch. In 
general, the hydro flume irrigation performance parameters are better than the open field head ditch. There are 
certain parameters, such as CU, which can be improved with more uniform infiltration opportunity time. 

  6. Recommendations 
From the above mentioned results, it is concluded that, under Kenana conditions, the gated-pipe system is better 
than the open field head ditch irrigation system keeping in mind that for more uniform water distribution through 
irrigated furrows of the long fields of Kenana, increased pressure head at the inlet and/or larger openings of the 
hydro-flume gates may be necessary. 
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