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INTRODUCTION

The “Biomass Nippon” project used cattle manure as 
the main organic material in farmland (Nakamura et al., 
2005).  In this project, the use of biomass was promoted 
and the methane fermentation was emphasized because 
methane produces both biogas energy and manure (Ryu 
et al., 2009).  Methane fermentation is the biomass con-
version process to produce energy as methane and ferti-
lizer as anaerobically digested slurry from feedstock bio-
mass such as livestock waste and food residue (Nakamura 
et al., 2009).  Livestock waste amounts to around 
90,000,000 t/year, which accounts for two percent of the 
entire industrial waste (Kawanishi et al., 2007).  In Japan, 
organic waste from the livestock industry, for example, 
is fermented to produce methane, according to Nakano 
and Uehara (2005), but only a small amount of it is used 
for methane fermentation.  To improve methane fermen-
tation, the consumption of anaerobically digested slurry 
should be increased.  The use of anaerobically digested 
slurry as fertilizer reduces maintenance costs at methane 
fermentation plants by decreasing the expense of treat-
ing anaerobically digested slurry (Iwata et al., 2009).  
According to Ministry of Agriculture, Forestry and 

Fisheries (2009), in Japan, paddy fields accounted for 
54.4 percent of the total farm lands, indicating that the 
use of anaerobically digested slurry in paddy fields is 
critical to boost the consumption.  Nakamura et al. (2005) 
studied the possibility of using anaerobically digested 
slurry as fertilizer in paddy fields by comparing the mar-
ket of compost with that of digested slurry.  Tanaka et 
al. (2009) investigated two different slurry irrigation sys-
tems and determined that anaerobically digested slurry 
is an effective fertilizer. 

In paddy fields, anaerobically digested slurry is mixed 
with irrigation water to spread from inlets for follow–up 
fertilizer application.  In this method, however, the growth 
of rice plants is often not uniform due to the uneven dis-
tribution of nutrients.  According to Iwashita et al. (2008), 
there is a difference in the density of anaerobically 
digested slurry between areas near water inlets and those 
far from inlets.  Nevertheless, research related to the 
distribution of the slurry has yet to be done.

The uneven distribution of anaerobically digested 
slurry can be caused by inefficient water flow; water inlets 
are not usually made to spread fertilizer, but to irrigate 
water.  There may be areas where water is so stagnant 
that a sufficient amount of anaerobically digested slurry 
cannot be delivered.  On the other hand, the lack of uni-
formity may be solved by changing the shape of inlets or 
water replacement at the inlets.  Also, changing the topog-
raphy of the soil surface can solve the problem. Iwashita 
et al. (2008) indicated that substantial water flow or 
trench digging may positively affect the distribution of 
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digested slurry.  To evaluate those ideas, simulation of 
water flow and advection and diffusion of anaerobically 
digested slurry is necessary. 

This study analyzed the two dimensional spatial and 
temporal distribution of anaerobically digested slurry in 
paddy fields.  For this analysis, MIKE 21 HD (MI) was 
used.  MI is usually adapted to lakes, estuaries, bays, and 
seas, but may be applied wherever stratification can be 
neglected (DHI, 2008), such as in paddy fields.  In this 
model, however, the viscosity is assumed to be uniform, 
even though anaerobically digestive slurry has a higher 
viscosity than water.  Also, rice plants are assumed to be 
square blocks that do not allow water to pass through, 
making verification of the model necessary in a paddy 
field. 

To verify the adaptability, a field observation was con-
ducted at a lysimeter, where anaerobically digested 
slurry was mixed with irrigation water, and the fluctua-
tion of T–N at each point was measured.  Nitrogen was 
the important element to analyze because it is one of the 
three major nutrients and the major component of anaer-
obically digested slurry.  After the model validation, the 
spatial and temporal distribution of T–N at the lysimeter 
was simulated with MI.  Furthermore, to invent an effec-
tive method to spread anaerobically digested slurry, a 
scenario with trenches and two inlets was simulated.

 

METHODOLOGY

Model description
In this study, to quantify advection and dispersion of 

anaerobically digested slurry in a rice paddy, MI was used.  
This is a general numerical modeling system for the sim-
ulation of water levels and flows by unsteady two–dimen-
sional flows in one layer.  In MI, the spatial and temporal 
variations of flow and water level are described by the 
following equations: 

 
       +      +       =    (1)
 

       +      (      )+       (      )+gh       +           

–       [       (hτxx)+       (hτxy) ] +           (Pa)=0 (2)
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where ζ is the surface elevation (m), t is the time (s), p 
and q are the flux densities in the x, y directions (m2/s) 
((p, q)=(uh, vh), (u, v)=depth averaged velocities in 
the x, y directions(m/s)), d is the time varying water 
depth (m), h is the water depth (m), g is gravitational 
acceleration (m/s2), C is the Chezy resistance (m1/2/s) 

and given by C=Mh1/6 where M is Manning resistance 
(m1/3/s), τxx, τxy, τyy are components of effective shear 
stress (kg/m/s2), ρw is the density of water (kg/m3), and pa 
is the atmospheric pressure (kg/m/s2).  MI makes use of 
an Alternating Direction Implicit (ADI) technique to 
integrate the equations for mass and momentum conser-
vation in the space–time domain.  According to Sai et al. 
(2006), this technique has a better convergent quality 
compared with the explicit method.

The following advection–diffusion equation simu-
lates the movement of anaerobically digested slurry:

 
       +u      + v       = Kx+        + Ky        (4)
 
 

where c is the compound concentration (mg/L) and Kx, 
Ky are dispersion coefficients in the x, y directions (m2/s).  
To solve this equation, the QUICKEST scheme is applied.  
It avoids the wiggle instability problem associated with 
central differencing of the advection terms and elimi-
nates the numerical damping often experienced with 
first order upwinding methods (Ekebjaerg & Justesen, 
1991).

 The extensive list of parameters used in the model 
is given in Table 1.  In this table, h0 (m) is the initial water 
depth and Q (m3/s) is the water replacement rate at the 
inlet.  Q is given by Q=vhx. 

Field observation 
The validity of the numerical model for estimating 

spatial and temporal concentration of T–N was assessed 
with a lysimeter at Kyushu University.  MI is generally 
applied to larger areas such as lakes, estuaries, bays, and 
seas.  In this model, the viscosity was assumed to be uni-
formly similar to that of water; anaerobically digestive 
slurry has a comparably high viscosity.  Also, square 
blocks were used to represent rice plants.  Therefore, the 
adaptability of MI to paddy fields was necessary.

A schematic view of the lysimeter is shown in Fig. 1.  
The lysimeter was 5 m×5 m wide, where 20×20 rice 
plants were transplanted.  The distance between each 
plant was 2.47×10–1 m.

Water from the inlet flowed at a constant rate of 
2.56×10–4 m3/s, which is the possible fastest flow in the 
experimental field.  Water was irrigated for 64 minutes 
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Table 1.   Parameters used by the numerical model, along with val-
ues

Symbol Parameter Unit
Value 

considered

h0
Initial water depth m 3.00×10–2

M Manning resistance m1/3/s 2.50×10–2

Kx Dispersion coefficients in the x–direction m2/s 2.30×10–4

Ky Dispersion coefficients in the y–direction m2/s 2.30×10–4

Δt Time step s 1.00×10–1

Q Water replacement rate at the inlet m3/s 2.56×10–4

C0  Compound concentration (0 <_ t <_ 693) mg/L 1.17×102

C1 Compound concentration (693 < t) mg/L 0
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because the peak of T–N at each point was expected to 
appear within this time span.  Fifteen L of anaerobically 
digested slurry was mixed with the water at a rate of 
2.16×10–5 m3/s from the beginning of the experiment.  In 
6.93×102 seconds, all the anaerobically digested slurry 
was provided.  The initial water level at the water level 
gauge in Fig. 1 was 1.00×10–2 m; however, the soil sur-
face was rugged and water level varied depending on the 
location.  Thus, the initial water level in the simulation did 
not match the measured one.  At points No.1 to No.5 in 
Fig. 1, water was collected by water–sampling bottles to 
measure T–N every two minutes from the beginning to 
14 minutes and every 10 minutes thereafter.  After that, 
T–N for each sample was measured in the laboratory.

RESULTS AND DISCUSSION

Model validation
T–N was simulated with the numerical model and 

Fig. 1. Schematic view of the lysimeter used for field observation.

Fig. 2.  Comparison of the simulated and measured T–N at points No. 1~No. 5.
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observed at each point of the lysimeter (Fig. 2).  T–N 
increased first at No.1 because the water flowed longitu-
dinally.  Because water moved in the y–direction from the 
inlet, the water flow in that direction was advanced.  This 
resulted in quick reach of T–N at No. 1, carried by the 
fast flow.  No. 3 increased before the high concentration 
of T–N reached No. 2.  Thus, the water flow was bent to 
the right by the levee block in the middle on the left and 
by the friction between water and the levee.  Also, water 
flow was slowed by the friction between water and the 
soil surface, leading to the delay of T–N at No. 2.  The 
graph of T–N at No. 4 and No. 5 in Fig. 2 shows only a 
slight increase in T–N, indicating that the anaerobically 
digestive slurry did not reach those points.  According to 
this result, not enough anaerobically digested slurry was 
provided on the right side of the lysimeter.  At No. 2 and 
No. 3, the distinction between the simulated and meas-
ured values was relatively large, especially in the latter 
half of the period.  This was caused by the small varia-

tions in the soil surface, which could not be taken into 
consideration in this model.  The overall simulated result, 
however, reproduced the experimental data at each 
point, indicating the validity of the model.

Adaptability of the Model for estimating the dis-
tribution of anaerobically digested slurry

The spatial and temporal distribution of T–N in the 
lysimeter was simulated in the model.  Figure 3 shows 
the distribution of T–N.  The anaerobically digested slurry 
took 20 minutes to reach the center of the lysimeter.  
Also, even after 50 minutes, there were still some areas 
where T–N did not increase.  Thus, the method used to 
anaerobically spread digested slurry in the experiment 
was not uniform.  Therefore, a more effective technique 
should be developed by considering the number of water 
inlets, amount of water in the mixture of anaerobically 
digested slurry, and introduction of trenches.

Fig. 3.  Change in the spatial distribution of T–N in the simulation period.
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Estimation of the distribution of anaerobically 
digested slurry in the lysimeter with trenches and 
double inlets

To uniformly deliver anaerobically digested slurry, a 
scenario with introduction of trenches and two inlets 
was simulated.  Trenches 3.00×10–2m deep and 6.17× 
10–2m wide were made longitudinally between the rice 
plants (Fig. 4).  When the trenches were created, they 
were more than 8.00×10–2 m deep and 1.00×10–1 m wide, 
but they shrank by the time anaerobically digested slurry 
was applied.  Trenches were made in paddy fields in 
Japan to remove poisonous gas from soil, to increase 
bearing power of soil, and to enable soil to dry quickly.  
Also, the positive effect of transverse deep zone has 
been studied previously (Lightbody et al., 2008). 

Both lateral and longitudinal inlets were introduced 
at the bottom left corner of the lysimeter.  The water flow 
of the inlet in the x–direction was faster than the one in 
the y–direction.  The extensive list of parameters used in 
this setting is given in Table 2.  In this list, Qx and Qy are 
the water replacement rate at the lateral and longitudi-
nal water inlet (m3/s).  The blocks on the each side of 
the levee were removed.

Figure 5 shows the distribution of T–N at each period.  
T–N was evenly distributed in 50 minutes, demonstrat-
ing the effectiveness of the scenario.  The longitudinal 
water flow was accelerated by the trenches, which was 
likely the reason for the effective distribution of T–N.

CONCLUSIONS

To simulate the spatial and temporal T–N distribu-
tion of anaerobically digestive slurry in a rice paddy field, 
taking advection and diffusion into consideration, the 
two–dimensional hydrodynamic and transport model in 
MI was used.  However, MI is generally applied to larger 
areas.  Therefore, verification of the adaptability of MI to 
the lysimeter was necessary.  To verify the application of 
MI, the field observation was conducted at the lysimeter, 
where water anaerobically digestive slurry was mixed 
with irrigation water, and the temporal distribution of 
T–N at each point was measured.  After verification, the 
spatial and temporal distribution of T–N in the lysimeter 
was simulated with MI and the effective scenario for dis-
tributing anaerobically digested slurry was simulated.  
The results are as follows.

First, the model was verified by the field experiment.  
Although some factors, such as undulations on the soil 
surface, affected the reliability of calculated and meas-
ured numbers at some points, overall the results through-
out the plot agreed with the measurements, proving the 
adaptability of the model.

Second, the spatial and temporal distribution of T–N 
in the lysimeter was not uniform according to the simu-
lation in MI.  In some areas, the T–N level was low, and 
rice plants would not grow well.  More effective tech-
niques that consider the number of water inlets, the 
amount of water, mixed with anaerobically digested 
slurry, and introduction of trenches need to be devel-
oped. 

Finally, in order to disperse anaerobically digested 
slurry, a new scenario was created.  In this scenario, lon-
gitudinal trenches were made among the rice plants, and 
both lateral and longitudinal inlets were introduced at 
the bottom left corner of the lysimeter.  The water flow 
in the x–direction inlet was faster than one in the y–direc-
tion inlet in this model, and the blocks on the levee were 
removed.  Also, T–N level was fixed cor the entire time, 
assuming that anaerobically digested slurry was continu-
ously mixed in the irrigation water.  The results revealed 
the uniform distribution of T–N in 50 minutes, indicating 
that those changes made in the new scenario led to the 
effective fertilization of anaerobically digested slurry.
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